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Preface

Global health challenges, driven by genetic alterations and environmental factors, have led to a

rise in human diseases. Understanding the molecular basis of these diseases is crucial for developing

targeted treatments. Signal transduction, a fundamental life process, allows for communication

within and between cells, maintaining cellular integrity and initiating physiological responses. The

dysregulation of these pathways is linked to various diseases, including cancers, infections, chronic

inflammation, and neurological, developmental, metabolic, and cardiovascular disorders.

The PI3K/AKT/mTOR pathway regulates key cellular processes such as metabolism, growth,

proliferation, and survival. It has gained attention for its role in the development and progression

of diseases like cancers, cardiovascular diseases, and autoimmune disorders. Understanding this

pathway is essential for developing targeted therapies that maintain normal tissue homeostasis.

This Special Issue features original research, communications, and reviews exploring the

PI3K/AKT/mTOR pathway in both physiological and pathological settings, addressing knowledge

gaps. Topics include its involvement in diseases such as breast and liver cancers, psoriasis, and

myocardial infarction, as well as its potential as a therapeutic target for treatments like stem cell

therapies and oxidative stress interventions. The issue highlights the importance of advancing our

knowledge to improve disease management and treatment.

The reprint compiles sixteen peer-reviewed publications, comprising twelve original research

articles, three reviews, and an editorial. It examines the PI3K/AKT/mTOR pathway’s role in

various diseases and therapeutic approaches, emphasizing its relevance across multiple contexts and

investigating the impact of PIK3CA gene mutations on cancer. Novel technologies for studying AKT1

biology and treatment mechanisms are also highlighted.

We sincerely appreciate the contributions of the authors and reviewers and acknowledge Dr.

Tolulope O. Omolekan for his support in drafting and editing. We extend our gratitude to the MDPI

book staff and the editorial team of Cells, especially Ms. Eleanor Wang.

Jean Christopher Chamcheu, Claudia Bürger, and Shile Huang

Guest Editors
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1. Introduction

Transduction of molecular signaling is a fundamental mechanism that allows a living
cell to communicate internally with other cells and its environment through chemical or
physical signals, thereby maintaining its structural integrity and triggering physiological re-
sponses. The human body, a complex multicellular entity, has an extensive and coordinated
network of signaling pathways necessary for its health, survival, and functionality. These
pathways enable the body to maintain homeostasis in response to a range of internal and
external stimuli, both under normal and disease conditions, throughout different stages of
life. Dysregulation of cell signaling is associated with the onset of many diseases, including
cancer, infections, chronic inflammation, as well as neurological, developmental, metabolic,
and cardiovascular disorders. Such dysregulations arise from a variety of factors, such as
alterations of genes, transcription factors, splicing and chromatin regulators, and abnormal
levels of signaling molecules, leading to disruption of the regulatory networks essential for
cell function and communication [1]. Since Claude Bernard first introduced the concept of
signaling in 1855, research into the molecular complexities of cell signaling in health and
disease has spurred the discovery of disease biomarkers, new drug targets, and the devel-
opment of innovative therapeutic strategies. The PI3K/AKT/mTOR pathway, a highly
conserved intracellular pathway in eukaryotic cells, plays a vital role in cell metabolism
and regulates various cellular events such as cell growth, proliferation, survival, motility,
adhesion, and differentiation [2]. Frequent dysregulation of this pathway in numerous
diseases has made it a focus of research to identify biomarkers and define therapeutic
targets associated with this signaling cascade. The phosphoinositide 3-kinase (PI3K) can be
activated by receptor tyrosine kinases (RTKs), such as the platelet-derived growth factor
receptor (PDGFR) or epidermal growth factor receptor (EGFR), which promote cell prolifer-
ation and migration, the insulin-like growth factor receptor (IGFR), which stimulates cell
growth and survival, and the insulin receptor (IR), which maintains metabolic homeostasis.
To synchronize the various cellular responses to multiple external stimuli, PI3K effectors
modify multiple physiological aspects of the cell. For example, signals that propel cell cycle

Cells 2024, 13, 1500. https://doi.org/10.3390/cells13171500 https://www.mdpi.com/journal/cells1
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progression are synchronized with those that increase the need for metabolic pathways
to generate the necessary energy and macromolecules for cell growth and division. PI3K
mediates the synthesis of phosphatidylinositol (3,4,5)-trisphosphate (PIP3) in the cells,
which acts as a lipid second messenger and recruits AKT (also known as protein kinase B
(PKB)) and phosphoinositol-dependent kinase (PDK1) to the membrane. PDK1 can then
activate AKT by phosphorylation at Thr308. Complete activation of AKT also requires
phosphorylation at Ser473 by mTOR complex 2 (mTORC2) [3]. Fully activated AKT then
phosphorylates a variety of signaling molecules with diverse functions and coordinates a
complex set of metabolic responses to meet these needs while maintaining homeostasis.
Through a feedback loop, the network is regulated, preventing abnormal cell proliferation
under nutrient scarcity and other stress conditions. The mTOR complex 1 (mTORC1) phos-
phorylates and stabilizes the growth factor receptor-bound protein 10 (GRB10), an adaptor
protein that binds and inhibits IGFR and IR [4]. Mutations in GRB10, PIK3CA genes, and
other genes in the PI3K-AKT-mTOR pathway result in complex pathologies in humans like
type 2 diabetes, congenital lipomatous overgrowth, vascular malformations, epidermal
nevis, spinal/skeletal anomalies/scoliosis (CLOVES) syndrome, immune-mediated inflam-
matory conditions, and hyperproliferative disorders [5]. Understanding the molecular and
physiological intricacies of the PI3K/AKT/mTOR signaling network could facilitate the
development of new therapies that target this network in pathological conditions with-
out disrupting normal tissues. Such drugs specifically target mutant forms of oncogenic
proteins (e.g., p110α with mutant H1047R), thus sparing endogenous signaling molecules,
which are critical for the maintenance of normal homeostasis.

Therapeutic strategies targeting this signaling network have been extensively explored,
especially in conditions like cancer, neurodegenerative disorders, inflammation, autoim-
mune diseases, obesity, and diabetes. These strategies include the use of nutraceuticals,
synthetic small-molecule inhibitors, and combinations with drugs to enhance efficacy.
Preclinical and clinical studies are ongoing to develop these targeted therapies [6]. The
U.S. Food and Drug Administration has approved certain inhibitors of PI3K, AKT, and
mTOR for some types of cancer, including breast cancer with specific genetic mutations
and chronic lymphocytic leukemia [7]. However, it is important to note that while some
drugs have been approved, others are still under evaluation or have not received approval
for the treatment of any human disease.

This Special Issue comprises published original research and high-quality reviews of
scientific literature that deepen our understanding of the PI3K/AKT/mTOR pathway and
its biology. In particular, it encompasses investigations into the roles of this pathway in
various human diseases (e.g., cancer, psoriasis, viral infection, and myocardial infarction)
and treatments, as well as the delivery of programmed phospho-variants of AKT1 into cells.
The findings not only underscore its involvement in various disease conditions but also
examine the diverse effects of hotspot mutations in the PIK3CA gene on cancer progression.
Furthermore, it highlights novel technologies for selectively studying AKT1 biology and
the mechanisms of action of different treatment modalities.

2. An Overview of Published Articles

Siddika et al., Ghodsinia et al., Ferreri et al., and George et al. independently reported
the biology, activity, genome-wide transcriptomic changes, and the consequences of muta-
tions of important effectors of the signaling network in disease conditions. Siddika et al.
(contribution 1) described the development of a novel and effective delivery system for
programmed AKT1 phospho-variants into human cells. This system selectively induces the
phosphorylation of its substrate (glycogen synthase kinase 3α) and downstream effector
(ribosomal protein S6) at Ser9 and Ser240/244, respectively, in the PI3K/AKT/mTOR
signaling pathway. Until now, traditional methods of phosphorylating and activating AKT
via growth factors or insulin have resulted in the activation of multiple kinases, complicat-
ing the selective study of AKT1. These variants were generated by fusing AKT1 with an
N-terminal cell penetrating peptide tag derived from the human immunodeficiency virus
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trans-activator of transcription (TAT) protein, and then expressed and purified from E. coli.
The tag did not alter AKT1 kinase activity but facilitated the efficient and rapid delivery of
AKT1 phospho-protein variants into human cells. These findings demonstrate an efficient
delivery system for programmed AKT1 phospho-variants into human cells, thus providing
a novel cell-based model system for specifically investigating AKT1 signaling activity.

Ghodsinia et al. (contribution 2) characterized two novel non-hotspot mutants at
Q661K (exon 13) and C901R (exon 19) of the PIK3CA gene in NIH3T3 and HCT116 cells.
This gene plays a crucial role in colorectal cancer (CRC) as it encodes the p110α catalytic
subunit of PI3K, which is involved in cell growth and migration. Well-characterized mu-
tations in hotspots of the PIK3CA gene, such as E545K (exon 9) and H1047R (exon 20),
contribute differently to CRC progression. E545K promotes a wide range of oncogenic
behaviors, while H1047R has a more limited scope, highlighting the importance of under-
standing the specific effects of each mutation within the gene. Their findings offer insights
into the diversity of mutation effects within the same gene, affecting cellular functions
such as proliferation, apoptosis resistance, and cytoskeletal reorganization, all crucial for
cancer development and metastasis. These mutations may disrupt the interaction between
the p110α catalytic subunit and the p85α regulatory subunit, leading to increased PI3K
signaling and consequent cancer progression. Additionally, they influence RNA expression
levels, tumor microenvironment, and the distribution of immune cells within the tumor.
While many PIK3CA mutations in CRC occur in hotspot regions, they are not hereditary.
The findings contribute to the growing body of knowledge that will help refine the prog-
nostic and predictive value of PIK3CA mutations in CRC, with significant implications for
improving patient outcomes.

The activity of mTOR complex 1 (mTORC1) in the proliferative layer of healthy skin
prevents differentiation of keratinocytes and is suppressed by the tuberous sclerosis com-
plex (TSC) through its inhibition of the small GTPase, Ras homolog enriched in brain (Rheb),
in other tissues [8]. However, in inflammatory conditions, cytokines disrupt this regulatory
mechanism and prevent proper keratinocyte differentiation. Therefore, Ferreri et al. (contri-
bution 3) investigated the role of proinflammatory cytokines in the regulation of TSC and
the pathogenesis of psoriasis. Proinflammatory cytokines, such as tumor necrosis factor-α
(TNF-α) and interleukin-1β (IL-1β), contribute to the pathogenesis of psoriasis. They found
that TNF-α and IL-1β could induce phosphorylation of TSC2 at S939 via the PI3K/AKT
and mitogen-activated protein kinase (MAPK) pathways in HaCaT keratinocytes. Sur-
prisingly, phosphorylation of TSC2 S939 was not detected in the lesional psoriatic skin of
the patients. Further in vitro studies showed that proinflammatory cytokines induce the
dissociation of TSC2 from lysosomes, leading to its destabilization and degradation. This in
turn results in chronic mTORC1 hyperactivation and impaired keratinocyte differentiation,
thus contributing to the phenotypical changes seen in psoriatic epidermis.

Overexpression or hyperactivation of the AKT pathway is a common event that con-
tributes to the progression of breast cancer by promoting the survival and proliferation of
breast cancer cells. However, little is known about the precise genome-wide transcriptomic
changes associated with the AKT pathway in breast cancer cells. To clarify this, George
et al. (contribution 4) conducted a genome-wide RNA-sequencing analysis after selectively
knocking down AKT1 using specific siRNAs or inhibiting its activity with a pan-AKT in-
hibitor VIII in breast cancer cells. Alterations in AKT1 cellular levels impact the expression
of a set of differentially expressed genes, which in turn affects its cellular functions. Surpris-
ingly, AKT1 also plays an intrinsic role in suppressing the expression of a subset of genes
in both unstimulated and growth factor-stimulated breast cancer cells. Consistently, the
expression of this subset of genes also increases in breast tumors when AKT1 is depleted or
not undetectable and decreases in breast tumors when AKT1 levels are elevated. Real-time
polymerase chain reaction (qRT-PCR) analysis validated the RNA-sequencing data from
two breast cancer cell lines and breast cancer patient-derived cells. The results provide
insights into the AKT1-dependent modulation of gene expression in breast cancer cells and
emphasize its importance in cellular function and potential therapeutic targets.
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Wilczek et al. (contribution 5) studied the consequences of JCPyV infection on pro-
gressive multifocal leukoencephalopathy (PML). Using RNA sequencing and chemical
inhibitors of PI3K, AKT, and mTOR, they showed that the PI3K/AKT/mTOR pathway is
essential for JCPyV infection in primary astrocytes but not in transformed cell lines. The
findings indicate that the pathway could be a potential target for developing therapeu-
tics against PML and open possibilities for repurposing anticancer drugs that inhibit the
PI3K/AKT/mTOR pathway for treatment of PML.

Osteonecrosis of the femoral head (ONFH) induced by glucocorticoid use is a challeng-
ing condition to manage. Ma et al. (contribution 6) demonstrated a therapeutic potential of
extracellular vesicles derived from bone marrow stem cells (BMSC-EVs) in the treatment
of glucocorticoid-induced ONFH. They found that glucocorticoid inhibited autophagy
by activating the PI3K/AKT/mTOR pathway, resulting in a decrease in cell viability and
angiogenesis capacity and an increase in apoptosis of bone microvascular endothelial cells
(BMECs). BMSC-EVs prevented glucocorticoid-induced injury of BMECs by suppressing
the glucocorticoid-activated PI3K/AKT/mTOR pathway, promoting autophagy.

The PDK1 signaling plays a crucial role in the radiotherapy resistance (IR resistance)
observed in hepatocellular carcinoma (HCC), contributing to treatment failure. Bamodu
et al. (contribution 7) suggest that PDK1 is pivotal in promoting IR resistance by enhancing
DNA damage repair and facilitating post-IR relapse in aggressive HCC cells. The aberrant
expression of PDK1 in poorly differentiated HCC cells, in contrast to well-differentiated
or normal liver cells, underscores its role in activating the PI3K/AKT/mTOR signaling
pathway, which is significant. This activation enables cells to evade IR toxicity, leading to
enhanced survival, proliferation, and a dedifferentiated phenotype that is highly resistant
to radiotherapy. Molecular ablation of PDK1 function increased the susceptibility of
HCC cells to IR and suppressed PI3K/AKT/mTOR signaling. Therefore, targeting PDK1
could potentially enhance radiosensitivity in HCC treatment. The positive correlation
between PDK1-driven IR resistance and factors such as cell motility, invasiveness, and
stemness marker expression further supports its critical role in this resistance development.
Upregulation of stemness markers like ALDH1A1, PROM1, SOX2, KLF4, and POU5F1,
increased tumor sphere-formation efficiency, and suppressed biomarkers of DNA damage
suggest a complex network of signaling, contributing to the radioresistant phenotype.
This preclinical evidence implicates PDK1 as an active driver of IR resistance through
the activation of PI3K/AKT/mTOR signaling pathway, modulation of cancer stemness
signaling, and suppression of DNA damage. This underscores the potential of PDK1-
targeted therapies to enhance radiosensitivity in HCC treatment. These findings provide
valuable insights into the molecular mechanisms underlying IR resistance in HCC and
open new avenues for therapeutic intervention. It will be intriguing to see translational
research in clinical settings to determine whether PDK1-targeted therapies can indeed
improve outcomes for patients with IR-resistant HCC.

Inhibition of Notch signaling through γ-secretase inhibitor (GSI) treatment activates
the AKT/mTOR signaling pathways, critical for survival, differentiation, myogenesis,
and muscle protein synthesis (MPS) in myotubes. Huot et al. (contribution 8) explored
the potential dependency of GSI’s impact on myogenesis and MPS via the AKT/mTOR
signaling in C2C12 cells by assessing myotube formation, anabolic signaling, and MPS
after exposing C2C12 cells to GSI along with rapamycin and API-1, inhibitors of mTOR and
AKT, respectively. Rapamycin and API-1 counteracted GSI-mediated effects on myotube
formation and fusion in C2C12 cells, whereas GSI treatment rescued MPS and GSK3β
Ser9 phosphorylation in C2C12 cells treated with rapamycin and API-1. These findings
suggest that GSI treatment rescues MPS in C2C12 myotubes independently of AKT/mTOR
signaling, possibly by modulating the phosphorylation of GSK3β.

Luo et al. (contribution 9) investigated the mechanism of anticancer effects of dihy-
droartemisinin (DHA), an anti-malarial drug, using rhabdomyosarcoma (RMS) cells as an
experimental model. They found that DHA inhibits the mTORC1 signaling pathway in
RMS cells but not in normal cells. Mechanistically, DHA does not directly bind to mTOR or
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FKBP12, nor does it inhibit IGFR, PI3K, and ERK1/2 pathways, or activate phosphatase and
tensin homolog (PTEN). Instead, DHA activates AMP-activated protein kinase (AMPK).
Inhibition of AMPK, either pharmacologically or genetically, attenuates DHA’s inhibitory
effect on mTORC1. Also, DHA causes the dissociation of raptor from mTOR, crucial for
inhibiting mTORC1 activity. Oral treatment with artesunate, a prodrug of DHA, effec-
tively suppresses the tumor growth of RMS xenografts by activating AMPK and inhibiting
mTORC1. These findings support the idea that DHA has a great potential for treatment of
RMS. The study underscores the importance of understanding the molecular mechanisms
of drugs, enabling their repositioning for treatments beyond their original indications.

mTORC2 is essential for cellular growth and metabolism through the phosphoryla-
tion of AGC family kinases such as AKT and protein kinase C (PKC) at their hydropho-
bic motif (HM), which is crucial for their activation. The mitogen activated protein ki-
nase/extracellular signal-regulated kinase (MAPK/ERK) pathway also significantly con-
tributes to cell proliferation and differentiation by phosphorylating p90 ribosomal S6
kinase (RSK) at Ser380, a conserved HM site within the AGC kinase family. The study by
Chou et al. (contribution 10) demonstrates the complexity of these interactions by showing
that RSK phosphorylation at Ser380 can occur independently of mTOR’s catalytic activity,
although optimal phosphorylation of RSK at this site requires an intact mTORC2. This
finding suggests that mTORC2 may primarily serve as a scaffold to facilitate this process.
This phosphorylation event at Ser380 is critical as it potentially influences the substrate
specificity of RSK and indicates how RSK can respond to alterations in nutrient availability.
This example highlights the fascinating ability of cells to integrate multiple signals to
maintain equilibrium and adapt to environmental changes.

Hsueh et al. (contribution 11) elucidated the protective effects of ascorbic acid (AA)
against oxidative stress in corneal endothelial cells. Using in vitro and in vivo models, they
demonstrated the mechanisms by which AA mitigates damage from paraquat-induced
reactive oxygen species (ROS) and improves corneal health. The downregulation of AKT
phosphorylation in response to oxidative stress and its attenuation through AA pretreat-
ment is a significant finding, highlighting the potential role of the PI3K/AKT pathway in
protecting corneal endothelium. The in vivo rabbit corneal damage model further supports
the topical application of AA as a viable perioperative strategy to enhance corneal clarity
and prevent oxidative damage. These findings provide a valuable contribution to ophthal-
mology, especially for patients undergoing procedures like phacoemulsification who are
at risk of oxidative stress-induced corneal endothelial decompensation. This represents a
promising step towards improving surgical outcomes and patient vision post-surgery.

Galectin-1 (GAL1) is a β-galactoside-binding protein involved in multiple aspects of
tumorigenesis. Su et al. (contribution 12) highlight the significant role of GAL1 in upper
tract urothelial carcinoma (UTUC). GAL1 expression is associated with worse outcomes
in UTUC, indicated by poorer recurrence-free survival (RFS) and cancer-specific survival
(CSS) in patients with higher GAL1 levels. In vitro studies conducted on four urothelial
carcinoma (UC) cell lines (BFTC-909, T24, RT4, and J82) suggest that GAL1 promotes
tumor invasiveness and migration, potentially through its effects on proteins like MMP-
2, MMP-9, and TIMP-1, which are involved in the breakdown and remodeling of the
extracellular matrix—a key process in cancer metastasis. Overexpression of GAL1 activates
the FAK/PI3K/AKT/mTOR pathway, which correlates with disease progression and
patients’ survival in upper urinary urothelial carcinoma. These suggest GAL1 as a potential
therapeutic target, given that its modulation could affect crucial pathways involved in
cancer progression. Moreover, leveraging public genomic data from TCGA and GSE32894
for comparison adds a valuable dimension, broadening the understanding of GAL1’s role
in UTUC. It is evident that GAL1’s function in cancer biology is complex and multifaceted,
influencing various aspects of tumor growth and metastasis. Hence, this study contributes
significantly to the growing body of evidence highlighting GAL1’s importance in cancer
and may lead to novel therapeutic strategies in UTUC.
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The treatment and recovery from myocardial infarction (MI) are significantly influ-
enced by the PI3K/AKT signaling pathway. Activation of this pathway is crucial as it
provides cardioprotection, enhances cell survival, and mitigates the negative consequences
of post-infarction myocardial remodeling. Walkowski et al. (contribution 13) reviewed
the role of the PI3K/AKT pathway in each step of ischemia and subsequent left ventric-
ular remodeling. They described a notable impairment in the function of the PI3K/AKT
pathway in diabetes, which exacerbates adverse changes in the myocardium following an
infarct. This impairment is a notable concern, given the frequent coexistence of diabetes
and cardiovascular diseases in patients, potentially compromising the efficacy of treatments
targeting the PI3K/AKT pathway. They also discuss some cardiac and antidiabetic drugs,
which can activate or inhibit different components of the PI3K/AKT pathway, influencing
myocardial ischemia and left ventricular remodeling. It is important to note that while
there are promising substances and drugs that interact with the PI3K/AKT pathway, more
investigation is needed before they can be introduced into clinical practice. This includes
understanding the molecular mechanisms of their effects and conducting extensive clinical
trials to ensure safety and efficacy for patients with MI, especially those with diabetes. The
interplay between diabetes, cardiac conditions, and the PI3K/AKT pathway is complex,
and personalized medicine approaches may be required to optimize treatment strategies
for individual patients.

In a review article, Loissell-Baltazar and Dokudovskaya (contribution 14) gave a
summary of the key points regarding the Seh 1 associated (SEA) complex. The SEA
complex in yeast and its homologue in humans (the GATOR complex) are crucial upstream
regulators of mTORC1 that integrate various signals from amino acids, growth factor,
oxygen, and DNA-damaging agents to regulate cellular responses to stress. The complex
plays a pivotal role in nutrient sensing and response, influencing the cell’s decision to
pursue metabolic pathways, which are critical for cell growth, metabolism, and autophagy.
Mutations in this complex disrupt the normal functioning of the mTORC1 pathway, leading
to pathological conditions. The ongoing research in the SEA/GATOR complex not only
enhances our comprehension of cellular metabolism and growth but also underscores the
complex’s potential as a therapeutic target for related diseases. It is a prime example of
how fundamental research can lead to breakthroughs in understanding and potentially
treating complex diseases.

Transcription factor EB (TFEB) is a master regulator of autophagy and lysosomal
biogenesis; thus, its ability to clear intracellular pathogens makes it a suitable therapeutic
target for pathologies related to autophagy dysfunction. The identification of TFEB agonists
and their progression into preclinical and clinical studies mark significant advancements
in this area. In a review article, Chen et al. (contribution 15) discussed TFEB regarding
its structure, regulatory mechanisms, and implications in diseases, as well as a variety of
TFEB agonists. This review underscores the importance of TFEB in managing diseases
associated with autophagy dysregulation and suggests that modulating TFEB activity could
be a promising therapeutic approach. As research continues, we can expect to see further
developments in the use of TFEB agonists for the management of human diseases.

3. Conclusions

Overall, the 15 papers published in this Special Issue highlight the importance of the
PI3K/AKT/mTOR pathway in human health and diseases. In summary, a comprehensive
understanding of the physiological and pathophysiological functions of this pathway is
of great importance for the development of effective strategies to better manage human
health and diseases.
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Abstract: Protein kinase B (AKT1) is a serine/threonine kinase and central transducer of cell survival
pathways. Typical approaches to study AKT1 biology in cells rely on growth factor or insulin
stimulation that activates AKT1 via phosphorylation at two key regulatory sites (Thr308, Ser473),
yet cell stimulation also activates many other kinases. To produce cells with specific AKT1 activity,
we developed a novel system to deliver active AKT1 to human cells. We recently established a
method to produce AKT1 phospho-variants from Escherichia coli with programmed phosphorylation.
Here, we fused AKT1 with an N-terminal cell penetrating peptide tag derived from the human
immunodeficiency virus trans-activator of transcription (TAT) protein. The TAT-tag did not alter
AKT1 kinase activity and was necessary and sufficient to rapidly deliver AKT1 protein variants that
persisted in human cells for 24 h without the need to use transfection reagents. TAT-pAKT1T308

induced selective phosphorylation of the known AKT1 substrate GSK-3α, but not GSK-3β, and
downstream stimulation of the AKT1 pathway as evidenced by phosphorylation of ribosomal protein
S6 at Ser240/244. The data demonstrate efficient delivery of AKT1 with programmed phosphorylation
to human cells, thus establishing a cell-based model system to investigate signaling that is dependent
on AKT1 activity.

Keywords: cell penetrating peptide; cellular signaling; kinase; protein kinase B (AKT1); phosphoinositide-
dependent kinase (PDK1); recombinant protein; trans-activator of transcription (TAT)

1. Introduction

Protein kinase B (PKB or AKT1) is a serine/threonine kinase and a key mediator of
cell growth and survival processes, including glucose metabolism, apoptosis, transcription,
cell proliferation, and migration [1,2]. The AKT protein family encompasses three isoforms:
AKT1, AKT2, and AKT3 [3]. The AKT isoforms have both overlapping substrates and
unique functions that are not compensated for by the other isoforms due to their individual
subcellular localization [4]. Overexpression of AKT isoforms is associated with multiple
human cancers [5–7], and AKT1 is a prime drug target [8] that is hyper-phosphorylated
and overactive in most human cancers [9]. AKT1 is activated by phosphorylation at
two key regulatory sites (Thr308 and Ser473) that are both used as clinical diagnostic
markers [10]. Activated AKT1 phosphorylates downstream targets that stimulate cell
survival and inhibit apoptosis [11] (Figure 1). Thr308 and Ser473 phosphorylation is
also regulated by phosphatases. Protein phosphatase 2A (PP2A) dephosphorylates AKT1
at Thr308, and PH domain leucine-rich repeat phosphatase (PHLPP) dephosphorylates
Ser473 [12,13].

AKT1 contains three conserved domains, namely the N-terminal pleckstrin homology
domain (PH), followed by the central kinase catalytic (CAT) domain and the C-terminal
extension (EXT) domain containing the hydrophobic motif (HM) and proline-rich se-
quences [14,15]. The PH domain plays an important role in co-localization with upstream
kinases and translocation of AKT1 from the cytoplasm to the cell membrane where it is

Cells 2022, 11, 3834. https://doi.org/10.3390/cells11233834 https://www.mdpi.com/journal/cells9
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activated. In response to growth factor, the phosphoinositide 3-kinase (PI3K) phospho-
rylates phosphatidylinositol (4,5)-bisphosphate (PIP2) to generate phosphatidylinositol
(3,4,5)-trisphosphate (PIP3). As a result, PH domain-containing proteins, including AKT1,
bind to PIP3 and transiently anchor to the plasma membrane [16,17].
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Figure 1. AKT1 activation pathway and delivery of site-specifically phosphorylated AKT1 into
human cells. (A) Protein kinase B (AKT1) is normally activated in response to growth factors
that bind to a receptor tyrosine kinase (RTK) in the membrane, activating phosphoinositide 3-
kinase (PI3K). PI3K subsequently phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2) to
phosphatidylinositol-3,4,5-trisphosphate (PIP3). When the pleckstrin homology (PH) domain of
AKT1 binds to the membrane phospholipid PIP3, the auto-inhibitory effect of the PH domain is
released from AKT1, exposing the activation sites of AKT1 for phosphorylation by the up-stream
kinases mTOR complex 2 (mTORC2) at Ser473 and phosphoinositide-dependent kinase 1 (PDK1)
phosphorylates Thr308. The activation of AKT1 initiates a phosphorylation cascade, leading to the
activation of many downstream pathways controlling cell growth and protein synthesis as well
as inhibition of apoptosis. (B) Trans-Activator of Transcription (TAT) is a cell penetrating peptide
facilitating protein delivery to mammalian cells. TAT-tagged AKT1 was expressed and purified from
E. coli cells. PDK1 was co-expressed in E. coli to facilitate phosphorylation of AKT1 at Thr308 during
protein production, yielding active, phosphorylated TAT-tagged AKT1. TAT-tagged AKT1 variants
were then delivered to human cells.

At the cell membrane, another PH-domain containing protein, phosphoinositide-
dependent kinase 1 (PDK1) binds to PIP3 and phosphorylates AKT1 in the catalytic domain
at Thr308 [18]. Activated by receptor tyrosine kinases (RTK), mammalian target of ra-
pamycin complex 2 (mTORC2) phosphorylates AKT1 in the HM domain at Ser473 [15]
(Figure 1). Fully activated AKT1 has many downstream substrates [19]. Phosphorylated
AKT1 plays an important role in glucose metabolism by inhibiting glycogen synthase
kinase-3 (GSK-3) isoforms through phosphorylation of GSK-3α at Ser21 and GSK-3β at
Ser9 [20,21]. AKT1-dependent phosphorylation of the tuberous sclerosis 2 (TSC2) protein
counteracts its inhibitory effect on mammalian target of rapamycin complex 1 (mTORC1),
a regulator of protein synthesis that affects many cellular processes including cell survival
and growth. Stimulated mTORC1 activates the p70 ribosomal protein S6 kinase which
leads to phosphorylation of ribosomal protein S6 at Ser240/244 [22–24] and stimulation of
protein synthesis [8].

Traditional approaches to investigate AKT1 biology are based on the over-expression
of AKT1 followed by stimulation of cells with insulin or epidermal growth factor (EGF)
leading to phosphorylation and activation of AKT1 [25,26]. EGF treatment activates AKT1
as well as Raf-1 kinase [27], mitogen activated protein kinases [28], and many other protein
kinases and signaling cascades [29,30]. We previously developed an approach to generate
recombinant and active human AKT1 from bacterial cells with site-specific phosphoryla-
tion [19,31–34]. Here, we fused the cell penetrating TAT peptide to recombinant AKT1 con-
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structs and produced and purified both inactive (TAT-AKT1) and active (TAT-pAKT1T308)
AKT1 variants. We demonstrated the delivery of TAT-AKT1 and TAT-pAKT1T308 to human
cells in culture. We found that active TAT-pAKT1T308 but not inactive TAT-AKT1 delivery
led to increased phosphorylation of AKT1 targets and activated AKT1 signaling pathways
in human cells.

2. Materials and Methods
2.1. Molecular Cloning and Gene Synthesis

The human AKT1 gene, which was acquired from the Harvard PlasmidID repository
service (Boston, MA, USA), was previously cloned [33] using NcoI/NotI restriction sites
into the pCDF-Duet-1 vector in multiple-cloning site 1 (MCS1). The unphosphorylated
AKT1 was produced from this pCDF-Duet-1 vector, with no gene cloned into multiple-
cloning site 2 (MCS2). For pAKT1T308 production, the MCS2 contains human PDK1 as
described before [33]. Briefly, the human PDK1 gene, which was also purchased from the
Harvard PlasmidID repository, was cloned using KpnI/NdeI into MCS2 of pCDF-Duet-1
as detailed before. For TAT tagged gene constructs, the TAT-tag (YGRKKRRQRRR) and
TAT-mCherry-tagged AKT1 constructs were codon optimized for Escherichia coli expression
and synthesized (Azenta Life Sciences, Chelmsford, MA, USA). The His6-TAT tag DNA
sequence was derived from the pTAT-HA vector, which was a kind gift from Steven Dowdy
(Addgene, Watertown, MA, USA, plasmid #35612) [35]. The synthetic genes were flanked
by NcoI/NotI restriction sites and cloned at Azenta Life Sciences into pCDF-Duet-1 and
separately into the pCDF-Duet-1-PDK1 vector noted above. Each of the resulting AKT1
constructs contain a His6 tag for affinity purification. Sequences of each construct were
verified by DNA sequencing at Azenta Life Sciences and are available in the Supplementary
Material Section S.2.

2.2. Protein Production and Purification

All AKT1 protein variants were expressed in E. coli BL21(DE3) as His-tag fusion
proteins and the six AKT1 variants (AKT1, pAKT1T308, TAT-AKT1, TAT-pAKT1T308, TAT-
mCherry-AKT1, and TAT-mCherry-pAKT1T308) were purified by affinity chromatography
followed by size exclusion and anion exchange chromatography (see below). For pro-
tein production, E. coli BL21(DE3) chemically competent cells were transformed with the
indicated pCDF-Duet-1 vector and selected on Luria-Bertani (LB) agar with 50 µg/mL
spectinomycin. Independent protein preparations were initiated with a single transformed
E. coli colony that was used to inoculate 100 mL of liquid LB media with spectinomycin at
50 µg/mL and incubated overnight at 37 ◦C with shaking. From the starter culture, a 10 mL
inoculum was added to 4 × 1 L of LB with spectinomycin at 50 µg/mL. The preparative
cultures were grown with shaking at 37 ◦C until A600 = 0.8, when protein production was
induced by adding 300 µM of isopropyl β-D-1-thiogalactopyranoside (IPTG). Bacterial
cultures were then incubated at 16 ◦C for 18 h with shaking. Cells were pelleted by centrifu-
gation at 5500× g and stored at −80 ◦C until further analysis. Cell pellets were suspended
in lysis buffer (20 mM 4-(2-Hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES) pH
7.4, 150 mM NaCl, 5 mM β-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride (PMSF),
1 tablet of ethylenediaminetetraacetic acid (EDTA)-free mini protease inhibitor cocktail
(Roche Canada, Mississauga, ON, Canada) and 10 mM imidazole). For the pAKT1T308

protein variants, phosphatase inhibitors (1 mM Na3VO4, 5 mM NaF) were added to the
lysis buffer. Following sonication, cell lysates were centrifuged at 170,000× g for 1 h. The
cell free extract was filtered using a sterile 0.45 µm filter.

2.3. Affinity Column Chromatography

Ni2+-nitrilotriacetic acid (NTA) affinity column chromatography (HisTrap FF 5 mL
column volume, #17525501, Sigma-Aldrich Canada, Oakville, ON, Canada) was used to
purify all His-tagged AKT1 protein variants using an ÄKTA Pure L1 FPLC system (Cytiva
Life Sciences, Shrewsbury, MA, USA). Columns were equilibrated with buffer A (20 mM
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HEPES pH 7.4, 150 mM NaCl, 5 mM β-mercaptoethanol, 15 mM imidazole), and cell
lysates were loaded onto the column. Unbound proteins were washed with 10 column
volumes of buffer A, and 8 column volumes of buffer B (20 mM HEPES pH 7.4, 150 mM
NaCl, 5 mM β-mercaptoethanol, 30 mM imidazole). The His6-tagged proteins were eluted
using 6 column volumes of elution buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 5 mM
β-mercaptoethanol, and 70 mM imidazole). The pAKT1T308 proteins were eluted in elution
buffer containing 200 mM imidazole. Elution fractions of 1 mL were taken over the total
5 mL elution volume. Samples from each fraction were separated by 10% sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and visualized with Coomassie
staining to identify fractions containing the His6-tagged AKT1 proteins.

2.4. Size Exclusion Chromatography

Affinity purified AKT1 proteins variants were further purified by size exclusion
chromatography using a 13 mL Superdex 200 (Cytiva Life Sciences) gel filtration column
on the ÄKTA Pure L1 FPLC system. The column was equilibrated with 3 column volumes
of buffer (20 mM HEPES pH 7.4, 300 mM NaCl, 5 mM β-mercaptoethanol). The pooled
and concentrated fractions from the affinity chromatography purification were loaded
onto the column with a flow rate of 0.5 mL/min and 1 mL elution fractions were collected.
Elution fractions were separated by 10% SDS-PAGE to identify fractions containing purified
proteins and pure fractions were pooled and concentrated using Vivaspin 6 spin-column
(5 mL, 10 kDa molecular weight cutoff (MWCO), #14558502, Sartorius Canada, Oakville,
ON, Canada). Concentrated AKT1 proteins were dialyzed into storage buffer (20 mM
HEPES pH 7.4, 150 mM NaCl, 5 mM β-mercaptoethanol, 10% glycerol) and stored at
−80 ◦C until further use.

2.5. Anion Exchange Chromatography

pAKT1T308 protein variants were further purified by anion exchange chromatography
using the ÄKTA Pure L1 FPLC system (Cytiva Life Sciences) with a HiTrap Q HP anion
exchange 1 mL column. The column was equilibrated with 5 column volumes of buffer
A1 (20 mM HEPES pH 7.4, 150 mM NaCl, 5 mM β-mercaptoethanol). Unbound proteins
were washed with 10 column volumes of buffer A1, and pAKT1 proteins were eluted
with a gradient of 0 to 100% buffer B1 (20 mM HEPES pH 8.0, 300 mM NaCl, 5 mM β-
mercaptoethanol). The flow rate was maintained at 0.5 mL/min and 1 mL fractions were
collected. Fractions were separated by 10% SDS-PAGE and fractions containing pure pAKT
protein were pooled and concentrated using a Vivaspin 20 concentrator (25 mL, 10 kDa
MWCO, Sartorius, #14558502). Purified pAKT1 proteins were dialyzed into storage buffer
(20 mM HEPES pH 7.4, 150 mM NaCl, 5 mM β-mercaptoethanol, 10% glycerol) and stored
at −80 ◦C until further use.

2.6. AKT1 Kinase Activity Assay

To assure equal loading in all assays, purified AKT protein concentrations were
measured using a Bradford assay (Biorad Canada, Mississauga, ON, Canada). The activity
of each AKT1 and TAT-AKT1 variant was characterized by performing kinase assays in
the presence of 200 µM substrate peptide CKRPRAASFAE (SignalChem, Vancouver, BC,
Canada) derived from the natural AKT1 substrate GSK-3β. Kinase assays were performed
in a buffer containing 25 mM 3-(N-morpholino)propanesulfonic acid (MOPS) pH 7.0,
12.5 mM β-glycerolphosphate, 25 mM MgCl2, 5 mM ethylene glycolbis(β-aminoethyl
ether)-N,N,N′,N′-tetraacetic acid (EGTA) pH 8.0, 2 mM EDTA, 0.2 mM ATP, and 0.4 µCi
(33 nM) [γ-32P]-ATP in a 30 µL reaction volume. Reactions were incubated at 37 ◦C with
agitation and time points were taken over a 15 min time course. Reactions were initiated
by the addition of 18 pmol of the specific AKT1 variant for a final enzyme concentration
of 600 nM and reactions were quenched by spotting 3 µL aliquots of reaction solution on
P81 paper at 5, 10, and 15 min. Following washes with 1% phosphoric acid (3 × 10 min)
and 95% ethanol (1 × 5 min), the P81 paper was air-dried. Addition of radioactive 32P
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to the GSK-3β peptide was detected by phosphorimaging and imaged using a Storm
860 Molecular Imager (Molecular Dynamics, Sunnyvale, CA, USA). Spot intensity was
quantitated using ImageQuant TL software (Cytiva Life Sciences).

2.7. Protein Incubation with Cells

HEK 293T cells were maintained in Dulbecco’s modified eagle’s medium (DMEM,
Cellgro, ThermoFisher Scientific, Ottawa, ON, Canada) containing 10% fetal bovine serum
and 1% penicillin/streptomycin at 37 ◦C with 5% CO2. Equal numbers of cells were seeded
onto 6 well plates and cultured for 2–4 days until 90% confluence. AKT1 or TAT-AKT1
protein variants were added to a final concentration of 1 µM. After 1 h incubation, cells
were washed twice with phosphate-buffered saline (PBS), harvested, and stored at −80 ◦C
until further use.

2.8. Transfection of HEK 293T Cells

A pcDNA3.1 plasmid encoding mCherry-AKT1 [33] was used to genetically over-
express AKT1 in HEK 293T cells. The same number of cells were plated onto 6 well plates,
and cells were transfected with 1 µg of pcDNA3.1 plasmid using Lipofectamine 3000
(ThermoFisher Scientific, #L3000015) according to the manufacturer’s instructions at 70%
confluence. At 24 h after transfection, cells were stimulated with epidermal growth factor
(EGF) for 10 min, harvested, and stored at −80 ◦C until further use.

2.9. Western Blotting

For cells incubated with AKT1 or TAT-AKT1 protein variants or for cells transfected
with pCDNA3.1-AKT1, protein extraction was initiated by suspending harvested cells
in cold lysis buffer (50 mM Na2HPO4, 1 mM Na4P2O7, 20 mM NaF, 2 mM EDTA, 2 mM
EGTA, 1 mM dithiothreitol, 300 µM PMSF, and protease inhibitor cocktail (Roche Canada,
#04693159001)) and incubated on ice for 10 min with vortexing every 2 min. Lysates
were cleared by centrifugation at 15,000× g for 15 min at 4 ◦C. Protein concentration was
measured by Bradford assay and equal concentration of proteins (50 µg) were separated in
10% SDS-PAGE gel for each sample.

For western blotting of the purified recombinant AKT1 proteins, proteins were dena-
tured using 3 × SDS sample loading buffer and extracted proteins from HEK 293T cells
were diluted to separate 50 µg of protein by 10% SDS-PAGE. Proteins were transferred
to a polyvinylidene fluoride (PVDF) membrane using a Turbo-Blot Turbo transfer system
(Biorad Canada). The membranes were blocked with either 5% bovine serum albumin
(BSA) in 1 × tris buffered saline with 0.1% Tween-20 (TBST) or 5% milk in 1 × PBS with
0.1% Tween-20 (PBST) for 1 h at room temperature. The membrane was immunoblotted
with the indicated primary antibody overnight at 4 ◦C followed by 3 × 10 min washes in
TBST or PBST. Next, the membrane was incubated with a secondary antibody for 1 h at
room temperature and subsequently washed 3 × 10 min in TBST. Membranes were stored
in TBS or PBS for further analysis. The blots were visualized by fluorescence on a LiCOR
imaging system (LiCOR Biosciences, Lincoln, NE, USA). The following primary antibodies
were used: AKT1, Cell Signaling Technology, Danvers, MA, USA #2938; pAKT (Thr308),
Cell Signaling Technology #4060; GSK-3α/β, Santa Cruz Biotechnology sc-7291 (0011-
A); pGSK-3α/β, Cell Signaling Technology #9331S; ribosomal protein S6, Cell Signaling
Technology #2317S; and pS6 (S240/S244), Cell Signaling Technology #2215S. A glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) antibody (Abcam, Waltham, MA, USA,
#ab8245) was used as loading control. The secondary fluorescent antibodies were Goat-
anti-Mouse (Sigma-Aldrich Canada, #AQ127) and Donkey-anti-Rabbit (Sigma-Aldrich
Canada, #AP182P).
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2.10. Microscopy and Cell Imaging

HEK 293T cells were cultured in 6 well dishes containing DMEM (Cellgro, ThermoFisher
Scientific) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at
37 ◦C with 5% CO2. For cell imaging experiments, cells were cultured in 24 well plates and
0.5 µM of each AKT1 protein variant was added to wells when cells reached 90% confluence
and then incubated for 24 h. Following incubation with the AKT1 protein variants, cells
were washed twice with DMEM prior to imaging. For HEK 293T cells incubated with
mCherry-AKT1 protein variants or for cells transfected with plasmid encoded mCherry-
AKT1, the cells were imaged at 24 h after incubation or transfection with an EVOS FL Auto
2 imaging system (ThermoFisher) using brightfield and fluorescence imaging. To detect
mCherry fluorescence, cells incubated with TAT-mCherry-AKT1 protein variants or cells
transfected with the mCherry-AKT1 plasmid were imaged with the RFP filter cube (excitation
542 ± 20 nm, emission 593 ± 40 nm). All images were captured with the EVOS 4× objective
(fluorite, PH, long-working distance, 0.13 numerical aperture/10.58 mm working distance).
Fluorescent images from wells representing three biological replicates for each condition
were quantified using Image J software (National Institutes of Health, National Institute of
Mental Health, Bethesda, MD, USA). Image J was used to count the total number of cells in
brightfield images and then used to determine the total number of red fluorescing cells to
calculate transfection efficiency. Statistical analysis was performed using GraphPad Prism
software (GraphPad, San Diego, CA, USA). Details for confocal imaging are provided in the
Supplementary Materials (S.3 Supplementary Methods).

2.11. Cytotoxicity Assay

Equal numbers of HEK 293T cells were seeded in 96 well dishes containing DMEM
(Cellgro, ThermoFisher Scientific) supplemented with 10% fetal bovine serum and 1% peni-
cillin/streptomycin at 37 ◦C with 5% CO2. At 90% confluence, 0.5 µM of TAT-AKT1 protein
variants were added to each well and incubated for 24 h. The CytoTox-Glo cytotoxicity
assay kit (Promega, #G9290, Madison, WI, USA) was used to measure the total cell and
dead cell numbers by following the supplied protocol. Each experiment was performed in
three biological replicates.

2.12. Trypan Blue and Sytox Blue Assays

Equal numbers of HEK 293T cells were cultured in 96 well plates containing DMEM
(Cellgro) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at
37 ◦C in 5% CO2. When cell confluence reached 90%, TAT-AKT1 and TAT-pAKT1T308

proteins were added at a concentration of 1 µM and incubated for 1 h or 24 h. An aliquot
of 100 µL of cells from each well was transferred to a microcentrifuge tube and 100 µL of
trypan blue dye was added. Viable and dead cells were counted under a light microscope
after 1 h or 24 h of protein delivery. Sytox blue (ThermoFisher, #S34857) was used to
measure the fluorescence of dead cells [36] at 24 h after TAT-AKT1 protein incubation. Cell
images were taken with a EVOS FL Auto 2 cell imaging system using a CFP filter cube
(emission 445 ± 45 nm, excitation 510 ± 42 nm). Dead cell fluorescence was quantified
using image J software. Each experiment was performed in three biological replicates.

2.13. Quantification and Statistical Analysis

For all experiments, at least three biological replicates were used and indicated on
all graphs. Graphs were generated in Microsoft Excel. Western blots were quantified
using Image Lab (Biorad) and the data were compiled and normalized in Microsoft Excel.
p-values were calculated by one-way analysis of variance (ANOVA), two-way ANOVA, or
Student’s two-tailed t-test as indicated.
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3. Results
3.1. Production and Purification of Recombinant AKT1 and Site-Specifically Phosphorylated
AKT1 Variants

TAT peptide tags were shown by us [37] and others [38–40] to enable rapid and
efficiency delivery of recombinant proteins to mammalian cells. To determine if a TAT-
peptide fusion will enable delivery of recombinant AKT1 to human cells (Figure 1B), we
first constructed, produced, and purified AKT1 variants with a TAT tag as well as AKT1
variants lacking the TAT-tag as before [19,33,34]. Full-length human AKT1 variants were
expressed and produced in E. coli to generate unphosphorylated AKT1 or TAT-tagged AKT1.
We also produced pAKT1T308 variants with or without the TAT-tag by co-expressing each
variant with PDK1 to produce site-specific phosphorylated pAKT1T308 and TAT-pAKT1T308.
Using a similar approach to that we established previously [33], all variants were initially
purified using Ni2+-NTA affinity chromatography relying on the His6-tag included in each
construct (see Supplementary Material Section S.2). The unphosphorylated variants were
purified further by size exclusion chromatography leading to pure fractions (Figure S1A,C).
Adhering to our previous approach [33], the phosphorylated variants were purified by
size exclusion and then further purified by anion exchange chromatography to yield pure
fractions of pAKT1T308 (Figure S1B) and TAT-pAKT1T308 (Figure S1D).

To confirm incorporation of pThr308 in both the wild-type and TAT-tagged AKT1
variants we performed western blotting on the purified proteins (Figure S2). We blotted the
purified proteins with both an AKT1 antibody (Figure S2A) and an antibody specific for
pAKTT308 (Figure S2B). The AKT1 antibody confirmed equivalent loading of each of the
purified AKT1 and TAT-AKT1 variants, and we found that the pAKTT308 specific antibody
displayed a robust response to only the pAKT1T308 and TAT-pAKT1T308 variants. The blots
indicate an equivalent level of phosphorylation on the pAKT1T308 and TAT-pAKT1T308

proteins (Figure S2C). We previously used multiple mass spectrometry approaches to
characterize the pAKT1T308 variant and found stoichiometric incorporation of phosphate
at the Thr308 site [19,33,34]. Here, we performed liquid chromatography tandem mass
spectrometry (LC-MS/MS) analysis of the TAT-pAKT1T308 protein and independently
confirmed incorporation of pThr308 (Figure S2D). In agreement with our previous studies
of pAKT1T308 [33], the TAT-pAKT1T308 protein showed no evidence of phosphorylation at
the other regulatory site, Ser473. Indeed, we observed only the Ser473 peptide (Figure S2E).

3.2. Enzymatic Activity of AKT1 and TAT-AKT1 Variants

To determine if addition of the TAT-tag affected AKT1 activity, we tested the enzymatic
activity of AKT1 variants with and without a TAT-tag. The activity of each AKT1 variant
was investigated using a standard kinase assay, as before [19,33,34]. Briefly, we monitored
the transfer of a radiolabeled γ-phosphate from [γ-32P]-ATP to a substrate peptide based
on the natural AKT1 substrate, GSK-3β. We measured phospho-peptide production over
a 15 min time course. While both the unphosphorylated AKT1 and TAT-AKT1 proteins
showed no activity that was distinguishable from background measurements, we found that
both pAKT1T308 and TAT-pAKT1T308 showed robust kinase activity that increased linearly
during the time course (Figure 2A and Figure S3). There was no significant difference in
the phosphorylation rate catalyzed by pAKT1T308 or TAT-pAKT1T308 (Figures 2B and S3),
indicating that the TAT-tag does not perturb the activity of the enzyme. The activity data
agree with our finding of a similar level of Thr308 phosphorylation in both the pAKT1T308

and TAT-pAKT1T308 variants (Figure S2B,C).
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Figure 2. Enzymatic activity of AKT1 is dependent on phosphorylation at Thr308 and was not affected
by fusion of AKT1 to the cell penetrating TAT-tag. (A) Time courses and (B) initial velocity of three
independent in vitro kinase activity assays. AKT1 variants were incubated with a GSK-3β substrate
peptide and [γ-32P]-ATP and spotted on filter paper. Unreacted [γ-32P]-ATP was washed away
and reaction products visualized by phosphorimaging (Figure S3) and quantified. AKT1 (purple)
and TAT-AKT1 (green) did not show significant activity above background, whereas pAKT1T308

(purple dotted) and TAT-pAKT1T308 (green dotted) were enzymatically active. The TAT-tag did not
significantly alter pAKT1T308 activity. Significant differences were calculated by two-tailed t-test
(ns—not significant).

3.3. Delivery of TAT-AKT1 Variants to Human Cells

We used the HEK 293T cell line as a model system to characterize TAT-tag dependent
delivery of AKT1 to human cells. In future and on-going studies beyond the scope of
this work, we will also deliver TAT-AKT1 variants to other mammalian cell types. HEK
293T cells are well established cell biological model systems that display robust growth
and high transfection efficiencies [41]. This aspect was important for our comparison
of TAT-dependent AKT1 delivery to more traditional transient transfection approaches
described below (see Section 3.6). AKT1 is also highly expressed in many human tissues,
including the kidney [42], making HEK 293T cells an appropriate model system to study
AKT1 signaling. Indeed, some of the initial characterizations of AKT1 activity [43] as well
as more recent studies to screen AKT1 inhibitors [44] and to define new roles for AKT1 in
diverse cellular processes including RNA metabolism [45,46], miRNA regulation [31], and
non-sense mediated decay [47] each relied on HEK 293 cells as an appropriate cell line to
investigate AKT1 biology.

Cells were grown to 90% confluence and then incubated with one of the AKT1 variants
characterized above. After a 1-h incubation of the cells with AKT1, pAKT1T308, TAT-AKT1,
or TAT-pAKT1T308, we used western blotting to demonstrate the TAT-tag mediated cellular
uptake and to monitor the phosphorylation status of endogenous AKT, TAT-AKT1 and
TAT-pAKT1T308 using specific antibodies for AKT1, pAKT1T308, and GAPDH as a loading
control. The AKT1 and pAKT1T308 constructs contain a His6-tag derived from pCDF-
Duet-1 as described before [33] that have a relative molecular weight of 3.1 kDa greater
than the endogenous AKT1. The TAT-tagged AKT1 variants have a larger N-terminal tag,
including both His6 and the TAT peptide, derived from the pTAT-HA plasmid [35] (see
Supplementary Material Section S.2). Thus, the TAT-tagged AKT1 variants were easily
differentiated from endogenous AKT1 in the western blots due to their size difference of
6 kDa (Figure 3).
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Figure 3. Delivery of TAT-AKT1 protein variants to HEK 293T cells. HEK 293T cells were incubated
with AKT1, pAKT1T308, TAT-AKT1, or TAT-pAKT1T308 for 1 h in three biological replicates. Cell
extracts were separated by SDS-PAGE and immunoblotted with AKT1, pAKTT308, and GAPDH
specific antibodies. Cells incubated with AKT1 or pAKT1T308 showed a single band in all blots
corresponding to endogenous AKT1. Two bands, corresponding to endogenous AKT1 and TAT-AKT1
separated by size, were apparent in cells transfected with TAT-tagged AKT1 variants, demonstrating
effective delivery of both TAT-tagged AKT1 variants into cells. TAT-AKT1 delivery did not lead to
phosphorylation of TAT-AKT1 in cells, as no phosphorylated TAT-AKT1 was detected by the pThr308
specific antibody after 1 h. The delivered TAT-pAKT1T308 was readily detected by phospho-specific
antibody for pAKTT308.

Following the protein incubation period, the cells were extensively washed with fresh
media to remove any protein remaining outside of the cells. In western blots, we clearly
observed a band in the anti-AKT1 blots corresponding to the higher molecular weight of the
TAT-AKT1 proteins relative to endogenous AKT (Figure 3). In contrast, in cells incubated
with the AKT1 variants lacking the TAT-tag, we observed only the endogenous AKT1
and no additional bands corresponding to the His6-AKT1 or His6-pAKT1T308 proteins.
In agreement with our characterization of the purified TAT-AKT1 and TAT-pAKT1T308

proteins (Figure S3), only the TAT-pAKT1T308 protein was detected by the pAKTT308 specific
antibody (Figure 3). Together the data show that both the TAT-AKT1 and TAT-pAKT1T308

proteins were delivered to the interior of the cells, and further, that the TAT-pAKT1T308

retained phosphorylation at Thr308 while the TAT-AKT1 protein did not acquire Thr308
phosphorylation in the cells (Figure 3).

To further verify that the AKT1 proteins lacking the TAT-tag were not taken up by
the cells, we performed an independent experiment where HEK 293T cells were incubated
with buffer only, with AKT1, or with pAKT1 proteins lacking the TAT-tag, and we found
no change in the level of AKT1 compared to a GAPDH loading control in any of these
conditions (Figure S4). Thus, the TAT-tag was necessary and sufficient to delivery TAT-
AKT1 and TAT-pAKT1T308 variants to human cells.

3.4. Selective Phosphorylation of GSK-3α by TAT-pAKT1T308

GSK-3 was the first identified AKT1-dependent substrate [48]. GSK-3 has two paralogs
that are often referred to as isoforms, including a higher molecular weight GSK-3α and a
lower molecular weight GSK-3β protein [49]. A typical approach to promote AKT activity
in cells involves genetic expression of a myristoylated-AKT1 variant (myr-AKT1) and
subsequent stimulation of cells with insulin or growth factors such as EGF [50] or platelet
derived growth factor (PGDF) [51]. The myr-tag anchors AKT1 to the plasma membrane.
Studies with PGDF show myr-AKT1 is activated and causes increased phosphorylation of
GSK-3α at Ser21 (SGRARTSsFAEPGGG) and GSK-3β at Ser9 (SGRPRTTsFAESCKP) [51].
The AKT1 target peptides in GSK-3α and GSK-3β are homologous but not identical, and
both can be visualized using anti-GSK-3 and anti-pGSK-3 specific antibodies.

To determine if TAT-pAKT1T308 is active once delivered to cells, we used western
blotting to probe cells for GSK-3 and pGSK-3 levels following incubation of cells with
AKT1, pAKT1T308, TAT-AKT1, or TAT-pAKT1T308 proteins (Figure 4). Following incubation
of HEK 293T cells with each of the indicated AKT1 variants, we identified no significant
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changes in the levels of GSK-3α or GSK-3β in comparison to a GAPDH loading control
(Figure 4A,B). We next compared the levels of pGSK-3α and pGSK-3β to the GAPDH
loading control (Figure 4A,C), and we also determined the ratio of phosphorylated GSK-3α
and GSK-3β to the levels of the respective un-phosphorylated proteins (Figure 4D). In
agreement with our findings above, neither of the AKT1 variants lacking the TAT-tag
led to any stimulation of GSK-3 phosphorylation. In addition, the unphosphorylated
TAT-AKT1 protein did not alter GSK-3 phosphorylation levels as anticipated. Strikingly,
TAT-pAKT1T308 protein delivered to cells showed a robust 3-fold and significant increase
in GSK-3α phosphorylation but no stimulation of GSK-3β phosphorylation was detected
(Figure 4C,D). The data demonstrate that increased pGSK-3α levels were dependent on
both the TAT-tag and the phosphorylation status of the delivered AKT1 protein.
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Figure 4. TAT-pAKT1T308 protein delivery stimulates AKT1 signaling. HEK 293T cells were incubated
with AKT1, pAKT1T308, TAT-AKT1, or TAT-pAKT1T308 for 1 h in three biological replicates. (A) Cell
extracts were separated by SDS-PAGE and immunoblotted with GSK-3, pGSK-3, and GADPH specific
antibodies. GSK-3 homologs GSK-3α and GSK-3β are direct substrates of AKT1. (B) Quantification
of western blots showed no change in GSK-3α or GSK-3β protein abundance. Changes in phos-
phorylation of GSK-3α or GSK-3β were quantified and normalized to (C) GAPDH or (D) GSK-3α
and GSK-3β, respectively, showing that TAT-pAKT1T308 specifically stimulates phosphorylation of
GSK-3α, but not GSK-3β. Significant differences were calculated by two-tailed t-test and are indicated
by asterisks (** p < 0.01).

3.5. TAT-pAKT1T308 Stimulates Downstream AKT1 Signaling to Ribosomal Protein S6

Although AKT1 is thought to regulate many cellular substrates directly and signal-
ing pathways indirectly, one of the best characterized downstream pathways involves
AKT1-dependent stimulation of protein synthesis via indirect phosphorylation of the ri-
bosomal protein S6 at Ser240/Ser244 (reviewed in [52]). AKT1 directly phosphorylates
the mammalian target of rapamycin (mTOR), which in turn phosphorylates and activates
p70 S6 kinase (p70S6K) that then targets and phosphorylates ribosomal protein S6 at
Ser240/Ser244 [53,54]. To determine if TAT-pAKT1T308 stimulates a downstream signaling
pathway of AKT1, we used western blotting to measure S6 and pS6 levels in cells incubated
with AKT1, pAKT1T308, TAT-AKT1, or TAT-pAKT1T308 proteins (Figure 5A). We monitored
S6 and pS6 levels relative to the GAPDH loading control (Figure 5A,B), and we determined
the level of pS6 compared to the level of S6 protein in each condition (Figure 5A,C). We
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observed no significant changes in S6 protein levels in each condition (Figure 5B), and
we found no significant changes in pS6 levels in cells treated with AKT1, pAKT1T308, or
TAT-AKT1. We did observe a significant 1.5-fold stimulation of S6 phosphorylation at
Ser240/Ser244 only in cells treated TAT-pAKT1T308 (Figure 5B,C). The data indicate that
TAT-pAKT1T308 stimulates signaling pathways downstream of AKT1.

Cells 2022, 11, x FOR PEER REVIEW 11 of 21 
 

 

determined the level of pS6 compared to the level of S6 protein in each condition (Figure 

5A,C). We observed no significant changes in S6 protein levels in each condition (Figure 

5B), and we found no significant changes in pS6 levels in cells treated with AKT1, 

pAKT1T308, or TAT-AKT1. We did observe a significant 1.5-fold stimulation of S6 phos-

phorylation at Ser240/Ser244 only in cells treated TAT-pAKT1T308 (Figure 5B,C). The data 

indicate that TAT-pAKT1T308 stimulates signaling pathways downstream of AKT1. 

 

Figure 5. TAT-pAKT1T308 protein delivery stimulates downstream AKT1 signaling to ribosomal pro-

tein S6. HEK 293T cells were incubated with AKT1, pAKT1T308, TAT-AKT1, and TAT-pAKT1T308 for 

1 hour in three biological replicates. (A) Western blots and (B,C) quantification of blots of cell ex-

tracts separated by SDS-PAGE and immunoblotted with ribosomal protein S6, pS6, and GADPH 

specific antibodies. S6 phosphorylation was significantly increased after incubation with TAT-

pAKT1T308, but not following incubation of cells with AKT1 or pAKT1 lacking the TAT tag or with 

unphosphorylated TAT-AKT protein variants. Significant differences were calculated by two-tailed 

t-test and are indicated by asterisks (* p < 0.05). 

3.6. Genetic Over-Expression Model of AKT1 Activity in Stimulated Cells 

As noted above, traditional approaches to generate cells with active AKT1 often in-

volve addition of EGF to induce AKT1 phosphorylation and stimulate AKT signaling 

pathways [55]. To provide a direct comparison of this approach to our novel method to 

deliver active AKT1 to cells, we conducted a set of independent experiments to over-ex-

press AKT1 from a plasmid transiently transfected to HEK 293T cells (Figure 6). We used 

a well-established over-expression model of AKT1, in which an mCherry-tagged AKT1 

protein is produced from a pCDNA3.1 backbone vector in the cells [33,55]. We used west-

ern blotting to show the level of endogenous AKT1 as well as to demonstrate expression 

of the plasmid encoded mCherry-AKT1 (Fig 6A). The data confirm over-expression of 

mCherry-AKT1 in cells transfected with the relevant plasmid and show a similar level of 

mCherry-AKT1 to the level of endogenous AKT1 observed in the same cells. We note that 

the plasmid-based mCherry-AKT1 expression leads to a similar level of additional AKT1 

in the cells compared to our experiments with delivered TAT-tagged AKT1 variants (Fig-

ure 3). 

AKT1 TAT-AKT1 TAT-pAKT1T308 pAKT1T308 

Protein delivered:

anti-pS6

anti-GAPDH

anti-S6

Figure 5

A

B

0.0

0.5

1.0

1.5

2.0

S6 pS6

0.0

0.5

1.0

1.5

2.0

pS6/S6

AKT1

pAKT1T308

TAT-AKT1

TAT-pAKT1T308

*

TAT-pAKT1T308 

TAT-AKT1

AKT1

pAKT1T308 

S6 pS6 pS6/S6

F
o

ld
 c

h
a

n
g

e
 

n
o

rm
a

liz
e

d
 t

o
 G

A
P

D
H

F
o

ld
 c

h
a

n
g

e
 

C
*

Figure 5. TAT-pAKT1T308 protein delivery stimulates downstream AKT1 signaling to ribosomal
protein S6. HEK 293T cells were incubated with AKT1, pAKT1T308, TAT-AKT1, and TAT-pAKT1T308

for 1 h in three biological replicates. (A) Western blots and (B,C) quantification of blots of cell extracts
separated by SDS-PAGE and immunoblotted with ribosomal protein S6, pS6, and GADPH specific
antibodies. S6 phosphorylation was significantly increased after incubation with TAT-pAKT1T308, but
not following incubation of cells with AKT1 or pAKT1 lacking the TAT tag or with unphosphorylated
TAT-AKT protein variants. Significant differences were calculated by two-tailed t-test and are
indicated by asterisks (* p < 0.05).

3.6. Genetic Over-Expression Model of AKT1 Activity in Stimulated Cells

As noted above, traditional approaches to generate cells with active AKT1 often
involve addition of EGF to induce AKT1 phosphorylation and stimulate AKT signaling
pathways [55]. To provide a direct comparison of this approach to our novel method to
deliver active AKT1 to cells, we conducted a set of independent experiments to over-express
AKT1 from a plasmid transiently transfected to HEK 293T cells (Figure 6). We used a well-
established over-expression model of AKT1, in which an mCherry-tagged AKT1 protein is
produced from a pCDNA3.1 backbone vector in the cells [33,55]. We used western blotting
to show the level of endogenous AKT1 as well as to demonstrate expression of the plasmid
encoded mCherry-AKT1 (Figure 6A). The data confirm over-expression of mCherry-AKT1
in cells transfected with the relevant plasmid and show a similar level of mCherry-AKT1 to
the level of endogenous AKT1 observed in the same cells. We note that the plasmid-based
mCherry-AKT1 expression leads to a similar level of additional AKT1 in the cells compared
to our experiments with delivered TAT-tagged AKT1 variants (Figure 3).
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Figure 6. AKT1 over-expression and growth factor stimulation activates AKT1 signaling in HEK
293T cells. HEK 293T cells were transfected with an mCherry-AKT1 over-expression plasmid. At
24 h after transfection, cells were stimulated with EGF for 10 min. (A) Cell extracts were separated
by SDS-PAGE and immunoblotted with AKT1, GSK-3, pGSK-3, and GAPDH specific antibodies
in three biological replicates. (B) Quantification of western blots showed no change in GSK-3α or
GSK-3β protein abundance. (C) GSK-3α and GSK-3β phosphorylation normalized to GAPDH was
significantly increased in cells over-expressing AKT1 after EGF stimulation, but not significantly
changed in EGF stimulated cells alone or unstimulated cells over-expressing AKT1. (D) GSK-3α and
(E) GSK-3β phosphorylation was also normalized to GSK-3α and GSK-3β levels, showing increased
phosphorylation of both GSK-3 isoforms in response to AKT1 over-expression, which was further
increased upon EGF stimulation. Error bars represent the standard deviation of the mean. p-values
were calculated by two-tailed t-test and are indicated by asterisks (* p < 0.05, ** p < 0.01).

We used western blotting to monitor the levels of GSK-3α and GSK-3β as well as
pGSK-3α and pGSK-3β in untreated cells and in transfected cells with or without addition
of EGF. None of the conditions caused any significant change in GSK-3α or GSK-3β levels
relative to a GAPDH control (Figure 6A,B). As above, we monitored pGSK-3α and pGSK-3β
levels relative to the GAPDH control (Figure 6C) as well as the levels of pGSK-3α and
pGSK-3β compared to the levels of un-phosphorylated GSK-3α and GSK-3β, respectively
(Figure 6D,E). Both approaches led to a consistent observation of a significant and ~1.5-fold
increase in pGSK-3α and pGSK-3β levels in cells over-expressing AKT1 and stimulated
with EGF relative to unstimulated control cells lines lacking AKT1 over-expression. These
findings agree with previously published studies [50,51] where growth factor stimulation
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of cells with over-expressed AKT1 causes an increase in phosphorylation of both GSK-3α
and GSK-3β.

3.7. Delivery Efficiency and Localization of TAT-Tagged AKT1

To measure the efficiency of TAT-tagged AKT1 delivery to live human cells, we
constructed, produced, and purified AKT1 and pAKT1T308 variants in E. coli that contain the
TAT-tag followed by an N-terminal mCherry tag (see Supplementary Material Section S.2).
Since traditional approaches to study AKT1 signaling in cells often rely on over-expression
of mCherry-tagged AKT1 in transiently transfected cells [33,55–57], we determined the
transfection efficiency of plasmid-borne mCherry-AKT1 compared to delivery of the TAT-
mCherry-tagged AKT1 variants. At 24 h after transfection with pCDNA3.1 encoded
mCherry-AKT1 or 24 h after incubation of cells with TAT-mCherry-AKT1 variants, the
cells were imaged by fluorescence and brightfield microscopy. Based on the images,
delivery efficiency was calculated for the TAT-mCherry-tagged proteins and plasmid-based
transfection efficiency was also determined (Figure 7). In HEK 293T cells, we found that
both the plasmid transfection and the TAT-tagged protein delivery were similarly efficient.
The TAT-mCherry-AKT1 entered the cells with ~90% delivery efficiency, while in our
plasmid-based transfection we recorded a mean of ~80% transfection efficiency. Statistical
analysis showed that TAT-mCherry tagged AKT1 protein delivery was not significantly
different from the plasmid-based transfection efficiency. Thus, the TAT-tagged protein
transfection is similarly efficient compared to traditional approaches. In the case of the
plasmid-based experiment, lipofectamine transfection reagent was employed, while the
TAT-tagged proteins required no transfection or other additional reagents to induce efficient
cellular uptake.
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Figure 7. Delivery of TAT-mCherry-AKT1 variants compared to plasmid-based transfection efficiency
of mCherry-AKT1. (A) Overlay of brightfield and fluorescent (excitation 531 nm, emission 593 nm)
images (above) and zoomed-in images (below) of cells 24 h after incubation with TAT-mCherry-AKT1,
TAT-mCherry-pAKT1T308, or lipofectamine mediated transfection with an mCherry-AKT1 expressing
plasmid. (B) Quantification of delivery or transfection efficiency from three biological replicates
was calculated as the ratio of transfected cells/total cells and by determining fluorescence of the
mCherry-AKT1 fusion proteins in cells. Protein delivery and plasmid transfection efficiency was not
significantly different. The data are based on three biological replicates, error bars show ±1 standard
deviation, and significance was calculated by one-way ANOVA (ns—not significant).
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To observe the localization of TAT-AKT1, we included zoomed-in images of cells
incubated with the TAT-mCherry-AKT1 variants as well as the plasmid-transfected cells.
These images show that the TAT-tagged AKT1 variants and the plasmid expressed AKT1
are well-distributed in the interior of the cells (Figure 7). To get a more definitive image
of TAT-AKT1 delivered to cells, we also conducted confocal fluorescence microscopy
(see Supplementary Material Section S.3) of HEK 293T cells incubated with TAT-AKT1
(Figure S5A,B) or TAT-pAKT1T308 (Figure S5C,D) variants. The TAT-AKT1 proteins were
visualized with an anti-TAT antibody and fluorescent secondary antibody, while the nuclei
were stained with 4′,6-diamidino-2-phenylindole (DAPI) and the membranes were stained
with an AlexaFluor-linked phalloidin (Figure S5). The confocal images agree with our TAT-
mCherry-AKT1 studies and demonstrate that the TAT-AKT1 variants are well-distributed
in the cytoplasm.

3.8. Cellular Viability and Toxicity

To quantify the impact on cell viability following protein delivery of TAT-AKT1
protein variants, we conducted trypan blue assays on cells incubated with TAT-AKT1 or
TAT-pAKT1T308 protein for 1 h (Figure S6A) or 24 h (Figure S6B). In the trypan blue assay,
dead and live cells were counted using brightfield imaging. Cells treated with TAT-AKT1
or TAT-pAKT1T308 showed >94% cell survival compared to the control cells incubated with
buffer only (Figure S6A,B).

Next, dead cell nuclei were stained with the fluorescent Sytox blue probe and images
were taken by fluorescence microscopy at 24 h after incubation with no protein (buffer only),
with TAT-AKT1, or with TAT-pAKT1T308 (Figure 8). There was no significant difference
in the fluorescence from dead cells in comparing cells transfected with either TAT-AKT1
variant or without protein.

Finally, a cytotoxicity assay was conducted to measure potential toxicity associated
with either of the TAT-tagged AKT1 variants. The same number of HEK 293T cells were
seeded into the 96 well plates in culture media. Following a 24-h incubation of the cells with
buffer only (no protein), with TAT-AKT1, or with TAT-pAKT1T308 proteins, the live-cell
impermeant peptide substrate aminoluciferin (AAF-Glo) was added into each well to assess
the percentage of dead cells in a microplate reader. Following cell lysis, the luminescent
signal was used to count the total number of cells. Cells transfected with no protein (buffer
only), TAT-AKT1, or TAT-pAKT1T308 each showed no significant difference in cytotoxicity
at 24 h after protein incubation (Figure S6C). Together the data show that TAT-tagged AKT1
variants are not toxic to cells, nor do they reduce cell viability.
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Figure 8. TAT-AKT1 protein delivery is non-toxic to HEK 293T cells. Cytotoxicity was measured after
a 24-h incubation with no protein (buffer only), TAT-AKT1, or TAT-pAKT1T308 by staining dead cells
with Sytox blue in three biological replicates. (A) Images of cells with Sytox blue staining of dead
cells. (B) Quantification of dead cells shows no significant impact of TAT-AKT1 and TAT-pAKT1T308

protein delivery compared to cells treated with buffer only (no protein). Significance was calculated
by one-way ANOVA (ns—not significant).
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4. Discussion
4.1. Fusing AKT1 with the Cell Penetrating Peptide TAT

We engineered AKT1 and pAKT1 variants to include an N-terminal TAT tag to facilitate
their cellular uptake into mammalian cells. The TAT peptide is a member of a diverse
and growing collection of cell penetrating peptides (CPPs) that have been used to deliver
small molecules [58], proteins [39], and even mRNAs [59] to mammalian cells. The TAT
peptide (YGRKKRRQRRR) is a fragment from a larger TAT protein that is essential for HIV
replication in cells [60]. Early studies identified a region of the TAT protein (residues 37–72)
that is responsible for cellular uptake [38]. That same segment of TAT was also fused to a
variety of other proteins, such as β-galactosidase and horseradish peroxidase, to facilitate
their uptake into mammalian cells [40]. Recently, we fused the TAT-tag to the human
selenocysteine-containing thioredoxin reductase 1, and demonstrated that the TAT-tag was
necessary and sufficient to enable cytosolic delivery of an active selenoprotein to human
cells for the first time [37].

Previous studies have appended His-tags [33], mCherry [55], and glutathione tags [61]
to the N-terminus of AKT1, and each study found that the N-terminally tagged AKT1
retained kinase activity. Because of the important role of the C-terminal HM domain in
AKT1 activation [15], C-terminal tagging is not appropriate for AKT1. Since TAT-fusions of
AKT1 had not been created before, we characterized the biochemical activity of AKT1 and
pAKT1T308 with and without the TAT-tag. We confirmed that the addition of a TAT-tag at
the N-terminus does not alter catalytic activity of the AKT1 protein variants using in vitro
kinase assays with a substrate peptide derived from GSK-3β.

4.2. Impact of TAT-Tagged Protein Delivery on Cell Fitness

One report suggested that TAT-tag molecules, such as TAT-NEMO binding domain
(NBD), can have a cytotoxic effect at high concentration in treated cells. Incubation with a
TAT-tagged NBD peptide led to decreased cell numbers at concentration of 100 µM [62].
We found that following incubation with human cells in culture, TAT-AKT1 and TAT-
pAKT1T308 proteins at concentrations of 0.5 to 1 µM provided a level of delivered TAT-
AKT1 that was similar to the level of endogenous AKT1 and that did not cause significant
changes in cell viability or cytotoxicity according to multiple independent assays. More
than 94% cells were viable following incubation with no protein or with either TAT-tagged
AKT1 variant. As the cell survival rate was similar to the untreated cells, we measured
cytotoxicity in cells harboring TAT-tagged AKT1 variants. We used a sensitive luminescent
cytotoxicity assay to determine the relative number of dead cells in which the intensity of
luminescence directly associates with the number of cells undergoing cytotoxic stress [63,64].
Compared to untreated HEK 293T cells, cells incubated with TAT-AKT1 variants did not
show significant increases in dead cell numbers or in cells undergoing cytotoxic stress.
The data underline the effectiveness of the cell penetrating TAT-tag for rapid and efficient
delivery of active or inactive recombinant human AKT1 through the cell membrane without
significantly compromising cellular viability or toxicity.

4.3. Delivery of Active TAT-pAKT1T308 Stimulates AKT1 Signaling in Human Cells

We utilized the TAT-mCherry-AKT1 to visualize protein delivery and calculate deliv-
ery efficiency. Independently, we utilized the TAT-pAKT1 variants lacking the mCherry
fusion protein to investigate AKT1-dependent signaling. TAT-tagged protein delivery
efficiency was ~90% after 24 h demonstrating efficient protein uptake by the cells. In
comparison, transfection of cells with a plasmid bearing mCherry-AKT1 showed a similar
(~80%) and not significantly different level of transfection efficiency. Together the data
suggest that TAT-tagged AKT1 delivery is of similar efficiency to traditional plasmid-based
approaches in HEK 293T cells, however, the TAT-tagged protein was delivered to cells
without additional transfection reagents and can be applied to any recombinantly produced
protein, including proteins with non-canonical amino acids [37].
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AKT-mediated downstream regulation of effector proteins is directly linked to glycogeno-
sis, glucose import, and protein synthesis [65–67]. GSK-3 is a highly conserved regulatory
enzyme, and inhibition of GSK-3 activity by AKT-dependent phosphorylation was implicated
in cancer progression, neuronal disease, aging, and metabolic disorders such as diabetes [66].
The GSK-3α and 3β isoforms have distinct regulatory roles and they do not compensate for
each other’s functions. GSK-3 is a critical downstream target of the PI3K-AKT cell signal-
ing pathway, and GSK-3 activity is controlled in insulin or growth factor stimulated cells
by AKT-dependent phosphorylation of GSK-3α at Ser21 and of GSK-3β at Ser9 [48]. The
substrate specificity and recognition capabilities of GSK-3α and 3β also vary between and
within tissues. In brain cells, deletion of each GSK-3 isoform produces distinct substrate
phosphorylation of Collapsin response mediator protein (CRMP). CRMP Thr509, Thr514,
and Ser518 phosphorylation is observed in GSK-3α depleted cells, but not GSK-3β depleted
cells [68]. A knockdown of GSK-3α in mice showed increased sensitivity towards insulin,
suggesting the significant role of GSK-3α in glucose synthesis and as a therapeutic target for
diabetes [69]. Therefore, GSK-3 isoforms show a clear variation in their functions, and the
distinct roles of GSK-3α and GSK-3β need to be delineated to understand the mechanism
underlying various disorders.

In cells that we transfected with an AKT1 over-expression construct and then stim-
ulated with growth factor, we reproduced the well-established result that AKT1 caused
increased phosphorylation of its target substrates on GSK-3α and GSK-3β. In contrast,
cells incubated with TAT-pAKT1T308 showed a strong and selective induction of phospho-
rylation on GSK-3α only. We observed evidence that TAT-pAKT1T308 stimulates direct
downstream AKT1 substrates, such as GSK-3α, and we also observed evidence of down-
stream stimulation of ribosomal protein S6 phosphorylation by TAT-pAKT1T308 likely due
to the well-established role of AKT1 in activation of the mTOR pathway [22–24].

We showed before that peptides representing the GSK-3α and GSK-3β (Figure 2) AKT1
phosphorylation sites are both competent substrates for pAKT1T308 [19]. We previously
observed that pAKT1T308 is significantly more active with a GSK-3α peptide compared
to a doubly phosphorylated ppAKT1T308,S473 [19], while pAKT1T308 and ppAKT1T308,S473

showed similar and robust activity with a GSK-3β peptide [19]. Taken together with
the data presented here, our observations suggest that either doubly phosphorylated
ppAKT1T308,S473 or growth factor stimulation of other kinases are responsible for phos-
phorylation of GSK-3β in cells. In the context of cells, scaffolding effects [70] and the role
of phosphatases [71] are important factors for the accumulation of phosphorylation on
specific sites that may also explain the apparent selective activity of TAT-pAKT1T308 on
GSK-3α in cells. Fascinatingly, the phosphatase laforin is selective for de-phosphorylation
of GSK-3β at Ser9 and has no effect on GSK-3α phosphorylation at Ser21 [72]. Insulin
stimulation represses laforin protein levels [73] and enhances GSK-3β pSer9, while the
same site is hyper-phosphorylated in laforin knock-out mice [73]. Over-expression of
laforin is sufficient to abrogate GSK-3β phosphorylation even in insulin stimulated HEK
293 cells [74]. It is, therefore, feasible that TAT-pAKT1T308 phosphorylates both GSK-3α
and GSK-3β, and GSK-3β is subsequently dephosphorylated by laforin. We will test this
hypothesis in future work.

4.4. TAT-Fusion of Peptides and Proteins to Modulate AKT1 Signaling

The TAT-peptide was used in previous studies of AKT1, but no other studies fused
TAT to the full-length or to the activated AKT1 as we have demonstrated here. Previously,
the TAT-peptide was fused to the PH domain of AKT1 (residues 1 to 147) to generate a
dominant negative and truncated version of AKT1 lacking the kinase domain [75]. The TAT-
PH protein was successfully delivered to cells and was found to inhibit the anti-apoptotic
effects of estrogen in vascular endothelial cells [75]. TAT was also fused to other peptides,
such as a segment of the angiotensin II type I receptor to partially inhibit AKT signaling
in HEK 293 cells [76], or to a fragment of the NF-κB essential modulator-binding domain
to generate a 33 amino acid peptide that was shown to reduce expression of AKT [77].
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TAT-peptides were also conjugated to nanoparticles in approaches to improve delivery
of chemotherapeutics that disrupt AKT1 signaling [78,79]. There are many examples in
the literature of fusing TAT to peptides or other compounds that inhibit human kinases,
including inhibitors of the EGF receptor [80], protein kinase C [80], and casein kinase 2 [81].

Interestingly, a larger version of the TAT-peptide (residues 48–60) itself was shown to
inhibit AGC family kinases [82]. The TAT-peptide (residues 48–60, GRKKRRQRRRAHQ)
was found to be a µM level inhibitor of protein kinase A. The report also showed that a
concentration of 10 µM of the TAT48–60 peptide was required to have a substantial impact
on AKT kinase activity, and a concentration of 30 µM TAT48–60 peptide was needed to
reduce ERK2 phosphorylation in HeLa cells. These levels are 30 to 60-fold above the
concentrations in which we were working, and we used a TAT-peptide fused to AKT rather
than a TAT-peptide in isolation. Furthermore, our TAT-fusion peptide is composed of
residues 47–57 (YGRKKRRQRRR), which is a different peptide and may not retain the
inhibitory effect observed previously [82].

Some previous studies have found that TAT-tagged proteins can remain trapped
in endosomes. For example, studies of TAT-tagged green fluorescent protein (GFP) in-
dicated inefficient endosomal escape at a concentration of 10 µM [83], yet we operated
at a concentration 10 to 20-folder lower with TAT-tagged AKT1 (Figure S5). The same
study [83] found that fusion of a haemagglutinin (HA) tag produced a TAT-HA-GFP that
was well-distributed in the cytosol according to confocal imaging. According to fluores-
cence microscopy and confocal imaging experiments, our TAT-AKT1 variants showed
similar cytosolic distribution to the TAT-HA-GFP previously reported [83] without the need
of an additional HA tag. Thus, the nature of the protein cargo is a critical factor to achieve
cytosolic delivery of TAT-tagged proteins [84]. It is also well-established that in the absence
of inhibitors of endosomal release, TAT-tagged proteins are released from endosomes and
delivered to the cytosol and nucleus [85].

To our knowledge, ours is the first report of fusing the TAT peptide to a full-length
and active human kinase and successful demonstration of delivering a recombinant human
kinase to human cells. Here, we generated novel TAT-tagged AKT1 and pAKT1 proteins
using an approach that we previously developed to generate differentially active variants
of full-length human AKT1 from E. coli [33]. The Thr308 phosphorylation is achieved by
co-expression of AKT1 with the natural upstream Thr308 kinase PDK1 in E. coli. While
we [19,32,34] and others [61] have also used this approach to produce a truncated AKT1
lacking the N-terminal PH domain, here and previously [33] we found this same approach
works well to generate full-length AKT1 containing stoichiometric phosphorylation at
Thr308. In our previous studies [19,31–34], we combined this approach with genetic code
expansion to incorporate pSer473 in response to a UAG stop codon at the second regulatory
site in AKT1, and thus produced AKT1 with phosphorylation at either or both regulatory
sites. We also showed that pThr308 is necessary and sufficient to stimulate maximal AKT1
signaling in mammalian cells [33], and we employed a large scale chemoproteomic ap-
proach to determine that pSer473 functions to tune the substrate selectivity of AKT1 [19,32].
In future and on-going studies, beyond the scope of the current work, we are generating
TAT-tagged version of AKT1 with phosphorylation at only Ser473 or at both activating sites.

5. Conclusions

We demonstrated a novel approach using a TAT fusion peptide to deliver both inactive
and activated versions of the human kinase AKT1 to human cells. In our future work with
this approach, we will be able to deliver different phospho-AKT1 variants to mammalian
cells and study their potential to activate AKT1 signaling and to tune AKT1 substrate
selectivity in cells. We anticipate that our approach will serve as a blueprint to deliver
other isoforms and phospho-forms of AKT to human cells as well as a wide variety of other
human kinases to provide novel methods to study the human kinome in the homologous
context of human cells.
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Abstract: In the basal, proliferative layer of healthy skin, the mTOR complex 1 (mTORC1) is activated,
thus regulating proliferation while preventing differentiation. When cells leave the proliferative, basal
compartment, mTORC1 signaling is turned off, which allows differentiation. Under inflammatory
conditions, this switch is hijacked by cytokines and prevents proper differentiation. It is currently
unknown how mTORC1 is regulated to mediate these effects on keratinocyte differentiation. In
other tissues, mTORC1 activity is controlled through various pathways via the tuberous sclerosis
complex (TSC). Thus, we investigated whether the TS complex is regulated by proinflammatory
cytokines and contributes to the pathogenesis of psoriasis. TNF-α as well as IL-1β induced the
phosphorylation of TSC2, especially on S939 via the PI3-K/AKT and MAPK pathway. Surprisingly,
increased TSC2 phosphorylation could not be detected in psoriasis patients. Instead, TSC2 was
strongly downregulated in lesional psoriatic skin compared to non-lesional skin of the same patients
or healthy skin. In vitro inflammatory cytokines induced dissociation of TSC2 from the lysosome,
followed by destabilization of the TS complex and degradation. Thus, we assume that in psoriasis,
inflammatory cytokines induce strong TSC2 phosphorylation, which in turn leads to its degradation.
Consequently, chronic mTORC1 activity impairs ordered keratinocyte differentiation and contributes
to the phenotypical changes seen in the psoriatic epidermis.

Keywords: psoriasis; inflammation; mTORC1; tuberous sclerosis complex; cytokines

1. Introduction

Psoriasis is a common, chronic inflammatory skin disease that affects 2–3% of the popu-
lation and is associated with a reduced quality of life and a shortened life expectancy due to
the association with the metabolic syndrome and cardiovascular pathologies [1]. Clinically,
psoriasis presents with red, scaly plaques, which mostly affect predilection sites such as the
extensor surfaces of forearms and shins, umbilical, perianal, retro-auricular regions, and the
scalp [2]. These plaques are characterized by epidermal hyper-proliferation with impaired
keratinocyte differentiation, extravasation of lymphocytes, and angio(neo)genesis.

In healthy skin, keratinocytes are subject to a strict control between proliferation by
asymmetric cell division in the basal layer and ordered terminal differentiation and matura-
tion into corneocytes, forming a tight epidermal barrier. In psoriasis, certain trigger factors
(trauma, drugs, infections), together with dysregulated expression of the antimicrobial pep-
tide LL37, are thought to induce sustained activation of plasmacytoid dendritic cells. This
process, which normally controls the defense against infection in injured skin, promotes the
maturation of myeloid dendritic cells, which induce the differentiation of T cells into Th17
cells through the secretion of interleukin-12 (IL-12) and IL-23. These activated Th17 cells
produce effector cytokines such as IL-17A, IL-17F and IL-22, which stimulate keratinocytes
to increase proliferation, while differentiation is impaired [3,4]. Activated keratinocytes, in
turn, produce important pro-inflammatory cytokines, including TNF-α and IL-1β, which
induces a “vicious cycle” of exuberant immune response, epidermal hyper-proliferation
and neovascularization, leading to the complex clinical presentation of psoriasis [5].
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We previously found that AKT [6], as well as the mTOR kinase and its downstream
signaling molecules [7,8] are hyper-activated in psoriatic skin. In healthy skin, mTORC1
signaling is only active in the basal layer and regulates proliferation while preventing differ-
entiation. When cells leave the proliferative compartment, mTORC1 signaling is switched
off, which allows for ordered epidermal differentiation. However, pro-inflammatory cy-
tokines activate the PI3K/Akt pathway, which promotes aberrant proliferation [8]. At the
same time persistent mTORC1 activation inhibits proper differentiation [8,9].

Beyond this model, it is currently unknown how mTORC1 activity is regulated to
promote these effects on keratinocyte differentiation. In order to coordinate cell growth
and proliferation, the tuberous sclerosis complex (TSC) integrates extracellular cues (e.g.,
nutrients, energy, oxygen and growth factors) through different kinases such as AKT [10],
RSK1 [11] or ERK [12], which regulate mTORC1 activity [13]. This multiprotein com-
plex consists of TSC1/hamartin, TSC2/tuberin and the TBC1 domain family member
TBC1D7 [14]. Mutations in TSC2 cause non-malignant tumors in various organs, including
the skin, leading to the clinical manifestation of tuberos sclerosis [15]. Under favorable
conditions, the mentioned kinases directly phosphorylate TSC at specific serin (S) and
threonine (T) residues [16], leading to its dissociation from the lysosome and destabilization
of the protein complex [17]. Thus, TSC2, the catalytic subunit of the complex, can no longer
act as a GTPase activating protein (GAP) towards the small GTPase RHEB, which remains
GTP-loaded and is able to activate mTORC1 on the lysosome [18–20]. Activated mTORC1,
in turn, regulates key anabolic processes, such as protein biosynthesis through the phos-
phorylation of S6 kinase-1 (S6K-1) and eukaryotic initiation factor 4E (eIF-4E) binding
protein-1 (4E-BP1), and lipid and nucleotide synthesis, and inhibits catabolic processes
such as autophagy [9]. In contrast, under unfavorable extracellular conditions i.e., in the
absence of growth factors or amino acids, TSC is not phosphorylated, thus remaining at the
lysosomal membrane [17,21] and promoting GTP cleavage by RHEB. RHEB is thus unable
to activate mTORC1, and anabolic, mTOR-dependent processes fail to occur.

We hypothesized that the TS complex might also serve as a critical switch to control
the mTORC1 function during epidermal maturation. We showed that TSC2 is strongly
phosphorylated on S939 by pro-inflammatory cytokines such as TNF-α as well as IL-
1β. Blocking the PI3-K/AKT or the MAPK pathway with kinase inhibitors not only
reduced TSC Ser939 phosphorylation, but also blocked mTORC1 activity. Surprisingly,
we could not find evidence for increased TSC2 phosphorylation in psoriasis patients.
Instead, we discovered that TSC2 is significantly downregulated in lesional psoriatic skin
when compared to healthy skin or non-lesional skin of the same patients. Additionally,
we uncovered, that persistent exposure to inflammatory cytokines such as in psoriasis
dislocates the TS complex, inducing its destabilization and degradation, which results in
the hyperactivation of mTORC signaling.

2. Materials and Methods
2.1. Antibodies and Chemicals

P-TSC2 S939 (LS-C358381) was from Biozol (Sontheim, Germany). Antibodies specific
for TSC2/tuberin (#4308), P-AKT S473 (#4060), AKT (#4691), P-S6K T389 (#9234), P-S S235/6
(#2211), S6 (#2217), P-ERK T202/Y204 (#4370), ERK (#4696), P-4E-BP T37/46 (#2855), as well
as MG132 and cyclohexamide were from Cell Signaling (Danvers, MA, USA). Involucrin
(SY8; ab20202) was from Abcam (Cambridge, UK), Actin antibody (A1978) was from
Sigma-Aldrich (St. Louis, MO, USA) and LAMP-2 antibody (sc-18822) from SantaCruz
Biotechnology (Dallas, TX, USA). LY294002, U0126 were from were from Calbiochem
(San Diego, CA, USA).

2.2. Immunohistochemistry

The study was approved by the ethics committee of the Clinic of the Goethe-University
(116/11); the Declaration of Helsinki protocols were followed. A total of 10 psoriasis
patients between 23–60 years with a confirmed diagnosis of severe plaque-type psoriasis
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vulgaris for at least 6 months and no current systemic anti-inflammatory therapy gave
written informed consent, as did 5 healthy individuals. Punch biopsies (6 mm) from the
lesional and non-lesional skin of patients or normal skin of healthy individuals were taken.
Specimens were fixed in 4% PFA, and paraffin embedded and 4 µm sections were processed
routinely. Primary antibodies were applied overnight, and Histofine Simple Stain AP
Multi (Nichirei Bioscience, Tokyo, Japan) was used for detection. Nuclei were stained with
hematoxylin. Images were acquired using a Nikon Eclipse Ci microscope (Nikon Europe,
Amstelveen, The Netherlands). For semi-quantitative analysis, IHC staining intensity was
estimated by two independent investigators on a scale between 0 to 3. Mean values were
calculated, and statistical significance was evaluated by one-way ANOVA and uncorrected
Fisher’s LSD test.

2.3. Cell Culture and Western Blotting

HaCaT keratinocytes [22] were cultured in DMEM with 10% FCS (Life Technologies,
Carlsbad, CA, USA). Cells were treated as indicated and lysed in RIPA lysis buffer (Cell
Signaling Technology, Dancers, MA, USA). Lysates were adjusted for equal protein amounts,
subjected to SDS–PAGE and blotted onto PVDF membranes. After blocking in 5% milk/TBS-
T, membranes were probed with the indicated antibodies overnight. Bound antibodies
were visualized with HRP-conjugated secondary antibodies using ECL Substrate (Bio-Rad,
Hercules, CA, USA).

2.4. Immunofluorescence Staining

HaCaT cells were grown on glass coverslips, treated as indicated and formalin fixed.
Cells were permeabilized with 0.2% Triton X-100/PBS and blocked with 5% normal goat
serum/0.2% Triton/PBS. Primary antibody was applied overnight at 4 ◦C, and staining
with Alexa 488 or Alexa594 labelled secondary antibodies (Life Technologies, Carlsbad, CA,
USA) was performed for 1 h at room temperature. Images were acquired through a 100×
oil immersion objective on a Nikon Eclipse Ci microscope (Nikon Europe, Amstelveem,
The Netherlands). Colocalization of TSC2 and LAMP-2 was quantified using the Coloc2
plugin of Fiji software 2.3.0 (doi:10.1038/nmeth.2019). For each condition, the Manders’
co-localization coefficient using automatic Costes thresholding was calculated from 8 to 14
separate images, each containing between 3 to 10 cells. Mean values were calculated, and
the statistical significance was evaluated by one-way ANOVA and uncorrected Fisher’s
LSD test.

2.5. Statistical Analysis

The mean ± standard error of the mean (SEM) was depicted in the diagrams. Graph
Pad Prism 9.4.1 (GraphPad Software, LLC, San Diego, CA, USA) was used for statistical
analysis. Multiple groups were compared by ordinary one-way ANOVA followed by an
uncorrected Fisher’s LSD test. A p-value ≤ 0.05 was considered statistically significant
with (* p < 0.05, ** p < 0.01).

3. Results
3.1. Th1 Cytokines Induce TSC2 Phosphorylation via the PI3-K/AKT and MAPK Pathway

To investigate whether cytokine-dependent hyperactivation of mTORC1 is regulated
by the tuberous sclerosis complex, we first examined whether TSC2 can be phosphorylated
by cytokines involved in the pathogenesis of psoriasis. As we could previously show
that AKT is hyper-activated in psoriatic skin, we focused on residues in TSC2, which are
mainly regulated by AKT. For four out of the five residues, phosphorylated by AKT (S981,
S1130, S1132, T1462), no reliable antibodies could be acquired. Thus, we investigated S939,
which is one of the more important residues to control TSC functions towards mTORC1
signaling [10,23,24]. HaCaT keratinocytes were treated with Th1 cytokines with a known
effect on keratinocytes during the psoriatic inflammation. As shown previously, IL-17A and
IL-22 induced mild phosphorylation of AKT S473, while IL-1β, TNF-α as well as the Th1
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mix consisting of IL-1β, IL-17A and TNF-α conferred robust activation of AKT, resulting
in strong mTORC1 activation measured by the phosphorylation of the mTORC1 target
proteins S6K, S6 and 4E-BP1. At the same time especially TNF-α, as well as the Th1 mix,
mediated strong phosphorylation of TSC2 on S939 (Figure 1a).

To verify that cytokine-dependent phosphorylation of TSC2 is mediated via PI3-
K/AKT, HaCaT cells were pre-treated with the PI3-K inhibitor LY294002, which not only
inhibited TNF-α-induced AKT activity, but also completely abolished TSC2 phosphoryla-
tion. In addition, the MAPK pathway was blocked using the MEK inhibitor U0126, which
inhibited TNF-α-induced ERK1 activation, but had only a mild effect on TSC2 phosphory-
lation (Figure 1b). These results show that pro-inflammatory cytokines of the Th1 spectrum
can confer TSC2 phosphorylation via the PI3-K/AKT pathway, and to some degree via the
MAPK pathway.
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Figure 1. (a) HaCaT cells were starved overnight and stimulated with the indicated cytokines
(20 ng/mL) or a mix of Th1 cytokines (IL-1β, IL-17A and TNF-α; 20 ng/mL each) for 30 min.
(b) HaCaT cells were starved overnight and treated for 30 min with the indicated inhibitors (L = 50 µM
LY294002; U = 10 µM U0126; D = DMSO), followed by stimulation with 20 ng/mL TNF-α or the
Th1 mix (20 ng/mL each). Protein lysates were prepared and analyzed by Western blotting with
the indicated antibodies. Equal protein loading was confirmed using total protein antibodies or
actin antibody.

3.2. TSC2 Is Downregulated in Lesional Psoriatic Skin

To test whether these pro-inflammatory cytokines also mediate the phosphorylation of
TSC2 in vivo, non-lesional and lesional psoriatic skin was investigated for TSC2 activation
and expression. While healthy skin (NN) displayed the phosphorylation of TSC2 S939
throughout all epidermal layers (Figure 2c,f), non-lesional psoriatic skin (PN) showed
comparable levels of TSC2 phosphorylation (Figure 2b,e). Surprisingly, we found that in
lesional psoriatic skin (PP), TSC2 did not display enhanced phosphorylation at S939 as
expected from the in vitro data, but rather showed similar (Figure 2d) or slightly reduced
activation (Figure 2a) compared to non-lesional skin from the same patient. Quantitative
analysis of ten patients, underlined this finding, showing slightly but not significantly
reduced TSC2 phosphorylation in lesional psoriatic skin (Figure 2g).
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Figure 2. (a–f) IHC staining with P-TSC2-S939-specific antibodies of two representative biopsies
from lesional (PP; a,d) or non-lesional (PN; b,e) skin of psoriasis vulgaris patients or healthy donors
(NN; c,f). Bars represent 50 µm. (g) The graph represents quantification of IHC staining intensities
from 10 psoriasis patients and 3 healthy individuals (mean ± SEM).

As accumulating phosphorylation of the TS complex on different residues results in
the dissociation of TSC from the lysosome and ubiquitin-dependent degradation. We next
investigated whether TSC is destabilized in psoriatic skin. We found that healthy skin (NN;
Figure 3c,f) as well as non-lesional skin (PN; Figure 3b,e), displayed homogeneous expres-
sion of TSC2 throughout the epidermis. However, lesional psoriatic skin (PP; Figure 3a,d)
showed a reduced expression of TSC2 in all epidermal layers compared to non-lesional skin
from the same patient (Figure 3b,e). This finding was further substantiated by quantifying
the staining intensities of all ten psoriasis samples. Psoriatic skin showed a significantly
reduced expression of TSC2 in comparison to non-lesional or healthy skin (Figure 3g).
Unfortunately, the level of TSC1 being in a complex with TSC2 in the epidermis could not
be determined due to the lack of a TSC1-specific, IHC-compatible antibody.
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Figure 3. (a–f) IHC staining with TSC2-specific antibodies of two representative biopsies from lesional
(PP; a,d) or non-lesional (PN; b,e) skin of psoriasis vulgaris patients or healthy donors (NN; c,f).
Bars represent 50 µm. (g) The graph represents the quantification of IHC staining intensities from 10
psoriasis patients and 3 healthy individuals (mean ± SEM). Statistical significance was calculated
with one-way ANOVA and Fisher’s LSD test (* p < 0.05).

34



Cells 2022, 11, 2847

3.3. Pro-Inflammatory Cytokines Regulate TSC Function by Spatial Re-Distribution and Degradation

To test whether pro-inflammatory cytokines impair TSC function in psoriatic skin
by delocalization and degradation as known from other tissues, HaCaT keratinocytes
were stimulated with the Th1 mix or TNF-α, and the localization of TSC2 was visualized
by immunofluorescence staining. In starved cells, TSC2 was localized to the lysosomal
membrane as indicated by co-staining with the lysosomal marker LAMP2 (Figure 4a).
Thus, TSC2 remained in the vicinity of RHEB, supporting its GTPase activity, so that
mTORC1 was not activated. However, Th1 cytokines (Figure 4b) or TNF-α (Figure 4d)
stimulated dissociation from the lysosomal surface, indicated by diffuse red TSC2 stain-
ing, and less yellow co-localization could be detected. This effect was mediated via the
cytokine-dependent stimulation of the PI3-K/AKT axis, as the inhibition of PI3-K with
LY294002 prevented AKT-mediated TSC2 phosphorylation, and TSC2 remained at the
lysosome (Figure 4c,e). Co-localization analysis of several similar images confirmed re-
localization of TSC2 into the cytoplasm after an inflammatory stimulus, as the Manders
coefficient decreased under these conditions (Figure 4f). Thus, we propose that the psoriatic
inflammation drives TSC2 phosphorylation, resulting in its spatial re-distribution, which
contributes to TSC2 degradation.

To investigate this, we first examined the stability of the TSC2 protein by treating
HaCaT cells with cycloheximide (CHX), which blocks general protein translation. We could
show that TSC2 levels are starting to decline after two to four hours of treatment and are
completely absent after eight hours. In contrast, other proteins of the pathway, such as
AKT, are unaffected by CHX treatment, thus not being regulated though protein stability
(Figure 5a). As we hypothesized that proinflammatory cytokines impair TSC2 stability, cells
were treated for these time points with Th1 cytokines, but no impact on TSC2 levels could be
seen. However, chronic cytokine treatment for 72 h or longer led to massively reduced TSC2
levels (Figure 5b). Taking the reduced levels of TSC2 in the cytokine-treated samples into
account, TSC2 was hyperphosphorylated even after this prolonged treatment. As chronic
inflammation interferes with epidermal maturation, the differentiation marker involucrin
was assessed to monitor the effect of the cytokines. During the course of the experiment,
involucrin accumulated in the untreated samples as keratinocytes grew post-confluently,
leading to differentiation, while chronic cytokine exposure blocked the expression of the
differentiation marker (Figure 5b). To verify that this cytokine-mediated effect on TSC2
is due to reduced protein stability, we inhibited the 26S proteasome using MG132, which
efficiently reduces the degradation of ubiquitin-conjugated proteins. As keratinocytes
did not tolerate this inhibitor for the time periods needed for cytokine-induced TSC2
degradation, we established a protocol where keratinocytes were serum-starved and then
treated with CHX as well as the Th1 mix. Under these conditions, pro-inflammatory
cytokines were able to induce massive degradation of TSC2 already after two and four
hours of treatment (Figure 5c). If, under these conditions, the proteasome was inhibited
by MG132, a rescue of cytokine-induced TSC2 degradation could be detected (Figure 5d).
This provides evidence that inflammation-induced TSC2 phosphorylation likely leads to its
ubiquitinylation and degradation via the proteasome.

In summary, we could show that the TS complex is significantly involved in mTORC1
hyperactivation in inflammatory skin diseases, as pro-inflammatory cytokines induce the
phosphorylation of TSC2 at S939, which in turn favors its dislocation from the lysosome,
followed by degradation. This is underlined by the finding that in psoriatic skin, reduced
TSC2 levels could be detected.
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Figure 4. HaCaT cells were serum-starved (a) and treated with a cytokine cocktail consisting of IL-1β,
IL-17A and TNF-α (20 ng/mL each) (b,c) or TNF-α alone (20 ng/mL) (d,e) for 30 min. If indicated,
cells were pre-treated with 50 µM LY294002 (LY) for 30 min (c,e). Cells were fixed and stained
for TSC2 (red) and LAMP2 (green), and nuclei were visualized with DAPI (blue). Monochrome
images of the red and green channel as well as merged images are shown. Bars indicate 20 µm.
(f) Colocalization analysis of TSC2 and LAMP2 (thresholded Manders coefficient) is shown as
mean ± SEM of 8–14 images from three individual experiments. Statistical significance was assessed
with one-way ANOVA and Fisher’s LSD test (* p < 0.05, ** p < 0.01).
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Figure 5. (a) HaCaT cells were treated with 10 µg/mL cycloheximide (CHX) for the indicated time
points. (b) Cells were treated with a Th1 cytokine cocktail (IL-1β, IL-17A, TNF-α 20 ng/mL each)
for the indicated time points. (c) HaCaT cells were serum-starved overnight and treated with Th1
cytokine and 10 µg/mL cycloheximide (CHX) as indicated for 2 or 4 h. (d) Serum-starved cells were
treated with Th1 cytokine mix, 10 µg/mL cycloheximide (CHX) or 10 µM MG132 as indicated for
4 h. Protein lysates were prepared and subjected to Western blotting, followed by detection of the
indicated proteins.

4. Discussion

We provide evidence that the TS complex might serve as a crucial switch during
epidermal maturation. Under inflammatory conditions such as in psoriasis, it is signifi-
cantly downregulated, leading to persistent mTORC1 activation, which in turn hampers
epidermal maturation.

The TSC1/2 complex has emerged as a central sensor and signal integrator of mTORC1
signaling, being a target for several protein kinases that respond to extracellular cues such as
energy, nutrients, growth signals and stress [16]. Especially well described is the regulation
through AKT and ERK signaling. We could show that both pathways are activated by
cytokines, with a proven role in psoriasis, leading to TSC2 phosphorylation on S939. We
and others could show that this residue is a direct target of AKT [24]. In addition, ERK
activates RSK1, which has overlapping target sites with AKT such as TSC2 S939 [16].
Thus, chronic exposure to pro-inflammatory cytokines in psoriasis leads to enhanced
phosphorylation, which represents a negative signal towards mTORC1. It has been recently
found that mTORC1 signaling events are localized at the lysosomal surface [25]. In the
absence of any anabolic signals, such as growth factors or amino acids, the TS complex
translocates to the lysosome, where TSC2 serves as a GAP for the small GTPase RHEB, thus
blocking mTORC1 activation [17,21]. We could show that psoriatic cytokines are able to
direct TSC2 away from the lysosomal surface, thus allowing constant mTORC1 activation.
Lysosomes are especially important for the formation of a protective epidermal barrier and
the formation of corneocytes. Corneocytes are dead cells that mainly serve as a shell for
highly insoluble cornified envelop proteins. Thus, keratinocytes eliminate intracellular
material and organelles via the lysosomal pathway [26,27]. Interestingly, in HaCaT cells
treated with a similar mix of psoriatic cytokines, as well as in psoriatic skin, an altered
number of lysosomes could be detected [28], and lysosomal function was impaired [29].
This could imply that under inflammatory conditions detrimental changes in the lysosomal
signal platform also affect mTORC1 signaling.

As an additional regulatory mechanism, the phosphorylated TS complex is not only
recruited away from the lysosomal mTORC1 signaling complex but is also regulated by pro-
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tein stability. TSC2 can be bound by the ubiquitin-ligases HERC1 [30], PAM [31], E6AP [32]
or TRIM6 [33], becoming highly ubiquitinated and targeted for proteasomal degrada-
tion [34]. Furthermore, TSC stability is regulated by the phosphorylation-dependent
binding of 14-3-3 [35]. Shumway et al., found that the binding of 14-3-3β inhibits TSC
function [36], while it was also described that 14-3-3β binding to the TS complex member
TBC1D7 prevents binding of the E3-ubiquitin-ligase β-TrCP1 and thus stabilizes the protein.
However, this interaction is only relevant when TBC1D7 is not bound by TSC1, as this
interaction stabilizes the whole complex [14,37]. Interestingly, the expression of 14-3-3β
and 14-3-3ζ was found to be lower in psoriatic lesions than in healthy skin [38], which
would result in increased TSC activity and decreased mTORC1 signaling, which contradicts
our previous findings [7,8]. A different report describes 14-3-3β upregulation in psoriatic
skin only on the RNA level, but not on the protein level [39]. Thus, a thorough expression
analysis of 14-3-3 isoforms in psoriasis and their impact on TSC functions is needed to fully
elucidate these mechanisms.

In addition to the presented modes of TSC regulation through phosphorylation, recent
work suggests that TSC is also regulated by other post-translational modifications. Gen
et al. show that TSC2 is methylated at R1457 and R1459 by the protein arginine methyl-
transferase 1 (PRMT1), which affects TSC2 stability and interferes with phosphorylation at
Thr1462 [40]. In addition, Garcia-Aguilar et al., demonstrate that TSC2 is also acetylated on
lysine residues, which promotes its ubiquitination, thus stimulating mTORC1 activity [41].
These secondary modifications are also worth investigating in psoriatic samples. Besides
post-translational regulation of the TS complex, the psoriatic inflammation also seems to
influence TSC transcription, as gene expression analysis showed the downregulation of
TSC1 and 2 in lesional psoriatic skin compared to non-lesional skin [42,43].

Thus, an inflammatory milieu as existing in the psoriatic epidermis affects TSC func-
tion through different mechanisms, which in turn leads to aberrant mTORC1 activation.
mTORC1 hyperactivation not only contributes to enhanced keratinocyte proliferation, lead-
ing to epidermal thickening [8], but also interferes with ordered differentiation through the
altered expression of keratin 6 [44] and filaggrin [45] as well as reduced nucleophagy [27].
Independent from its role in regulating mTORC1 signaling, the TS complex also contributes
to epidermal barrier function by regulating tight junction (TJ) formation. Ablation of TSC1
in mice disrupts TJs and causes a psoriasis-like phenotype. At the same time, junctional
TSC1 was markedly reduced in psoriatic skin, suggesting that TSC1 deficiencies underlies
epidermal barrier deficiencies due to TJ impairment [46].

Hence, the TS complex seems to have divergent levels of regulation that contribute to
its localization, stability and activity towards mTORC1 signaling and beyond.

In summary, we provide the first evidence that the TS complex serves as an important
regulator in epidermal differentiation and maturation. Under healthy conditions, in the
absence of a signal that stimulates AKT or ERK, TSC2 resides on the lysosomal surface
and serves as a GAP for RHEB. This prevents activation of mTORC1 and allows proper
keratinocyte differentiation (Figure 6 top panel). Under inflammatory conditions, such as in
psoriasis, AKT and ERK become highly activated, leading to the phosphorylation of TSC2,
which relocates from the lysosome and is targeted for degradation. This allows for the
chronic activation of mTORC1 signaling, which prevents ordered epidermal differentiation
and maturation, leading to the phenotypic changes seen in psoriatic skin (Figure 6 lower
panel). Consequently, TSC represents as a major switch during epidermal homeostasis, so
that its deregulation contributes significantly to the development of skin diseases. Thus,
our study supports the notion to further explore the AKT/TSC/mTORC1 pathway as a
therapeutic target for the treatment of inflammatory skin diseases. In the past, the mTORC1
inhibitor rapamycin/sirolimus has been used sporadically for systemic therapy due to its
immunosuppressive properties, but has been associated with significant side effects [47–49].
A single, small clinical trial [50] as well as a mouse study [51], used rapamycin as a topical
treatment, resulting in a significant improvement in the clinical score, which support the
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assumption that the anti-proliferative and differentiation-promoting effects of rapamycin
are more important for the therapeutic outcome than its immune-modulatory properties.
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Abstract: Overexpression and hyperactivation of the serine/threonine protein kinase B (AKT) path-
way is one of the most common cellular events in breast cancer progression. However, the nature
of AKT1-specific genome-wide transcriptomic alterations in breast cancer cells and breast cancer
remains unknown to this point. Here, we delineate the impact of selective AKT1 knock down using
gene-specific siRNAs or inhibiting the AKT activity with a pan-AKT inhibitor VIII on the nature of
transcriptomic changes in breast cancer cells using the genome-wide RNA-sequencing analysis. We
found that changes in the cellular levels of AKT1 lead to changes in the levels of a set of differentially
expressed genes and, in turn, imply resulting AKT1 cellular functions. In addition to an expected
positive relationship between the status of AKT1 and co-expressed cellular genes, our study unex-
pectedly discovered an inherent role of AKT1 in inhibiting the expression of a subset of genes in both
unstimulated and growth factor stimulated breast cancer cells. We found that depletion of AKT1 leads
to upregulation of a subset of genes—many of which are also found to be downregulated in breast
tumors with elevated high AKT1 as well as upregulated in breast tumors with no detectable AKT
expression. Representative experimental validation studies in two breast cancer cell lines showed a
reasonable concurrence between the expression data from the RNA-sequencing and qRT-PCR or data
from ex vivo inhibition of AKT1 activity in cancer patient-derived cells. In brief, findings presented
here provide a resource for further understanding of AKT1-dependent modulation of gene expression
in breast cancer cells and broaden the scope and significance of AKT1 targets and their functions.

Keywords: breast cancer; AKT1; RNA-sequencing; transcriptome; emerging functions and targets;
cancer therapeutics

1. Introduction

Breast cancer (BC) is a polygenic and heterogeneous disease, which accounts for more
than 24% of all cancers in women and about 684,996 deaths in 2020 [1]. The primary BC
subtypes are stratified on the basis of the levels of estrogen receptor-alpha, progesterone
receptor, and human epidermal growth factor 2 (HER2) receptor as well as on the basis
of genomic, transcriptomic, epigenetic, morphological, and metabolic alterations. These
alterations largely contribute to the noticed heterogeneity among more than 20 subtypes of
breast cancers [2].
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Cancer progression to more invasive phenotypes involves coordinated action of
growth factors and oncogenes to counteract the activities of growth inhibitory pathways
and tumor suppressors, in addition to other regulatory pathways. The process of oncogen-
esis is generally associated with dysregulated regulatory signaling, including mitogenic
growth factors [3–5]. Mitogenic growth factors in conjunction with chromatin remodeling
machinery (and other pathways) stimulate the proliferation, survival, motility, and invasive
signaling pathways and resulting phenotypes [3–7]. One of such dysregulated signaling
pathways in human cancer is the serine/threonine protein kinase B (AKT) pathway, which
could be stimulated by multiple upstream molecules, i.e., insulin, platelet-derived growth
factor (PDGF), insulin-like growth factor 1 (IGF1), epidermal growth factor (EGF), cytokines,
nutrients, etc. [8]. The PI-3 kinase-AKT signaling pathway regulates cell cycle progression,
survival, DNA repair, RNA export, differentiation, and tumorigenesis in several cancer cell
types [4,8]. Accordingly, constitutive activation of this pathway has been also explored as a
promising anticancer therapeutic strategy [9].

Activation of AKT signaling by growth factors, such as EGF, engages numerous
downstream signaling cascades, leading to improved cell survival and proliferation in
diverse cell types, including mammary epithelial cells [10,11]. The human AKT family of
kinases consists of three distinct genes encoded on different loci, i.e., AKT1, AKT2, and
AKT3, on chromosomes 14, 19, and 1, respectively. A large volume of initial studies in
the field were conducted using AKT1 as a prototype of the AKT family, and conclusions
drawn were initially presumed to also be implied for other AKT isoforms. However, a large
body of work over the years involving either the gain- or loss-functions of AKT and AKT
isoforms in the mouse and human model systems, respectively, has revealed differentiating
biology of the AKT isoforms and their roles in the development and involution of the
mammary gland as well as in the development and progression of breast cancer [12].
Previous studies have also shown that AKT1 mutations are found in ~1% of all cancers, and
the most prevalent mutant AKT1(E17K) leads to its localization to the plasma membrane,
invoking a consistent activation of AKT signaling in cancer cells [13,14].

All three AKT isoforms have been reported to be upregulated in human cancer and
act as oncogenes and promote tumor proliferation at different levels [12,15,16]. In general,
AKT1 knockdown leads to inhibition of tumor growth via blocking the cell-cycle progres-
sion and/or promoting apoptosis in breast cancer model systems [12,17,18]. Similarly,
overexpression and/or constitutive activation of Akt1 in the mammary epithelial cells
inhibits the pro-apoptotic signals as well as activates the survival signals to support the
process of tumorigenesis [19,20]. Studies from transgenic mice suggested that Akt1 plays
an important role in the initiation, development, and progression of breast tumors [20,21],
whereas Akt2 has no major involvement in the process of tumor initiation but contributes
to the process of tumor growth [20]. Consistent with these findings, hyperactivated AKT1
pathways are highly correlated with the initiation and development of breast cancer [21,22].

Results from knockout murine studies revealed that individual knockout of any one of
the three isoforms was not lethal but contributed to growth retardation [23,24]. However,
the double knockout murine studies involving Akt1 and Akt2 or Akt2 and Akt3 but not Akt1
and Akt3 were shown to be lethal in nature [25–27]. In the context of breast cancer, studies
involving Akt1 knockout mice revealed that the loss of Akt1 suppresses ErbB2-induced
mammary carcinogenesis [28] and mammary adenocarcinomas in mouse mammary tu-
mor virus (MMTV)-ErbB2/neu, MMTV-polyoma middle T transgenic mice [29] and the
growth of A2780 ovarian tumors in xenograft models [30]. AKT2 knockdown inhibited the
chemotaxis of breast cancer cells [31], whereas knockdown of AKT3 resulted in reduced
expression of HER2 and HER3 and upregulation of ER-alpha, resulting in an increased
responsiveness of murine model cells to antiestrogen [32]. Ablation of AKT1 or AKT2
in murine breast cancer models and of AKT1 or AKT2 in human breast cell lines was
associated with suppression of tumor progression and cell-cycle progression, increased
apoptosis, and an overall reduced metastatic potential of target cells. In contrast, ablation
of AKT3 has been shown to be associated with no major effect on the tumor growth but
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significantly decreases the tumorigenic potential of triple-negative breast cancer cells [33].
AKT2 has been shown to be involved in the maintenance of the tumorigenic characteristics
of cells, as its knockdown was associated with tumor inhibition [33]. More recently, a circu-
lar AKT3 transcript has been shown to exert tumor suppressive function in glioblastoma
cells, presumably by inhibiting the PI-3 kinase signaling [34]. In addition, AKT chemical
inhibitors have been shown to inhibit the growth of model tumors through phosphorylation
of downstream substrates in breast and other cancer cell types [35]. In addition, allosteric
and competitive AKT inhibitors have been shown to prevent cancerous growth in a limited
clinical study [15]. Because of structural similarities between the isoforms, many of the
past experimental studies have utilized pan-AKT inhibitors such as MK2206, AZD5363,
Ipatasertib, and perifosine [36,37].

The above studies suggest that in spite of a large body of work, the effect of the
prototypic family member, AKT1, on the whole genome transcriptome in breast cancer
cells remains unknown until this point, and hence, is examined in the present study.

2. Materials and Methods

Cell culture: Breast cancer cells MCF-7 and SKBR-3 were grown in Dulbecco’s modi-
fied eagle medium (DMEM) (Invitrogen, Waltham, MA, USA) containing 10% fetal bovine
serum (FBS) (Invitrogen) and 1% penicillin-streptomycin antibiotic (Hi-media). The cells
were maintained in a humidified atmosphere with 5% CO2 at 37 ◦C and used for experi-
ments after they attained 70% confluence.

Transfection: Cells (4 × 105 cells/mL) were seeded onto six-well plates and incu-
bated for 24 h at 37 ◦C and later transfected with 50 nm AKT1 specific sure siRNA
(Cat no. sc-29195) and non-specific siRNA (Cat no. sc-37007) from Santa Cruz Biotech-
nology, Inc., Dallas, TX, USA, in serum-free medium for 36 h. For EGF+ condition, cells
were treated with 120 ng/mL of hEGF (Cat no. E9644, Sigma-Aldrich® Solutions, St. Louis,
MI, USA) for 8 h. Cells were harvested, and total RNA was isolated with the RNeasy
extraction kit (Qiagen India Pvt Ltd., New Delhi, India).

RNA isolation: The total RNA from direct and indirect coculture assays was isolated
with RNeasy kit (Qiagen India Pvt Ltd., New Delhi, India) following manufacturer’s instruc-
tions. The quality of RNA was checked with a Biospec nano spectrophotometer (Eppendorf,
Hamburg, Germany), and 1 µg of total RNA was used for the cDNA conversion.

Single cell sequencing-based data analysis: AKT1, AKT2, and AKT3 expression data
were extracted from single cell RNA-seq data of the healthy breast tissues using Loupe
Browser (10X Genomics) as reported recently [38]. Markers used for cell type annotation
are also described in the publication. The details of the samples and methods used to
generate the referred single-cell sequencing atlas are described in Bhat-Nakshatri et al. [38].

RNA sequencing and resulting data processing: Total RNA samples were subjected to
the whole transcriptome RNA-sequencing by Beckman Coulter Genomics, Newton, MA,
USA. The vendor used the standard time-tested methodology for removing large and small
ribosomal RNA, quality control, cDNA synthesis, DNA library preparation, paired-end
sequencing with 2 × 100 bp using Illumina HiSeq 2000, read alignment to the reference hg19
(Ensembl GRCh37.75 build) genome using Tophat [39] version 2.0.9 in conjunction with
Bowtie [40] version 1.0.0, quality control, and transcript assembly. Prior to mapping, reads
are inspected and trimmed for adapter sequence with Flexbar [41] version 2.4. Thus, only
reads not mapping to the transcriptome are attempted directly on the genome, allowing
for prediction of novel exons, isoforms, and genes. Reads mapped to the transcriptome
are documented with their genome-equivalent coordinates. ‘Proper’ read pairs either fall
entirely within exons or hit adjacent exons. Singleton reads do not have their mate-read
mapped on the genome due to sequence quality of the mate or to the incompleteness of the
genome reference.

Read counting and differential expression analysis: Reads were counted using HTSeq-
count [42] version 0.6.0, and multiple alignments were excluded. Gene counting was
performed for genes and transcripts. Differential expression analysis was performed using
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DESeq package [43]. The samples were compared at gene level for all six experimental
conditions to find the differentially expressed genes that are regulated by AKT isoforms.
Together we have studied the transcription changes regulated by AKT gene by using pan-
AKT inhibitor (Inhibitor VIII, a widely used AKT pan-inhibitor VIII) as well as its isoforms
by knocking down AKT1 specific siRNA.

Complementary DNA (cDNA) conversion: The total RNA isolated from MCF 7 cells
was converted to cDNA using the script cDNA synthesis kit (Bio-Rad). Briefly, 1 µg of
total RNA was converted to DNA following manufacturer’s instructions. The mixture was
incubated under the cycling conditions (25 ◦C for 5 min, 42 ◦C for 30 min, and 85 ◦C 95 for
5 min and 4 ◦C hold) in a PCR machine (Eppendorf) and were stored at −20 ◦C until use.

Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR): The effect
of knocking down AKT1 using siRNA or inhibiting AKT kinases by AKT inhibitor VIII
on the levels of test genes in breast cancer cells, stimulated or unstimulated by EGF, was
determined using qRT-PCR. The qRT-PCR reaction mixture containing 30 ng of cDNA was
prepared with 5 µL SYBR-Green 2xmaster mix (TAKARA BIO INC., Kusatsu, Japan) and
0.4 µM each of forward and reverse primers (Sigma-Aldrich® Solutions). The PCR reaction
was carried out in an Applied Biosystem Quant Studio 7 plus real time PCR machine.
Relative quantification of the gene expression (siNON v/s siAKT1) was determined using
the 2-∆∆Ct method [44], and relative expression values (log 2-fold change (FC)) were
normalized to GAPDH endogenous control values. The primer sequences for genes were
commercially procured from Sigma Aldrich. The experiments were performed in triplicate
for each sample.

Splice variation analysis: BAM files resulting from the processed RNA-Seq data
alignment were analyzed for splice variations. BAM files were subjected to percent spliced-
in (PSI) calculation using psi.sh as per the protocol described, and the exon inclusion counts
were obtained [45,46]. Count files were fed to the DEXSeq [47] package in R with metadata
to identify potential exon usage by each condition. DEXSeq provides differential expression
analysis for a set of experimental conditions with a common denominator. Splicing events
with p-value < 0.05 and p-adj < 0.1 were selected based on the higher exon usage coefficient
to identify the highly abundant transcripts, and exons showing higher dispersion between
AKT1 silenced samples and fold change are reported.

Comparative analysis with gene expression omnibus and TCGA datasets: Compar-
ative analysis was performed for the differential expressed genes using AKT silenced
datasets from GEO for the accession numbers GSE71900 [8] and GSE98078 [48]. Statistically
significant (at least a fold change of 1.5 with a p-value < 0.05) genes were compared with the
list of genes identified in our experiment to check the overlap, and the results are included.
Gene expression analysis of breast cancer data are available from The Cancer Genome
Atlas (TCGA) and Molecular Taxonomy of Breast Cancer International Consortium [49–51]
samples. Samples are categorized into AKT1 high and low expressing samples using
Onco-Query Language provided as per cBioPortal datasets [52,53].

Gene ontology and gene enrichment analysis: Gene ontology analysis was performed
using the Funrich tool [54].

3. Results
3.1. Expression AKTs in Breast Cancer Cells

RNA interference (RNAi) technology coupled with gene expression analysis is widely
used to map the regulatory network by inhibiting specific targeted mRNA. This approach
is a powerful strategy to identify the transcriptomic variations, and, in turn, gain clues
about the nature of the dysregulated pathways [55]. High throughput RNA sequencing
allows us to capture the transcriptomic profile and compare test profiles to identify the
alterations between distinct experimental settings.
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To understand the significance of AKT1 in the mammary epithelial cells, first we exam-
ined the status of AKT isoforms by single cell sequencing in major mammary epithelium cell
types, i.e., basal cells, luminal progenitor, and mature luminal cells, isolated from healthy
women [38]. We found that AKT1 is highly expressed in the basal cells, luminal progenitor,
and mature luminal cells. In contrast, the expression of AKT2 somewhat overlapped with
that of AKT1 (Figure 1A), suggesting that resulting phenotypes in mammary epithelial cells
and, perhaps, in breast cancer, could be differentially affected by AKTs. We next examined
the expression of AKT1, 2, and 3 in Breast Cancer METABRIC TCGA datasets [49–51,56]
(Figure 1B). We found that each of AKT isoforms had a distinct overexpression pattern
and that AKT1 and AKT2 are largely overexpressed as well as amplified, whereas AKT3
is predominantly amplified (and not overexpressed). Based on these observations and
the results from the previous gain and loss of functional studies in the field, showing the
role of AKT1 in the cell survival and growth regulation [12,15]—the focus of the present
study—we decided to examine the impact of selective depletion of AKT1 and the inhibiting
of the AKT’s activity by inhibitor VIII on the genome-wide transcriptome of breast cancer
cells using breast cancer MCF-7 cells as a model system, as these cells express abundant
levels of AKT1 and are widely used for a large number of genome-wide discovery studies.
Results obtained were validated in MCF-7 and SKBR-3 breast cancer cell lines as well
as in publicly available databases wherein human specimens were treated with the AKT
inhibitor VIII.

3.2. Analysis of AKT1 Transcriptome in Breast Cancer Cells

The expression of endogenous AKT1 in MCF-7 cells was silenced using selective
siRNAs directed against AKT1. In addition, in certain experiments, we used a pan-AKT
inhibitor VIII, 5 nm for 30 min, which has been widely used to inhibit the activities of AKTs
in multiple previous studies [57,58] (Supplementary Figure S1A). As the AKT pathway
has been shown to be stimulated in cancer cells by growth factors, we chose to use EGF
as a mitogen to stimulate the AKT1 pathway in MCF-7 cells. Cells were stimulated with
or without 120 ng/mL EGF for 8 h after treating the cells with selective or control 50 nm
siRNAs for 36 h (Figure 1C). Samples were prepared and subjected to paired-end RNA-
sequencing [44], and we observed an average Pearson correlation of 0.93 between the
replicates (Supplementary Table S1). Data analysis was performed using several commonly
used, open-source algorithms and tools, schematically depicted in Figure 1C. An average
of 78 million reads were generated for each sample, out of which an average of 87% of
reads were aligned to human reference genome (Ensemble GRCh37.75 build, hg19) for each
condition; 87.09% of reads were aligned as proper pairs, 7.22% were aligned as long pairs,
and 5.69% were aligned as singletons (Figure 1D and Supplementary Table S2).

An average of 15,500 genes were identified per sample using Ensemble annota-
tions. Genes with at least 10 aligned reads were considered for subsequent analyses
(Supplementary Table S3), and a highly abundant 10 transcripts were considered as stable
abundance and analyzed across the samples (Supplementary Table S4). Initial analysis
on read mapping confirmed that the read mapping was proper and thus excluded the
possibility in the variation in read distribution among the treatment conditions. In brief,
these studies accurately mapped the high quality paired end reads to the human genome
and, thus, appropriateness of the read depth and coverage for further analysis.
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Figure 1. Expression of AKT isoforms and experimental strategy. (A) AKT1, AKT2, and AKT3 
mRNA at the single-cell level of breast tissue. The image was generated using a recently published 
healthy breast atlas [38]. Expression of AKT1 and AKT2 was found to be widespread compared to 
AKT3. For example, AKT3 was expressed at a higher level in many subclusters of basal cells and in 
subcluster 4 of the luminal progenitor, but least in the mature luminal cells. The identity of the cells 
in yellow was suspected to be stromal in nature. (B) Expression of AKT isoforms in METABRIC 
datasets. (C) An overview of the analysis workflow, including the steps and the method followed 
to analyze the data and the numeric figures related to each step in the workflow. (D) Pie chart 
shows the average percentage of reads mapped to the human genome (hg19, Ensemble Grch37). 
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Figure 1. Expression of AKT isoforms and experimental strategy. (A) AKT1, AKT2, and AKT3 mRNA
at the single-cell level of breast tissue. The image was generated using a recently published healthy
breast atlas [38]. Expression of AKT1 and AKT2 was found to be widespread compared to AKT3. For
example, AKT3 was expressed at a higher level in many subclusters of basal cells and in subcluster
4 of the luminal progenitor, but least in the mature luminal cells. The identity of the cells in yellow
was suspected to be stromal in nature. (B) Expression of AKT isoforms in METABRIC datasets.
(C) An overview of the analysis workflow, including the steps and the method followed to analyze
the data and the numeric figures related to each step in the workflow. (D) Pie chart shows the average
percentage of reads mapped to the human genome (hg19, Ensemble Grch37).
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3.3. Influence of AKT1 on the Status of Growth Factor Induced Genes

Differentially expressed genes were obtained for each experimental condition with
respect to control and with and without EGF stimulation. To assess the effectiveness of the
selective AKT1-siRNA used, we first determined the levels of AKT1 mRNA (and AKT2
and AKT3 mRNA as controls) in the processed datasets, in addition to initial examina-
tion of the AKT1 protein (Supplementary Figure S1A). As expected, use of AKT1-siRNA
was accompanied by a reduced expression of AKT1 (not AKT3 as a negative control)
(Supplementary Figure S1B). For obtaining an overall larger view of gene distribution
among experimental conditions and for performing an initial assessment of AKT1 isoform
specific changes in the transcriptome, the comparison of the differentially expressed genes
was performed before applying the statistical threshold in Figure 2. This was followed
by implementation of the quality control measures to select differentially expressed genes
with at least a 1.5-fold change and a p-value less than 0.05 for further analysis. Statisti-
cally significant genes with p-value < 0.05 and >1.5-fold change were identified using a
negative binomial test. A total of 3898 and 2908 genes were found to be differentially
expressed, respectively, for AKT1 knockdown and cells treated with inhibitor VIII with at
least a 2-fold change over the cells treated with the control siRNA (siNON). Comparative
analysis of differentially expressed genes found sets of 2653 and 1663 genes to be uniquely
regulated by siAKT1 and Inhibitor VIII (AKT-VIII), respectively, in unstimulated breast
cancer cells (Figure 2A). Upon EGF stimulation, these affected gene numbers were changed
to 5325 (siAKT1) and 2740 (AKT-VIII) differentially expressed genes. As the goal of the
study was to determine the nature of AKT1-dependent modulation of transcriptome, we
found a total of 4202 and 1619 genes were uniquely regulated by siAKT1 and inhibitor VIII,
respectively (Figure 2C). The number of differentially expressed genes in each chromosome
was analyzed to observe the choice of the preferred target gene genomic loci. We noticed
that chromosomes 1 and 19 represent relatively higher fractions of altered genes in both
unstimulated and EGF-stimulated breast cancer cells, whereas differentially expressed
genes on chromosome 2 were observed only upon EGF stimulation (Figure 2C,D). In brief,
we observed that AKT1 could regulate specific set of genes and thus could influence the
nature of breast cancer transcriptome.

3.4. EGF Modulation of AKT-Dependent Transcriptome

As we were interested in understanding the effect of EGF stimulation of AKT1-
dependent transcriptome, we found that a total of 2519, 4299, and 2643 genes were altered,
with at least 2-fold change in expression, in cells treated with siNON, siAKT1, and VIII,
respectively. Among these differentially expressed genes, 1343, 3078, and 1453 genes were
found to be unique to the referred experimental conditions (Figure 2E). Chromosome-wise
distribution showed that EGF stimulation in the absence of AKT1 alters a higher number
of genes across the genome (Figure 2F).

We next analyzed the fold-change distributions against statistical significance, i.e.,
differentially expressed genes with at least 1.5-fold change with p-value < 0.05 for further
analysis (Figure 3A). Differentially expressed genes were categorized based on the coding
potential; the protein coding genes were found highly altered followed by lncRNAs and
antisense RNAs (Figure 3B, Supplementary Table S5). A set of 1624 genes were found to
be significantly affected by the knockdown of AKT1 with respect to siNON in the absence
or presence of EGF stimulation (Figure 3C). In brief, we describe a set of differentially
expressed genes which are preferentially modulated by the levels of AKT1.
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lower panels; (D) chromosome-wise distribution of transcripts corresponding to genes in upper 
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EGF-stimulated breast cancer cells; and (F) chromosome-wise distribution of differentially ex-
pressed genes in EGF-stimulated breast cancer cells in Panel E. 

3.4. EGF Modulation of AKT-Dependent Transcriptome 
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Figure 2. Effect of AKT1 on the status of differentially expressed genes in breast cancer cells. (A) Venn
diagram showing the shared and uniquely expressed differentially expressed genes upon depletion
of AKT1 or treatment with AKT inhibitor VIII as compared to cells treated with siNON. The total
number of differentially expressed transcripts with 2-fold change are represented in parentheses.
Results of comparative analysis of statistically significant (p-value < 0.05 and fold change > 1.5)
differentially expressed genes are shown in the lower panels; (B) ≥chromosome-wise distribution of
differentially expressed transcripts corresponding to the preceding upper panel (A); (C) Venn diagram
showing the comparison of the number of differentially expressed transcripts with 2-fold change
in EGF-stimulated breast cancer cells. Results of comparative analysis of statistically significant
(p-value < 0.05 and fold change > 1.5) differentially expressed genes are shown in the lower panels;
(D) chromosome-wise distribution of transcripts corresponding to genes in upper panel (C); (E) genes
altered (>2-fold change) in the indicated experimental conditions in EGF-stimulated breast cancer
cells; and (F) chromosome-wise distribution of differentially expressed genes in EGF-stimulated
breast cancer cells in Panel (E).
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3.5. Identification of AKT1 Specific Regulatory Pathways

We next compared the genes affected by the status of AKT1 and identified a total of
1624 genes to be regulated by AKT1 (Figure 4A). Gene ontology analysis of 1624 genes
showed an enrichment of these genes in protein metabolism, metabolism, energy pathways,
cell growth and/or maintenance, transport etc. (Figure 4B, Supplementary File S2). A set of
99 AKT regulated genes were functionally involved in regulation of the immune system pro-
cess, female pregnancy, negative regulation of endopeptidase activity, triglyceride catabolic
process, etc. (Figure 4D, Supplementary File S2). Comparative analysis of functions of
AKT1 regulated genes versus genes regulated when all the AKTs were inhibited by the
Pan-AKT Inhibitor VIII revealed sharing of only six predicted functions, namely, signal
transduction, immune response, cell cycle, cell adhesion, cell proliferation, and cell differ-
entiation (Supplementary Figure S2, Supplementary File S2). A set of 1104 genes found
downregulated were functionally involved in protein metabolism, metabolism, energy path-
ways, cell growth and/or maintenance, transport, cell communication, signal transduction,
etc. (Figure 4D, Supplementary File S2). Interestingly, 466 AKT-dependent upregulated
genes were also functionally annotated and found to be largely involved in the biological
processes like protein metabolism, metabolism, energy pathways, cell growth and/or main-
tenance, transport, cell communication, etc. (Figure 4E, Supplementary File S2). A total
of 466 AKT-knockdown associated upregulated genes might be important, as these genes
were presumably inhibited by the presence of an active AKT pathway. An overall gene
ontology analysis [59–61] of these 466 genes showed that a large number of these genes are
involved in metabolic related functions (Figure 4D). Among the 466 genes upregulated in
the absence of AKT1 (and hence, these genes are expected to be downregulated by AKT1),
25 genes are downregulated in breast cancer with high AKT1 expression [62]. In brief, our
study strengthens the notion of AKT1-specific functions and discovered an unexpected role
of AKT1 signaling in inhibitory transcriptomic changes.
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(B) doughnut chart showing the functional annotation of differentially expressed genes upon AKT1
silencing using siAKT1; (C) doughnut chart showing the functional annotation of differentially
expressed genes upon using the Pan-AKT Inhibitor VIII; (D) doughnut chart showing the functional
annotation of downregulated genes upon AKT1 silencing; and (E) doughnut chart showing the
functional annotation of upregulated genes upon AKT1 silencing.

3.6. Validation of AKT1 Regulated Significant Genes

Next, we validated a set of selected genes of interest from the RNA-seq analysis using
qRT-PCR in two different breast cancer MCF-7 and SKBR-3 cell lines. First, MCF-7 cells
were treated with siAKT1 or control siNON, followed by stimulation with or without
EGF for 8 h. In general, we noticed a similar trend of increased or reduced expression
of 11 tested transcripts, out of 21 selected genes, belonging to the pathways of interest to
the laboratory, between the RNA-sequencing and qRT-PCR results in cells with siAKT1
(Figure 5A, Supplementary Figure S3) and among them 7 (without EGF) and 6 (EGF
stimulated samples) genes were also found to exhibit the same pattern of expression in
another breast cancer SKBR3 cell line (Supplementary Figure S3).
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other studies. We found two AKT-silencing based transcriptome datasets from the Gene 
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CD8+ T cells, derived from an unrelated study involving three acute lymphocytic leu-
kemia (ALL) patients—designated as patient M, P, and C, and ex vivo treated with a 
pan-AKT inhibitor VIII [63]. We observed an overlap of 816 (410 upregulated, 406 
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Figure 5. Validation of AKT-dependent modulation of transcriptomes. (A) Examples of genes with
a similar expression pattern in the RNA-seq data and RT-PCR validation studies; (B) comparative
analysis of RNA sequencing data presented here with AKT inhibitor VIII-modulated transcriptome
from the accession number GSE98078. The numbers on the top of the bar show the overlap with
upregulated and downregulated genes as compared to the individual sample; the lower part of the
diagram shows the number of gene with unique overlap with AKT inhibitor VIII treated samples
with and without EGF stimulation; and (C) the comparative analysis of the RNA-seq data presented
here with the effect of AKT inhibitor VIII on the gene expression in colorectal cancer HCT116 and
breast cancer MCF-7 cells under the accession number GSE71900. Only the genes showing at least
1.5 fold change with a p-value < 0.05 are considered from all the studies.
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To further validate the noticed modulation of AKT1 status-dependent transcriptome
in patient-derived biomaterial, we attempted to search for datasets from human cancer
or other studies. We found two AKT-silencing based transcriptome datasets from the
Gene Expression Omnibus (GEO). The first dataset reported mRNA expression profiles of
CD8+ T cells, derived from an unrelated study involving three acute lymphocytic leukemia
(ALL) patients—designated as patient M, P, and C, and ex vivo treated with a pan-AKT
inhibitor VIII [63]. We observed an overlap of 816 (410 upregulated, 406 downregulated),
744 (267 upregulated, 477 downregulated), 802 (372 upregulated, 430 downregulated) genes
between the results from MCF-7 cells and patients M, P, and C, respectively (Figure 5B).
When we analyzed the status of upregulated and downregulated genes individually upon
silencing AKT1, we observed a higher number of overlaps among the downregulated
genes (Figure 5C, blue bars). Upon comparing the levels of overlapped genes between
AKT1-silenced MCF-7 cells with the AKT inhibitor VIII-treated CD8+ T cells (Figure 5B,
lower panel), we observed a substantial overlap between two differentially regulated gene
sets, especially under conditions of EGF stimulation. For example, we noticed an overlap
of 77 upregulated genes between EGF-stimulated MCF-7 cells with siAKT1 and 81 upregu-
lated genes in cells from patient M. Similarly, there was an overlap of 310 downregulated
genes between EGF-stimulated MCF-7 cells with siAKT1 and 311 downregulated genes
in patient M-derived cells treated with pan-AKT inhibitor. Using the second dataset, we
performed a comparative analysis of our results with previously reported differentially
expressed genes in AKT inhibitor VIII-treated HCT116 colorectal cancer cells and MCF-7
breast cancer cells [8]. As illustrated in Figure 5C, cancer cell lines also exhibited a similar
pattern in the levels of differentially expressed genes with that of patients (Figure 5C,
blue bars).

As elucidated in Figure 5A, one of the interesting observations of the present study is it
revealed an unexpected role of active AKT1 signaling in inhibiting the expression of certain
genes through an undefined mechanism at the moment—as silencing of AKT1 resulted in
elevated expression of such genes. Examples of such validated genes include transmem-
brane protein 213 (TMEM213), upregulated in cells treated with siAKT1; Cytochrome P450
Family 4 Subfamily F Member 8 (CYP4F8), Gamma-aminobutyric acid receptor subunit pi
(GABRP) and osteoclast-associated immunoglobulin-like receptor (OSCAR)—upregulated
in cells treated with siAKT1, etc. Consistent with these observations, we noticed that over-
expression of AKT1 mRNA in breast tumors in the TCGA dataset is generally accompanied
by a substantial reduction in the levels of TMEN213, VS1G1, CYP4F8, HAS3, and OSCAR
(Supplementary Figure S4). In brief, these results validated the notion that the nature of
AKT1-dependent transcriptomic shows changes in cellular and patient-derived ex vivo
cellular models and revealed a set of gene expression that might be negatively affected by
AKT1 signaling.

3.7. Influence of the Endogenous Status of AKT1 on Splice Variation

Transcript variants are the number of different mRNAs reported for a single gene from a
single transcription start site (TSS) that might contribute to genomic heterogenicity [62,64] and
are also reported to be important to splicing in breast cancer [65]. AKT signaling is known
to be involved in alternative splicing through phosphorylation of its downstream substrates
and, in turn, modulation of the post-transcriptional regulation of target genes [66,67]. Having
observed an effect of the selective depletion of AKT1 on the genome-wide transcriptome of
MCF-7 cells, we reasoned that AKT, being a kinase, might also influence the functionality
of the splicing machinery through yet-to-be defined mechanisms and, hence, lead to
splice variants. We next attempted to examine the status of splice variance among highly
abundant transcripts across different experimental conditions in the presence or absence of
EGF stimulation. Splice variation was estimated using the number of unique reads mapped
to the spliced region when compared to read abundance for each exon for a single gene.

Splice variation analysis was performed on transcriptome of AKT1 silenced MCF-
7 cells and compared to control siNON with and without EGF stimulation using pub-
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licly available tools and algorithms (Figure 6A). A total of 3236 statistically significant
(p-value < 0.05 and fold change > 2) splicing events were identified from all the compar-
isons: the splicing was counted only if more than 10 reads mapped to the target region.
We found that AKT1 knockdown exhibited an overall higher number of splicing events
with a similar trend of expression than that of differential expression of the full-length
transcripts. A total of 1592 splice variations were identified in MCF-7 cells with AKT1
knockdown and 257 splice variances in cells treated with Inhibitor VIII in cells without
EGF stimulation. Interestingly, EGF stimulation of breast cancer cells leads to 945 splice
variances in cells with AKT1 knockdown and 442 splice variances in Inhibitor VIII-treated
cells. These findings suggested the status of AKT1 might have an effect on the magnitude
of influence on the genome-wide splice variance (Figure 6B,C). We next analyzed the top
10 ranked exon splicing events that were either highly abundant or dispersed between the
cells with AKT1 knockdown. One of such examples is the ribosomal protein family, of
which six out of ten highly abundant splice variations are identified to be affected by the
status of AKT1 (this study, Supplementary Tables S6 and S7).
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Figure 6. Identification of splice variants in AKT1-dependent transcriptome. (A) Tools and pipeline
to identify the splice variants; and (B,C) comparative analysis of splice variants identified in each
experimental conditions without (B) or with (C) EGF stimulation. Only the spliced genes showing at
least 2-fold change with a p-value < 0.05 are considered from all the studies.

3.8. Top 10 Highly Dispersed Splicing Events between the AKT1 Knockdown

We found 13 examples of spliced variants downregulated upon AKT1 silencing.
Splice variants related to four genes (DBNDD2, DAP, ITPK1, and ROGDI) previously
reported upregulated in breast/other human cancers were found downregulated in AKT1
silenced samples compared to control (siNoN) (Supplementary Table S6). Data in Figure 7A
show the expression levels of top 10 spliced variants. For example, the Fascin-3 variant
FSCN3:2/exon 2 was reported differentially upregulated in metastasis [68]. Dysbindin
domain-containing protein 2 variant DBNDD2:34 that was upregulated in BRCA1 mutated
breast cancer [63] was found downregulated in the AKT1 silenced sample compared to
control (siNoN). Inositol-tetrakisphosphate 1-kinase variant ITPK1:27 was found over
expressed in breast cancer [69] but was also found downregulated in the AKT1 silenced
sample compared to control (siNoN). Protein rogdi homolog variant ROGDI:43–47, upregu-
lated and reported as a target molecule in cervical cancer [70], was found downregulated in
the AKT1 silenced sample compared to control (siNoN). However, upon EGF stimulation,
we observed 10 examples of spliced variants downregulated upon AKT1 silencing, among
them many were reported with an alteration related to breast/human cancers (Figure 7B,
Supplementary Table S7). For example, Nucleolysin TIA-1 isoform p40 variant TIA1:61 was
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found downregulated in the AKT1 silenced sample compared to control (siNoN), which
was reported downregulated in human cancers [71]. PH and SEC7 domain-containing
protein 3 variant PSD3:18 found downregulated in the AKT1 silenced sample compared to
control was reported downregulated in breast cancer [72]. Interestingly, we also observed
examples of AKT1-dependent splicing of two validated genes, TMEM213 and HAS3.
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4. Discussion

Many extrinsic signals influence the pro-survival and invasive phenotypes of cancer
cells by stimulating the AKT signaling pathway and its downstream cellular processes
feeding into cancer phenotypes. In addition, the functionality of signal-dependent cellular
events is profoundly determined by the functionality of transcriptomic heterogenicity,
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which, in part, is influenced by differencing splicing in addition to other regulatory steps of
transcriptomic and post-transcriptional mechanisms of gene expression. In this context,
here we uncovered the effect of the status of AKT1 as well as inhibition of AKT’s kinase
activity on the genome-wide transcriptomic and differential splicing events in breast cancer
cells. Our experimental strategy involved selectively knocking down the endogenous AKT1
as well as treating the model breast cancer cells with a pan-AKT activity Inhibitor VIII. This
was followed by stimulation of cells with EGF before subjecting them to genome-wide
RNA-sequencing.

We observed that silencing of the endogenous AKT1 and/or inhibiting AKTs could
alter the expression of up- and downregulated differentially expressed transcripts in breast
cancer cells. As AKT1 has been shown to be overexpressed and/or hyperactivated in breast
tumors, our results imply that many downstream phenotypic effects of AKT are not merely
mediated by AKT1-signaling dependent phosphorylation of its direct substrates but also by
genomic effects of AKT1. It remains unclear how exactly AKT1 contributes to the noticed
genomic changes. The highest population of AKT status-dependent gene alterations were
found on chromosome 1 (the longest chromosome with the highest number of genes) and
chromosome 19. As chromosome 19 has been shown to exhibit extremely high incidence of
loss of heterozygosity linked with breast cancer metastasis [73], it is interesting to observe
that AKT1 signaling also preferentially modulates the expression of genes on chromosome
19—the underlying basis of which remains unknown at this time. As cancer cells are
exposed to a variety of mitogenic growth factors, one of our experimental strategies was
to also reveal the nature of transcriptomic changes in cells stimulated with epidermal
growth factor. We noticed that only a portion of AKT-responsive transcripts undergoes
further alterations in its expression in growth-factor stimulated cells, presumably due to
stimulated hyperactivated AKT1 signaling by EGF. These findings imply that the nature of
AKT1-responsive pathways is not only affected by the levels of AKT1 transcripts but also
by the presence of mitogenic signals feeding into AKT1 signaling.

As expected, we observed a positive relationship between the status of AKT1 expres-
sion and many differentially expressed genes related to cellular processes. This could be
attributed to the ability of AKT1 kinase to phosphorylate its substrate and/or cascade
effects on the transcriptome. The top ten AKT1-dependent highly abundant transcripts
identified in the present study—TFF1 (ENST00000291527), EEF2 (ENST00000309311), SCD
(ENST00000370355), SPTSSB (ENST00000359175), KRT81 (ENST00000327741), LAPTM4A
(ENST00000175091), NUCKS1 (ENST00000367142), LAPTM4B (ENST00000445593), PERP
(ENST00000421351), and KRT19 (ENST00000361566)—are also found to be upregulated in
human cancers, and nine of them are highly significant cancer-associated genes in breast
cancer (Supplementary Table S4). This suggests that biological effects of generally noticed
AKT1-hyperactivation in human cancers, including breast cancer, might be impacted by co-
overexpression of AKT1 status-dependent expression of a subset of genes. To examine the
validity of this hypothesis, we performed a multivariate analysis of AKT1 overexpression in
conjunction with 10 highly abundant AKT-dependent transcripts on the overall disease-free
survival of patients with breast tumors. We found that, indeed, co-overexpression of test
genes further shortens the duration of overall survival of patients as compared to AKT1
alone (Supplementary Figure S5).

As many components of the cellular splicing machinery are phosphoproteins and the
process of differential splicing has been shown to be regulated by upstream signaling [73], the
present study also sheds new light on the effect of the AKT1 status on the splicing events, which,
in turn, also contributes to tumor heterogeneity. Our results revealed that the cellular status of
AKT1 might determine the magnitude of splice variance (Figure 6). Interestingly, many of the
examples of the top 10 highly dispersed splicing events affected by the status of AKT1 have
been previously implicated in cancerous phenotypes [63,68–72,74–81]. Though not in the top
10, we also found examples of AKT1-dependent transcripts that also underwent differential
splicing in a manner dependent on the presence or silencing of AKT1. Examples of such
genes include TMEM213, and HAS3 (Figure 7C,D).
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Our observation that the absence of AKT1 leads to upregulation of about 466 genes
represents another notable unexpected finding, as it uncovered a potential role of AKT1 sig-
naling on the expression of a subset of genes—the mechanism of which is yet to be defined.
A broader significance of this finding might be that 25 of such loss-of-AKT1-associated
upregulated genes, implying that these might be normally inhibited by AKT1, have been
shown to be downregulated in breast cancer [62]. Examples of the noticed unexpected
upregulation of candidate genes upon AKT1 silencing include: cytochrome P450 family
4 subfamily F member 8 (CYP4F8)—involved in drug metabolism and biosynthesis of
lipids and cholesterol; osteoclast-associated receptor (OSCAR)—involved in adaptive and
innate immunity; and two poorly studied genes—transmembrane protein 213 (TMEM213)
and V-Set and Immunoglobulin Domain Containing 1 (VSIG1) (see below).

Transmembrane protein 213 (TMEM213) is a poorly studied protein-coding gene
with a predicted protein localization in the endoplasmic reticulum. TMEM213 has been
shown to be downregulated in clear cell renal cell carcinoma with a predicted association
with invasion and metastasis [82], whereas it is upregulated in lung adenocarcinoma
and contributes to a longer survival of patients [83]. Bioinformatic studies have largely
linked TMEM213 to pathways with roles in drug metabolism and transporters [83]. The
levels of TMEM213 were found to be upregulated upon silencing AKT1 (this study),
and an inverse correlation exists between the levels of AKT1 and TMEM213 in breast
tumors (Supplementary Figure S4a). Additionally, overexpression of TMEM213 in breast
tumors was found to be associated with better survival (Supplementary Figure S4b); we
suggest that the generally observed increased expression and/or hyperactivation of PI-3
kinase/AKT signaling might impair the expression of TMEM213 and the resulting role in
cancer progression.

V-Set and Immunoglobulin Domain Containing 1 (VSIG1) protein is a recently dis-
covered member of the junctional adhesion family and has been widely dysregulated in
human cancer. Earlier studies suggest that the levels of VSIG1 have been implicated in pro-
metastatic and EMT: its reduced expression correlates with a poor prognosis [84] and differ-
entiation [85] of certain cancer types [85,86]. As expression of VSIG1 might be repressed by
AKT expression/signaling (this study) and the fact that VSIG1 is predicted to be localized
in the plasma membrane (https://www.genecards.org/cgi-bin/carddisp.pl?gene=VSIG1,
accessed on 12 November 2021); these findings raise the possibility that some of the recog-
nized cancerous phenotypes of AKT1 might be mediated by its influence on the levels of
VSIG1 through an undefined mechanism at this point.

In brief, results presented here shed new insights on the significance of AKT1 signal-
ing on the genome-wide transcriptome and differential splicing in breast cancer cells. In
addition to broadening the scope of AKT1-dependent positive regulation of gene expres-
sion, our study unexpectedly discovered that an active AKT1 signaling could also inhibit
gene expression—many of which are widely known to be downregulated during cancer
progression. These initial findings have raised several follow-up issues, including further
experimental validation in multiple cellular models and delineating the fine mechanistic
details through which AKT1 contributes to gene expression [49–53,63,68–72,77,86–93].

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cells11152290/s1, Figure S1: Expression levels of AKTs;
Figure S2: Comparative analysis of functions regulated by AKT1 regulated genes versus the functions
inhibited by pan-AKT inhibitor VIII; Figure S3: Status of the fold-change values from the RNA-
sequencing and RT-PCR assays for selected genes using MCF-7 and SKBR-3 cell lines; Figure S4:
The expression levels of selected genes in breast cancer datasets along with the changes in patient
survival; Figure S5: Gene expression and survival analysis of select highly abundant genes; Table S1:
The Pearson correlation coefficient between the replicates; Table S2: Details of the reads mapped to
the genes for each sample; Table S3: The number of genes identified from different experimental
conditions; Table S4: The number of 10 highly abundant transcripts across experimental conditions;
Table S5: The number of potential differentially expressed genes according to their coding potential;
Table S6: The 10 selected and highly spliced genes compared to control when AKTs are silenced from
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samples without EGF stimulation; Table S7: The 10 selected and highly spliced genes compared to
control when AKTs are silenced from EGF stimulated samples; Supplementary File S2: Complete
results of the functional analysis of differentially expressed genes.
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Abstract: Osteonecrosis of the femoral head (ONFH) is a common clinical disease with a high disability
rate. Injury of bone microvascular endothelial cells (BMECs) caused by glucocorticoid administration
is one of the important causes of ONFH, and there is currently a lack of effective clinical treatments.
Extracellular vesicles derived from bone stem cells (BMSC-EVs) can prevent ONFH by promoting
angiogenesis and can inhibit cell apoptosis by regulating autophagy via the PI3K/Akt/mTOR signaling
pathway. The present study aimed to investigate the effect of extracellular vesicles derived from bone
marrow stem cells (BMSC) on a glucocorticoid-induced injury of BMECs and possible mechanisms. We
found that BMSC-EVs attenuated glucocorticoid-induced viability, angiogenesis capacity injury, and
the apoptosis of BMECs. BMSC-EVs increased the LC3 level, but decreased p62 (an autophagy protein
receptor) expression, suggesting that BMSC-Exos activated autophagy in glucocorticoid-treated BMECs.
The protective effects of BMSC-EVs on the glucocorticoid-induced injury of BMECs was mimicked
by a known stimulator of autophagy (rapamycin) and could be enhanced by co-treatment with an
autophagy inhibitor (LY294002). BMSC-EVs also suppressed the PI3K/Akt/mTOR signaling pathway,
which regulates cell autophagy, in glucocorticoid-treated BMECs. In conclusion, the results indicate
that BMSC-EVs prevent the glucocorticoid-induced injury of BMECs by regulating autophagy via the
PI3K/Akt/mTOR pathway.

Keywords: autophagy; extracellular vesicles; PI3K/Akt/mTOR pathway; bone marrow mesenchymal
stem cells; bone microvascular endothelial cells

1. Introduction

Osteonecrosis of the femoral head (ONFH) is the death of bone (including bone cells,
bone marrow hematopoietic cells, and fat cells) due to various factors [1]. The pathogenesis of
non-traumatic ONFH is still unclear, but may be attributed to altered lipid metabolism/fat
emboli, cell and bone death, increased mechanical stress, elevated intracortical pressure, and
bone remodeling imbalance [2,3]. These factors diminish femoral blood perfusion through
common pathologic mechanisms, including vascular endothelial damage and microvascu-
lar thrombosis. Bone microvascular endothelial cells (BMECs) are highly active endocrine
cells, which comprise a monolayer structure attached to the inner wall of bone and form
bone microvessels. Reduced numbers and impaired function of endothelial progenitor cells
have been associated with an increased risk of ONFH [4]. An injury to BMECs caused by
glucocorticoid could result in local blood hypercoagulation, microvascular thrombosis, and
vascular occlusion, leading to necrosis of the femoral head in the dominant area [5,6]. A large
number of reactive oxygen species produced by the injured BMECs could reduce the synthesis
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of vasodilator substances and further aggravate the injury of BMECs, eventually leading to
necrosis of bone cells and bone marrow [7]. Promoting angiogenesis and maintaining vascular
permeability of the femoral head is of great significance for the prevention and treatment of
ONFH. Therefore, the molecular mechanism of bone microcirculation disorder in the femoral
head caused by glucocorticoid-induced damage of BMECs must be further studied.

In recent years, the influence of autophagy on endothelial cells has attracted great
interest [8]. Autophagy is a highly conserved biological phenomenon characterized by
the formation of double-membrane vesicles called autophagosomes, and the subsequent
engulfment and delivery of various cellular components (proteins, organelles, and invading
pathogens) to lysosomes for degradation and material recycling [9,10]. The phosphoinosi-
tide 3-kinase/protein kinase B/mammalian target of the rapamycin (PI3K/Akt/mTOR)
signaling pathway is a prototypic survival pathway that plays a central role in diverse cellu-
lar functions, including proliferation, growth, survival, metabolism, and autophagy [11,12].
As a downstream effector of the PI3K/Akt pathway, mTOR activity is the key to au-
tophagosome formation and maturation. The mTOR, a conserved serine/threonine kinase,
can integrate various signaling pathways associated with growth factors, stress, and nu-
trients to promote cell survival and inhibit autophagy [13]. The study conducted by
An Y et al. proved that autophagy determines the therapeutic effect of MSCs in cutaneous
wound healing through the promotion of endothelial cell angiogenesis, and further re-
vealed that autophagy enhanced the vascular endothelial growth factor secretion from
MSCs to promote the angiogenesis of ECs by directly phosphorylating ERK1/2 [14]. In
the study by Liao Y et al., Western blot and immunofluorescence staining results showed
that the LC3-II/LC3-I ratio and the group of Beclin-1 (autophagy-related proteins) in
dexamethasone-induced bone-marrow-derived endothelial progenitor cells (BM-EPCs)
gradually decreased from the 12 h time point to the 24 h time point, reaching the lowest level
at the 48 h time point; dexamethasone could inhibit autophagy levels in EPCs, and pravas-
tatin could ameliorate ONFH by upregulating the autophagy activity in (BM-EPCs) [15].
Therefore, modulating autophagy in ECs may also be a potential target for the treatment
of ONFH.

Recent studies have demonstrated that the autophagy in vascular ECs can be regu-
lated by a range of biological factors and chemical compounds, and may have significant
impacts on the fate of ECs. Meanwhile, a previous study suggested that EVs secreted
by induced pluripotent stem-cell-derived mesenchymal stem cells significantly enhanced
the proliferation, migration, and tube-forming capacities of ECs in vitro by activating the
PI3K/Akt signaling pathway [16]. EVs are a class of membrane-bound vesicles with a
diameter of 30 to 2000 nm, depending on their origin, that are involved in delivering
functional biochemicals, including cytokines, proteins, lipids, and RNAs (mRNAs and
miRNAs) into the target cell to stimulate a particular biological function. As determined by
their biogenesis, the three main classes of EVs are exosomes, microvesicles, and apoptotic
bodies [17–19]. The transplantation of EVs has been confirmed to exert similar therapeutic
effects to direct stem cell transplantation in tissue repair. Some studies found that the trans-
plantation of EVs secreted by human-induced pluripotent stem-cell-derived mesenchymal
stem cells could promote angiogenesis of ischemic tissue in limb ischemia and skin defects
that might be useful for other ischemic diseases, including ONFH [20,21]. Some studies
have demonstrated the potential relationship of the PI3K/Akt pathway and stem cells in
the biological activity of vascular endothelial cells [22]. It was reported that endothelial
autophagy could be inhabited via the PI3K/Akt/mTOR signaling pathway, which could
contribute to endothelial cell dysfunction. These results suggests that MSC-EVs can regu-
late ECs’ autophagy via the PI3K/Akt/mTOR signaling pathway, affecting the biological
function of ECs. Since exosomes are important functional products of MSCs, the biological
function of ECs affected by EVs might be associated with endothelial autophagy via the
PI3K/Akt/mTOR signaling pathway. Based on these studies, we hypothesize that the trans-
plantation of MSC-EVs might prevent the progression of ONFH, and the PI3K/Akt/mTOR
pathway might be involved in the autophagy of BMECs triggered by MSC-EVs.
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2. Materials and Methods
2.1. BMECs Isolation, Identification and Culture

The human femoral head was obtained from patients undergoing total hip arthro-
plasty to generate BMECs after obtaining informed consent from patients. Cancellous bone
of the femoral head was made into small bone fragments, then placed in a 50 mL centrifuge
tube containing serum-free Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, Grand
Island, NY, USA). The centrifuge tube was oscillated every 5 min. We then added 0.1%
trypsin −0.1% EDTA (Procell, Wuhan, China), and digested it in a water bath at 37 ◦C for
5 min. After digestion, the liquid was filtered through a 200-mesh metal screen, centrifuged
at 2000× g for 10 min. The cell precipitates were re-suspended in a complete endothe-
lial culture medium, then inoculated in 2% gelation-coated culture plates, followed by
incubation at 37 ◦C with 5% CO2 for 24 h. The nonadherent cells were washed off with
DMEM and the adherent cells were incubated with a complete endothelial culture medium
at 37 ◦C with 5% CO2 until the cells grew to nearly 80% confluence. The magnetic beads
coated with Ulex europaeus agglutinin I were added into the cell culture well, then we
added 1 mL of 0.1% trypsin for digestion after the magnetic beads combined well under the
microscope. The digested cell fluid was collected in a centrifuge tube, then the combined
cells and uncombined cells were separated using a magnetic bead collector and collected.
A fluorescence microscope (Olympus, Beijing, China) was used to detect the typical marker
on the cell surface after immunofluorescence staining. The collected cells were inoculated
into a 2% gelatin-coated culture flask and cultured with a complete endothelial cell culture
medium (ingredients: 80% M199, 20% FBS, 2 mmol/L of glutamine, 100 U/mL of penicillin,
and 100 µg/mL of endothelial cell growth factor) at 37 ◦C with 5% CO2. The passage was
carried out when the monolayer cells had grown to cover 80% of the culture flask bottom
area, at which point we took the third generation of cells for the next step of the experiment.

2.2. Extracellular Vesicle Isolation and Identification
2.2.1. Generation of BMSCs from Bone Marrow of a Mouse

The mice were adopted in the generation of the MSCs. The mice femur and tibia were
exposed under sterile conditions in supine fixation and rinsed twice with PBS (Procell,
Wuhan, China). The bone marrow cavity was exposed and rinsed twice with 2 mL of
MEMα (Procell, Wuhan, China), then the bone marrow was collected. The bone marrow
was filtered through a 200-mesh cell screen and collected in a 15 mL centrifuge tube,
centrifuged at 1200 rpm for 5 min. The cell precipitates were re-suspended with 4 mL of
MEMα (Procell, Wuhan, China), then added into a 15 mL centrifuge tube with 4 mL of
mouse bone marrow lymphocyte separation solution, centrifuged at 2000 rpm for 20 min.
The intermediate white membrane cells were transferred into a 15 mL centrifuge tube,
to which we added 10 mL of PBS to dilute, centrifuged at 1500 rpm for 5 min. The cell
precipitates were re-suspended in a mouse MSCs complete culture medium (Procell, Wuhan,
China), and the cells were inoculated with 2 × 106 cells/mL in a polylysine-pre-coated
petri dish, then incubated at 37 ◦C in 5% CO2 constant temperature for 3 days. The passage
was carried out when the cells were fully grown, and the cell morphology was observed
under a phase contrast microscope (Olympus). The second generation of cells was selected
for the next step of the experiment.

2.2.2. Isolation and Identification of BMSC-EVs

EVs were isolated from MSC supernatants as previously described [23,24]. The second
generation of BMSCs with good growth were collected, centrifuged at 3000× g for 15 min to
remove cellular debris, then the cell supernatant was collected after centrifugation. A total
of 5 mL of cell supernatant was collected in a centrifuge tube, and exosome precipitation
reagent (Rengen Bioscience, Liaoning, China) was added, mixed, and left standing at
4 ◦C for 30 min, then ultracentrifuged at 100,000× g at 4 ◦C for 30 min. The supernatant
was removed, and the EVs’ precipitation was re-suspended with 100 µL of PBS. The re-
suspended EVs were transferred into the purification column, centrifuged at 2000× g at
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4 ◦C for 5 min, and then collected. Transmission electron microscopy (JEOL, Tokyo, Japan)
was used to observe the morphology of the EVs. Nanoparticle tracking analysis (NTA)
was used to detect the size distribution and concentration of EVs using ZetaView (Particle
Metrix, Meerbusch, Germany). The protein concentration of the EVs was measured using a
bicinchoninic acid (BCA) protein assay kit (Beyotime, Shanghai, China). A Western blot
analysis was performed to identify surface markers of MSC-EVs, including CD9, CD63,
and CD81 [25]. The images were captured.

2.3. Cell Treatment
2.3.1. Establishment of Glucocorticoid-Induced BMECs Injury Model

The third generation of BMECs was selected and cultured. Cells in the logarithmic
growth stage and in a good growth state were seeded into 24-well Matrigel (Corning,
Corning, NY, USA) culture plates at a density of 5 × 103 cells per well overnight. The
cells in the well were added into the medium containing a series of concentration-gradient
hydrocortisone amounts (0 mg/mL, 0.03 mg/mL, 0.1 mg/mL, 0.3 mg/mL and 1 mg/mL);
continued culturing for 12 h, 24 h, and 48 h at 37 ◦C with 5% CO2; and then each well was
incubated with 10 µL of CCK-8 solution for 4 h away from light before we measured the
absorbance at 450 nm using a Thermo Varioskan LUX multimode microplate reader. The
appropriate concentration of hydrocortisone will be used for the next step of the experiment.

2.3.2. Administration of EVs to Glucocorticoid-Induced BMECs Injury Model

The third generation BMECs was selected and randomly divided into five groups:
the control group (no special treatment), model group (treated with 0.1 mg/mL of hy-
drocortisone), model + EVs group(0.1 mg/mL of hydrocortisone + 400 µg/mL of exos),
model + rapamycin (MedChemExpress, Monmouth Junction, NJ, USA) group (0.1 mg/mL
of hydrocortisone + 50 nM of rapamycin), and model + EVs + LY294002 (MedChemExpress,
Monmouth Junction, NJ, USA) group (0.1 mg/mL hydrocortisone + 400 µg/mL EVs +
25 µM LY294002). Each group had three samples.

2.4. Cell Migration and Invasion Ability Analysis and Capillary Network Formation Assay

The third generation of BMECs was selected and washed with 3 mL of PBS, then di-
gested with 0.25% trypsin, centrifuged at 1000 rpm for 5 min. The precipitates were washed
to remove residual serum and re-suspended in a serum-free medium. The BMECs were
preconditioned as aforementioned. The cell concentration was diluted to 3 × 105 cell/mL
in each group. A total of 200 µL of cell suspension was plated into the upper chambers of a
transwell plate (Corning), and 800µL of 10% FBS medium, placed in the lower chamber,
was used as a chemoattractant. Then, the cells were cultured at 37 ◦C with 5% CO2 for
24 h. The membranes were fixed with ethanol and stained with crystal violet (Beyotime),
then mounted and observed under a light microscope (Olympus), and the number of cells
was counted.

A tube formation assay was performed to investigate the endothelial cell network
formation. Briefly, BMECs were seeded onto Matrigel-coated 24-well plates at a density of
1 × 105 cells per well. The BMECs were preconditioned as aforementioned and cultured at
37 ◦C with 5% CO2 for 24 h. Images were captured, and the number of meshes and tubule
lengths was quantified by the Image J software.

2.5. Cell Apoptosis Analysis

Annexin V-FITC/PI kits (Elabscience, Wuhan, China) were used to assess cell apopto-
sis. The BMECs were preconditioned as aforementioned, then removed from the medium
and washed with PBS. The BMECs were harvested using 0.25% trypsinization and trans-
ferred to Eppendorf tubes, then re-suspended with 300 µL of binding buffer, to which
5 µL of annexin V and 5 µL of PI was added. These were incubated for 10 min at room
temperature in the dark and analyzed by a flow cytometer.
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2.6. Cell Viability Assay

Cell Counting Kit-8 was used to test cell viability. Approximately 5× 103 BMECs were
seeded in 96-well plates with 100 µL of medium in each well. The BMECs were precondi-
tioned as aforementioned, then cultured at 37 ◦C with 5% CO2 for 24 h. Then, each group
was incubated with 10 µL of CCK-8 solution for 4 h away from light before the absorbance
was measured at 450 nm by a Thermo Varioskan LUX multimode microplate reader.

2.7. Western Blot Analysis

The BMECs of each group were collected and the total protein was extracted by a
total protein extraction kit (Beyotime). A BCA protein assay kit (Beyotime) was used to
measure the protein concentration. A 60µg sample of each group was loaded onto 10%
SDS-PAGE electrophoresis, then transferred to a polyvinylidene difluoride membrane. The
membrane was blocked with TBST containing 5% skim milk, followed by incubation with
the primary antibodies of LC3 (Abcam, Cambridge, UK, dilution 1:1000), PI3K (Proteintech
Group, Wuhan, China, dilution 1:2000), P62 (Abcam, Cambridge, UK, dilution 1:1000),
p-Akt (Abcam, Cambridge, UK, dilution 1:5000), Akt (Proteintech Group, Wuhan, China,
dilution 1:2000), p-mTOR (Bioss, Beijing, China, dilution 1:1000), mTOR (Bioss, Beijing,
China, dilution 1:1000), and GADPH (Hangzhou Goodhere Biotechnology, China, dilution
1:1000) at 4 ◦C overnight, then washed with TBST for 10 min and incubated with secondary
antibodies for 2 h at room temperature.

Finally, the result was visualized by a chemiluminescence detection system (Fluo-
rChem M, ProteinSimple, San Jose, CA, USA).

2.8. Immunofluorescence Analysis

The BMECs were grown on glass coverslips in 24-well plates. After being treated
by group, the BMECs were fixed with 3.7% paraformaldehyde at 37 ◦C for 30 min, and
then made into frozen slices with a thickness of 5 µm after sucrose gradient dehydration.
The BMECs were penetrated with 0.25% TritonX-100 at 37 ◦C for 30 min, and blocked
BMECs with 10% goat serum in PBST (PBS + 0.1% Tween 20) for 30 min. The BMECs were
incubated in the primary antibody of LC3 (Abcam; dilution 1:200) in a humidified chamber
for 1 h at room temperature. The cells were then incubated with the secondary antibody
for 1 h at room temperature in the dark after being washed three times for 5 min with PBS.
Then, we decanted the secondary antibody solution and washed the cells three times for
5 min with PBS in the dark. Finally, we mounted the coverslip with a drop of mounting
medium with 4′6-diamidino-2-phenylindole (DAPI). All imaging analyses were performed
using fluorescence microscopy (Olympus).

2.9. Transmission Electron Microscopy

The BMECs were grown on glass coverslips in 24-well plates. After being treated by
group, BMECs were washed with a phosphoric acid buffer, and then fixed with 1% osmium
acid (Pelco) at 4 ◦C for 3 h. The BMECs were washed three times with the buffer, then
dehydrated with ethanol, replaced by propylene oxide, and then polymerized in an oven
at 70 ◦C. The samples were observed and photographed under a transmission electron
microscope (JEM1230) after being sliced by the ultrathin slicer (EM UC6) and stained with
uranium dioxy acetate (Spi-Chem) and lead citrate (Spi-Chem).

3. Statistical Analysis

All data are shown as mean ± standard deviation (SD). Differences between groups
were assessed by one-way analysis of variance (ANOVA). Statistical analyses were per-
formed using SPSS 18.0 software (SPSS, Inc., Chicago, IL, USA). p values < 0.05 were
considered statistically significant.
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4. Results
4.1. Isolation, Purification, and Culture of Microvascular Endothelial Cells

The BMECs were successfully isolated from a rabbit femoral head by using mag-
netic beads, and then being cultured. Immunofluorescence staining showed that the cells
expressed typical marker molecules vWF and CD31 of endothelial cells (Figure 1A–D).
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Figure 1. (A–D) Identification of microvascular endothelial cells. BMECs-specific markers were
detected via immunofluorescence staining.

4.2. Characterization of BMSC-EVs

The BMSCs were successfully isolated and cultured from the mouse. The cells dis-
played a homogeneous fibroblastic-like morphology (Figure 2A). SEM, Western blotting
and dynamic light scattering were used to characterize the purified particles derived from
MSCs. SEM images showed that EVs exhibited spheroidal morphology (Figure 2B). The
results of Western blotting confirmed the expression of CD9, CD63, and CD81 in EVs, which
are surface markers exceptionally enriched in EVs (Figure 2C). The protein concentration of
EVs was 4.63 mg/mL, tested by BCA. NTA revealed that the average diameter was 99.3 nm
with a mean concentration of 1.2 × 109 particles/mL, and the number of exosomes with
the diameter of 84.4 nm was the largest (Figure 2D).
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Figure 2. Characterization of BMSC-EVs. (A) The fibroblast-like morphology of BMSCs shown by mi-
croscope. (B) The morphology of BMSC-EVs shown by scanning electron microscopy. (C) Expression
of CD9, CD63, and CD81 incorporation into BMSC-EVs shown by Western blotting. (D) Identification
of size and concentration of BMSC by nanoparticle tracking analysis.

4.3. Appropriate Concentration of Glucocorticoid-Damaging BMECs

BMECs were treated with different concentrations of gradient hydrocortisone. Cell
Counting Kit-8 was used to test the cell viability (Figure 3A–D). The indication of the
viability of BMECs was a decreased tendency as the concentration of hydrocortisone
increased and treating time was extended. The 0.1 mg/mL of hydrocortisone was selected
in the subsequent experiments as the appropriate concentration (Figure 3E–H).
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Figure 3. Hydrocortisone decreased BMECs’ viability. (A–D) CCK-8 was used to measure viability of
BMECs treated with different concentrations of hydrocortisone for different times. (E–H) When 0.1 mg/mL
of hydrocortisone was used to treat BMECs, the number of meshes and tube length of BMECs were signifi-
cantly reduced, indicating that BMECs injury model was successfully established. OD value; * p < 0.05,
** p < 0.01, *** p < 0.005. Each bar represents the mean± SD of three independent experiments.
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4.4. The Influence of BMSC-EVs on Glucocorticoid-Induced BMECs Injury
4.4.1. BMSC-Derived EVs Promote Migration, Invasion Capacity, and Angiogenesis
of BMECs

In a transwell assay, hydrocortisone significantly decreased the migration and invasion
capacity of BMECs compared to the control group. Compared with the model group, the
inhibited effect was reversed after being treated with the BMSC-EVs. Simultaneously,
the inhibition of migration and invasion capacity of BMECs was reversed with the ad-
ministration of rapamycin. Compared with the Model + EVs group, the migration and
invasion capacity of BMECs improved further after adding LY294002 (Figure 4A–D). In the
tube formation assay, the model group showed a significant antiangiogenic manifestation
compared with control group. BMSC-EVs, rapamycin and LY294002 reversed the inhibitory
effect of angiogenesis and increased the loop formation ability of BMECs (Figure 4E). The
number of meshes and lengths of tubes increased after adding BMSC-EVs, rapamycin, and
LY294002 (Figure 4F). These results showed that BMSC-EVs can promote angiogenesis.
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Figure 4. Angiogenesis was promoted by BMSC-EVs. (A) The migration capacity of BMECs was
investigated by transwell assay in different groups. (B) Quantitative analysis of the migration rate of
BMECs. (C) The invasion capacity of BMECs was investigated by transwell assay in different groups.
(D) Quantitative analysis of the invasion rate of BMECs. (E) Tube formation assay for detecting the
tube-forming ability of BMECs in the different groups. (F,G) Quantitative analysis of tube formation.
The value of the total mesh area, total length was measured. Each bar represents the mean ± SD of
three independent experiments. * p < 0.05, ** p < 0.01.

4.4.2. BMSC-Derived EVs Prevented Glucocorticoid-Induced Apoptosis of BMECs

Flow cytometry demonstrated that the percentage of apoptotic cells increased from
4.42% (control group) to 26.60% (model group) after treatment with hydrocortisone (p < 0.01).
MSCs-EVs showed a protective effect on hydrocortisone-induced apoptosis of BMECs.
When MSCs-EVs were added, the percentage of apoptotic cells decreased from 26.60%
(model group) to 13.76% (model + exos group) (p < 0.01). When rapamycin was added,
the percentage of apoptotic cells decreased from 26.60% (model group) to 14.34% (model +
rapamycin group) (p < 0.01), and its effect was similar to the effect caused by BMSC-EVs.
When the PI3K inhibitor LY294002 was added, the percentage of apoptotic cells further
decreased from 13.76% (model + EVs group) to 7.36% (model + EVs + LY294002 group)
(Figure 5A,B).
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Figure 5. BMSC-EV-derived exosomes BMECs’ viability and protected BMECs against glucocorticoid-
induced apoptosis. (A) Apoptosis was quantified by flow cytometry after staining with annexin
V-FITC/PI. (B) Percentage of apoptotic cells in different groups. (C) CCK-8 was used to measure
viability of BMECs in different groups. Each bar represents the mean ± SD of three independent
experiments. ** p < 0.01.

4.4.3. BMSC-Derived EVs Alleviate the Decreased Cell Viability of BMECs Induced by GCs

Cell Counting Kit-8 was used to test the cell viability. Compared with the control group,
the cell viability significantly decreased after being treated with hydrocortisone. Compared
with the model group, the cell viability significantly increased after being treated with
BMSC-EVs, indicating that BMSC-EVs effectively alleviate glucocorticoid-induced BMEC
injury. Meanwhile, the addition of rapamycin as an autophagy activator can effectively
alleviate the decreased viability caused by hydrocortisone, suggesting rapamycin alleviated
the injury of BMECs caused by hydrocortisone by activating autophagy. Compared with
the model + EVs group, the treatment with LY294002 as the PI3K inhibitor effectively
inhibited the alleviating effect of BMEC-EVs on glucocorticoid-induced injury, suggesting
that BMSC-EVs alleviated hydrocortisone-induced injury mainly through the activation of
autophagy (Figure 5C).

4.4.4. BMSC-EVs Regulated Autophagy of BMECs

LY294002 was used as an autophagy inhibitor, and rapamycin was used as an au-
tophagy inducer to observe the effects of BMSC-derived exosomes on cell autophagy. West-
ern blot analysis revealed that hydrocortisone significantly decreased the ratio of LC3-II/I,
and increased the expression of P62 (an autophagy protein receptor) (Figure 6B–D). Ac-
cordingly, immunofluorescence analysis showed the number and intensity of punctate
LC3 fluorescence decreased in the model group. Compared with the model group, the
ratio of LC3-II/I was upregulated, and the expression of p62 was downregulated in the
model + EVs group, and its effect was similar to the model + rapamycin group. When
LY294002 was added, the ratio of LC3-II/I was further upregulated and the expression of
p62 was further downregulated. Moreover, the number and intensity of punctate LC3 fluo-
rescence increased in the model + EVs group, and it was more than the model + rapamycin
group, but less than the model + EVs + LY294002 group (Figure 6A).
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Figure 6. BMSC-EVs regulated autophagy of BMECs. (A) Immunohistochemical analysis of au-
tophagic marker LC3. Scale bar = 10 µm. (B) Western blot analysis of LC3 and P62 in different groups.
(C,D) Quantification of LC3 and P62 in different groups. (E) Morphological changes of autophago-
somes were observed by TEM in different groups and the red arrow represents the autophagosome
location. Each bar represents the mean ± SD of three independent experiments. ** p < 0.01. DAPI,
4′,6-diamidino-2-phenylindole; EVs, BMSC-derived extracellular vesicles; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; mTOR, mammalian target of rapamycin.

Transmission electron microscopy was used to observe the morphology. Compared with
the control group, hydrocortisone made the autophagosome fold and shrink and reduce its
number. The morphology of the autophagosome in the model + EVs group was similar to that
of the control group, while the change of the autophagosome in the model + EVs + LY294002
group was not significant compared with the model + EVs group (Figure 6E).

These results suggested that BMSC-EVs can promote autophagy of BMECs, and the
inhibition of the PI3K signal further increased the level of autophagy.
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4.4.5. BMSC-Derived EVs Prevent Glucocorticoid-Induced BMECs Injury by Regulating
Autophagy via the PI3K/Akt/mTOR Pathway

To assess whether BMSC-EVs prevent glucocorticoid-induced BMEC injury by reg-
ulating autophagy via the PI3K/Akt/mTOR pathway, LY294002 (an inhibitor of PI3K)
and rapamycin (an inhibitor of mTOR) were used. As shown in Figure 7, hydrocortisone
induced a significant upregulation of PI3K, p-mTOR/mTOR, and p-Akt/Akt expression,
and this effect could be reversed by treatment with BMSC-EVs (Figure 7A–D). When ra-
pamycin was added, the level of p-mTOR/mTOR and PI3K significantly downregulated,
but the level of p-Akt/Akt slightly upregulated. Compared with the model + EVs group,
the expression of p-mTOR/mTOR, p-Akt/Akt, and PI3K downregulated in the model +
EVs + Y294002 group (Figure 7A–D).
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Figure 7. BMSC-EVs regulated the level of BMECs autophagy via PI3K/Akt/mTOR pathway.
(A) Western blot analysis. (B–D) Quantification of p-Akt, Akt, p-mTOR, mTOR and PI3K in five
groups. Each bar represents the mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01.
EVs, BMSC-derived extracellular vesicles; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
mTOR, mammalian target of rapamycin.

5. Discussion

Long-term or short-term overuse of GCs can cause local ischemia and secondary os-
teonecrosis, which are considered core pathological mechanisms in ONFH. BMEC is an
important part of bone microcirculation, and BMEC injury caused by GCs is an important
mechanism of ONFH [26]. The mechanism of injury caused by GCs to BMECs is not clear.
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Sbardella et al. found that dexamethasone inhibited trabecular meshwork cells by downreg-
ulating autophagy, a kind of secretory endothelial cell similar to BMECs, causing metabolic
disorder and even apoptosis [27]. Under normal circumstances, autophagy is at a low level,
and only moderate autophagy has a protective effect. Inappropriate autophagy will inhibit
the normal function of autophagy, leading to apoptosis and injury to the cell [28,29]. Mean-
while, Liu et al. reported that extracellular vesicles secreted from human-induced pluripotent
stem cells improved migration and the tube-formation ability of human umbilical vascular
endothelial cells [16]. The in vitro results suggested BMSC-Exos and autophagy might be
associated with the progression of steroid-induced ONFH.

Stem cell transplantation has been shown to improve local blood to ONFH by releasing
various cytokines to promote angiogenesis [30]. However, the potential risk and problems
are the major limitation for the possibility of clinical application. EVs derived from MSCs
are studied extensively and demonstrate equal efficacy as MSCs [31]. Previous studies
have identified that transplantation of exosomes derived from MSCs did not induce an
immune reaction in vivo [20,32]. EVs secreted by stem cells have been demonstrated to
have a similar effect to promote angiogenesis [22]. Liu et al. reported that MSC-derived
exosomes inhibited H9C2 cell apoptosis induced by hypoxia and serum deprivation, and
improved H9C2 cell viability by reducing excess autophagy activity via activation of the
PI3K/Akt/mTOR pathway [33]. The extraction of EVs was performed by a combination
of ultrafiltration and purification. The obtained EVs exhibited round-shaped morphology
with an average diameter of 99.3 nm, and expressed typical EV surface markers including
CD9, CD63, and CD81, with a mean concentration of 1.2 × 109 particles/mL.

The potential mechanism of BMSC-EVs preventing glucocorticoid-induced BMEC
injury was also investigated in this study. The most important function of EVs is their
role in communication from host cells to target cells. EVs transport a variety of pro-
teins, lipids, RNA, and other substances to the site of injury, and play an important role
in angiogenesis, anti-apoptosis, and anti-inflammatory responses [34]. We found that
BMSC-EVs could alleviate the decreased cell viability induced by glucocorticoids, improve
migration, invasion capacity, and tube formation, and prevent glucocorticoid-induced
apoptosis of BMECs. We further found that BMSC-EVs upregulated the expression of
LC3 and downregulated the expression of P62, and reversed the glucocorticoid-induced
folding and contraction of autophagosome. This illustrated that BMSC-EVs inhibited
glucocorticoid-induced BMEC apoptosis, improved cell viability, and promoted angiogen-
esis via regulation of autophagy activity. Interactions between autophagy and apoptotic
components suggested complex crosstalk. mTOR, a serine/threonine kinase, can promote
cell growth and inhibit autophagy via various pathways, and is also an important down-
stream target of Akt, which plays a critical role in regulating apoptosis [13,35]. Hsu et al.
demonstrated that hyperphosphatemia-induced protective autophagy in endothelial cells
through the inhibition of Akt/mTOR signaling and inhibited high-Pi-induced autophagy
aggravates endothelial cell apoptosis [36]. Our results showed that GCs could activate the
PI3K/Akt/mTOR pathway, inhibit BMEC viability, angiogenesis, and cause cell apoptosis.
However, when the pathway was blocked by the PI3K inhibitor and mTOR inhibitor, the
detrimental effect elicited by glucocorticoids was alleviated. When BMSC-EVs were added,
the detrimental effect elicited by GCs was also alleviated. These results suggest that GCs
can inhibit autophagy by activating the PI3K/Akt/mTOR pathway, causing a decrease
in BMEC viability, migration, invasion and tube-forming capacity, and even apoptosis.
BMSC-EVs can prevent glucocorticoid-induced BMEC injury by regulating autophagy via
the PI3K/Akt/mTOR pathway. Our experiment also has some limitations: first, we did not
use filters to isolate BMSC-EVs; second, we did not detect negative markers of EVs; third,
we did not use AngioTool software in the tube formation assay. We will further improve
our experimental method in future experiments.
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6. Conclusions

We identified that GCs inhibit autophagy by activating the PI3K/Akt/mTOR pathway,
causing a decrease in BMEC viability, angiogenesis capacity, and even apoptosis. BMSC-
EVs can regulate autophagy via the PI3K/Akt/mTOR pathway of BMECs to enhance
cell viability and angiogenesis capacity. Our findings suggest that BMSC-EVs may be a
promising therapeutic approach in the treatment of ONFH.
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Abstract: Despite the significant decline in mortality, cardiovascular diseases are still the leading
cause of death worldwide. Among them, myocardial infarction (MI) seems to be the most important.
A further decline in the death rate may be achieved by the introduction of molecularly targeted drugs.
It seems that the components of the PI3K/Akt signaling pathway are good candidates for this. The
PI3K/Akt pathway plays a key role in the regulation of the growth and survival of cells, such as
cardiomyocytes. In addition, it has been shown that the activation of the PI3K/Akt pathway results in
the alleviation of the negative post-infarct changes in the myocardium and is impaired in the state of
diabetes. In this article, the role of this pathway was described in each step of ischemia and subsequent
left ventricular remodeling. In addition, we point out the most promising substances which need
more investigation before introduction into clinical practice. Moreover, we present the impact of
diabetes and widely used cardiac and antidiabetic drugs on the PI3K/Akt pathway and discuss the
molecular mechanism of its effects on myocardial ischemia and left ventricular remodeling.

Keywords: PI3K/Akt pathway; myocardial infarction; heart failure; left ventricular remodeling;
diabetes; apoptosis; necroptosis; ferroptosis; pyroptosis; fibrosis

1. Introduction

Cardiovascular diseases (CVD) are the leading cause of death globally, and myocardial
infarction (MI) is of fundamental importance [1]. MI is caused by the restriction of blood
flow through the coronary arteries, which results in an imbalance between myocardial
demand and the blood supply. It results in the activation of many intracellular pathways
which promotes the activation of programmed and unprogrammed cell death, leading
to the impairment of cardiac functions [2,3]. The most common cause of MI is a rupture
of an atherosclerotic plaque. Numerous risk factors such as smoking, a high level of
low-density cholesterol, hypertension, diabetes mellitus, and a lack of physical activity
stimulate atherosclerotic plaque progression. The complexity of atherosclerosis progression
and vulnerability of plaques were well-described by Libby et al. and Anderson et al. [4,5].

The 1-year mortality rate among patients after MI is still high [6]. However,
improvements in the acute treatment of MI have increased the number of surviving pa-
tients, who are at higher risk of recurrent infarction and development of post-infarction
heart failure (HF) [7–9].

At the same time, cardiovascular diseases are associated with growing public and
private expenditure on healthcare worldwide [10]. Therefore, a new therapeutic approach
is needed to reduce the cost of CVD treatment. It seems that targeted modification of
molecular pathways may improve the outcome for patients.
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Post-infarction HF is mostly caused by adverse remodeling of the left ventricle (LV).
This is a series of molecular, cellular, and interstitial changes following MI [11–13]. It
involves the inflammation, fibrosis, and hypertrophy of the myocardium, and changes in
the vascular bed and the conducive system of the heart [14,15]. Altered remodeling results
in electrophysiological disorders and ventricular dysfunction and leads to heart failure,
which significantly impacts a patient’s prognosis [16–19]. One of the main risk factors of
post-MI HF development is diabetes mellitus (DM), which impairs cell communication,
involving many molecular pathways including PI3K/Akt [20].

The phosphatidylinositol 3-kinase (PI3K)/protein kinase B(Akt) pathway is one of the
most significant intracellular signal transduction pathways. Even though it was relatively
recently discovered, it has caused a revolution mainly in personalized oncology. PI3K
was identified by Lewis Cantley’s group in 1988 [21], while Akt kinase was identified
by Stephen Staal in 1987 [22]. It has become a subject of great interest in the scientific
community and the focus of numerous basic and clinical studies.

The proper activity of PI3K and Akt appears to be essential for the development,
functioning, and survival of the organism. The lack of their expression leads to a blockade
of cell division and embryonic lethality [23,24]. In response to extracellular signals, the
PI3K/Akt pathway controls cell metabolism, growth, proliferation, and the stress response.
It plays a key role in the proper functioning of most human organs and is associated with
the development of diseases [25–27]. In the myocardium, Akt is a central signal transductor,
and the PI3K/Akt pathway is responsible for proper metabolism and cell response. Indeed,
it plays a role in cardiovascular diseases, including chronic (CCS) and acute coronary
syndromes (ACS) or HF. In this review, we summarize the currently known role of the
PI3K/Akt pathway in the pathophysiology of myocardial infarction and the post-infarction
remodeling of the left ventricle, and we indicate the potential targets of therapy. In addition,
we discuss the clinical importance of the impact of diabetes and commonly used drugs on
its activity in the heart.

2. The PI3K/Akt Pathway and Its Impact on the Peri-Infarct Processes

The main molecules involved in the PI3K/Akt pathway are presented in the figure
below (Figure 1a) This pathway consists of tyrosine kinase receptors (RTKs), phosphatidyli-
nositol 3-kinase (PI3K), phosphatidylinositol-4,5-bisphosphate (PIP2), phosphatidylinositol-
3,4,5-bisphosphate (PIP3), and Akt (Figure 1a).

2.1. Components and Mechanisms of PI3K/Akt Activation

Receptor tyrosine kinases (RTKs) are surface receptors composed of three functional
domains: an extracellular ligand-binding domain, a transmembrane domain and an in-
tracellular tyrosine kinase domain [28]. After bounding a ligand (growth factors (GFs),
cytokines, hormones), RTK forms a dimer, which activates the intracellular domain and
the mutual autophosphorylation of each monomer [29]. PI3K kinase consists of two do-
mains: catalytic P110 and regulatory P85, which can be activated by RTK or indirectly by
adapter molecules (including the insulin receptor substrate IRS, or the GTP-binding protein
RAS) [29,30]. Activated PI3K phosphorylates the hydroxyl group in the third position of
the inositol ring of phosphatidylinositol [31]. Phosphatidylinositol-4,5-bisphosphate (PIP2)
and phosphatidylinositol-3,4,5-trisphosphate (PIP3) are small phospholipid components
of cell membranes and important signaling transductors. In the PI3K/Akt pathway, the
3-position PIP3 phosphate group can bind to both phosphoinositide-dependent kinase-1
(PDK1) and Akt (also known as PKB (protein kinase B)) and recruit the Akt protein in the
cell membrane, enabling PDK1 to access the PKB [32]. Akt/PKB is a highly conserved
serine/threonine kinase. It plays a key role in many cellular processes and serves a domi-
nant role in the signal transduction of the entire PI3K pathway. The amino acid structure
of Akt, from the N-terminus to the C-terminus, consists of three recognizable domains: a
pleckstrin homology (PH) domain, the central catalytic domain, and the carboxy-terminal
regulatory domain. The PH domain acts as a mediator in membrane translocation follow-
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ing Akt activation, whereas the catalytic domain binds ATP. Complete activation of Akt
requires phosphorylation by PDK1 at the T308 site [33] and by the mammalian target of
rapamycin complex 2 (mTORC2) [34,35] or DNA-dependent protein kinase (DNA-PK) [36]
at the S473 site. Activated Akt is transported from the cell membrane to other regions of
the cell to phosphorylate its substrates, and consequently, either to suppress or enhance
their activity. Therefore, Akt mediates diverse important cellular processes, including cell
growth and proliferation, cell survival, and gene expression, as detailed in later sections of
this article [37]. Its three isoforms are distinguished, namely Akt1, Akt2, and Akt3 (also
known as PKBa, PKBb, and PKBc, respectively) [38,39]. Their expression varies between
tissues and disease states [40,41].
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regulation of numerous processes in the peri-infarct period and post-infarction remodeling of
the left ventricle (c). Akt—protein kinase B, Bax—Bcl-2-associated X protein, Bcl-xL—B-cell
lymphoma-extra large, Bcl-2—B-cell lymphoma 2, c—cytochrome c, DNA-PK—DNA-dependent
protein kinase, GFs—growth factors, GPX4—glutathione peroxidase 4, GSK3β—glycogen
synthase kinase 3 β, IKKα—IκB kinase α, IL-1β, IL-18—interleukins 1β and 18, IRS—insulin
receptor substrate, JNK—c-Jun NH2-terminal kinase, MAPK—mitogen-activated protein
kinase, MUFA—monounsaturated fatty acids, MLKL—mixed lineage kinase domain-
like protein, mTORC1, mTORC2—mammalian target of rapamycin complex 1 and 2,
NF-κB—nuclear factor κ-light-chain-enhancer of activated B cells, NLR—NOD-like receptor,
P—phosphate, PDK1—phosphoinositide-dependent kinase-1, PHLPP—pleckstrin homology
domain leucine-rich repeat protein phosphatase, PIP2—phosphatidylinositol-4,5-bisphosphate,
PIP3—phosphatidylinositol-3,4,5-trisphosphate, PI3K—phosphoinositide 3-kinase, PPARβ/G—
peroxisome proliferator-activated receptor β/G, PP2A—protein phosphatase 2, PTEN—phosphatase
and tensin homolog, RIP1, RIP3—receptor-interacting protein 1 and 3, RTK—receptor tyrosine
kinase, SCD1—stearoyl-CoA desaturase-1, SREBP1—sterol regulatory element-binding protein-1,
S6K1—ribosomal S6 kinase-1, TNFα—tumor necrosis factor α, TNFR—tumor necrosis factor receptor,
4EBPs—eukaryotic translation initiation factor 4E-binding protein 1.

2.2. Regulation of the PI3K/Akt Signaling

Due to the importance of this pathway, its activity must be carefully regulated. Down-
regulation of the PI3K/Akt pathway may be achieved via two mechanisms. Firstly, phos-
phatase and tensin homolog (PTEN) may specifically dephosphorylate the 3-phosphate of
the inositol ring in PIP3 to PIP2 and therefore reduce the concentration of PIP3 required for
PI3K activation [42–44]. Inactivation of PTEN results in the constitutive activation of Akt
and the mammalian target of rapamycin complex 1 (mTORC1), which is an evolutionarily
conserved regulator of translation and ribosome biogenesis. Therefore, it leads to the distur-
bance of the size of the cells and growth regulation [45]. Another mechanism is dephospho-
rylation of Akt either at Thr308 by protein phosphatase 2A (PP2A) or at Ser473 by pleckstrin
homology domain leucine-rich repeat protein phosphatase (PHLPP) [46]. The PI3K/Akt
pathway itself also has feedback mechanisms. Akt phosphorylates IκB kinase α (IKKα)
at the Thr23 site, which in turn phosphorylates nuclear factor κ-light-chain-enhancer of
activated B cells (NF-κB). Activation of NF-κB regulates peroxisome proliferator-activated
receptor delta (PPARβ/δ) agonists and tumor necrosis factor α (TNFα), which in turn
repress PTEN expression as positive feedback. In addition, a negative feedback loop is
initiated by mTORC1 and ribosomal S6 kinase-1 (S6K1) activation, which phosphorylates
the insulin receptor substrate (IRS-1) and prevents its binding to RTKs, which results in the
suppression of PI3K.

2.3. Impact of PI3K/Akt on Peri-Infarct Processes

The activity of the described pathway has an impact on many processes associated
with the peri-infarct period, such as myocardial fibrosis, and other components of post-
infarct left ventricular remodeling (Figure 1b,c). All of them will be described one-by-one
in the context of PI3K/Akt. In addition, the influence of some comorbidities and commonly
administered drugs in all of these processes is discussed.

3. Activity of the PI3K/Akt Pathway in Myocardial Infarction

Both the physical obstruction of a coronary vessel and the redistribution of blood
flow reduce the oxygen supply and are responsible for irreversible damage of the car-
diomyocytes [47]. Necrosis has been recognized as the main pathway of cardiomyocyte
death during MI. However, the role of programmed types of cell death in ischemic and
post-infarct heart injury has gained attention over the past two decades. Their activity
determines the size of the infarcted area, and consequently, impairs the functions of the
myocardium [48]. Inhibition of these processes, both pharmacologically and genetically,
could improve cardiac functions. Moreover, the recently common division of cell death
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into programmed apoptosis and unregulated necrosis is slowly being turned into the
field of study of MI. Recent studies also indicate necroptosis, ferroptosis, pyroptosis, and
parthanatos as programmed types of cell death, also involved in MI pathogenesis [49–51].
All these processes ultimately result in the loss of the integrity of the cell membrane and
the inflammatory response triggered by the release of the cytoplasmic content into the
environment. The PI3K/Akt pathway appears to be directly involved in many of these
processes (Figure 1b). For this reason, its proper regulation may contribute to reducing the
damage caused by MI. The sections below describe these impacts in detail.

3.1. Necrosis

Necrosis is the unprogrammed type of cell death that is responsible for infarct size
to the greatest extent. The beginning of necrosis is the imbalance between myocardial
demand for oxygen and blood supply during MI, which causes the activation of anaerobic
metabolism. This leads to the intracellular accumulation of H+, which arises from anaerobic
glycolysis. In addition, the lack of ATP causes the dysfunction of the Na+/K+ ion pump.
The increased level of H+ causes the need for their removal by the Na+/H+ exchanger. In
response to elevated levels of Na+ (associated with the Na+/K+ ion pump failure and the
Na+/H+ exchanger) inside of the cell, the Na+/Ca2+ exchanger operates in reverse mode
and causes an increase in Ca2+ concentration. Elevated levels of all of these ions cause the
swelling of the cell and promote the rupture of the cell membrane and necrosis. In one basic
study, it was shown that pretreatment with HDL can protect the cardiomyocytes against
oxygen and glucose deprivation-dependant necrosis. In addition, the authors brought about
the inhibition of the PI3K/Akt pathway which abolished the protective effect of HDL [52].
Moreover, the PI3K/Akt pathway is associated with the generation of reactive oxygen
species (ROS) which enhance necrosis [53–55]. There is evidence from numerous studies on
cancer cells that disturbed signaling within this pathway contributes to increased levels of
ROS. This may occur both directly through the modulation of mitochondrial bioenergetics
and the activation of NADPH oxidases (NOXs), and indirectly, where ROS is produced as
a metabolic by-product [54,56–59]. Necrosis is involved in most of the myocardial post-
infarct changes. Due to cell membrane rapture, it activates and promotes inflammation in
the ischemic heart, which is the inducer of other processes such as fibrosis, hypertrophy,
and hemodynamic dysfunction, which are responsible for the adverse remodeling of the
left ventricle.

3.2. Programmed Type of Cell Death
3.2.1. Apoptosis

Cardiomyocyte apoptosis can be induced by the intrinsic pathway in response to
DNA damage, increased ROS and cytosolic calcium levels, or by the extrinsic pathway as a
consequence of activation of sarcolemmal death receptors (FAS or TNFα) [60]. During MI,
the PI3K/Akt pathway activity downregulates the expression of numerous proapoptotic
molecules, which are briefly described in this section [61–63]. Their increased expression is
associated with a higher activity of apoptosis and an increase in the number of cells dying
as a result of this type of cell death. For instance, Akt phosphorylates cysteine-aspartic
proteases (caspases) such as caspase-3, caspase-7, and caspase-9 (at Ser196). This prevents
a caspase cascade, leading to cell death [64].

Moreover, the PI3K/Akt pathway upregulates the expression of the anti-apoptotic
molecule B-cell lymphoma 2 (BCL-2), which blocks the process of the formation of the
mitochondrial pore by which cytochrome c is released. Consequently, once PI3K/Akt
signaling is active, the release of cytochrome c, which induces apoptosis by the intrinsic
pathway, is reduced [65,66]. Moreover, Kim et al. showed in a cell culture that Akt kinase
can decrease the activity of apoptosis signal-regulating kinase 1 (ASK1) [67]. ASK1 is
a mitogen-activated protein kinase (MAPK) and can be activated by multiple cytotoxic
stressors [68]. Akt phosphorylates ASK1 at Ser83 and thus inhibits it. This consequently
suppresses the activity of c-Jun N-terminal kinase (JNK) and activating transcription
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factor 2 (ATF-2) in intact cells, which finally results in the inhibition of apoptosis induced
by ASK1 [67].

In addition to the abovementioned, Akt also phosphorylates molecules such as BCL-2
associated agonist of cell death (BAD) and glycogen synthase kinase 3 beta (GSK3β), which
results in the decreased activity of apoptotic pathways [69]. Blume-Jenes et al. [70] revealed
in cell line studies that PI3K/Akt can also regulate cell death of its downstream factors. For
example, it phosphorylates Ser136 residues of the BAD protein, a pro-apoptotic protein
of the BCL-2 family, thereby depriving the apoptotic complex of its function. This causes
translocation from the mitochondrial membrane to the cytosol and consequently negatively
regulates the pro-apoptotic activity of Bax. Interestingly, Akt can also phosphorylate BAD
at other sites, such as Ser99, Ser75, and Ser118 [71–73]. Phosphorylation of GSK3β on a
highly conserved N-terminal regulatory site at Ser9 contributes to both myocardial necrosis
(by mitochondrial permeability transition pore (mPTP) opening) and apoptosis (via various
mechanisms including phosphorylation of Bax and destabilization of pro-survival beta-
catenin) [74,75]. Bax can also be phosphorylated at residue S184 directly by Akt, which
inhibits its conformational change for mitochondrial membrane distribution [76,77].

Statins can reduce apoptosis through the PI3K/Akt pathway. It was shown in animals
that pitavastatin encapsulated in nanoparticles can activate this pathway and significantly
reduce the TUNEL-positive cells in comparison with pitavastatin alone and a placebo.
The protective effect of this lipid-lowering drug was diminished by a PI3K/Akt pathway
inhibitor (wortmannin) [78]. In addition, it was shown that this pathway can be important
in some pleiotropic effects of statins, such as improvement of endothelial function (defined
as increased NO production), increases in proliferation and migration, and reduction
in apoptosis of cardiac microvascular endothelial cells [79]. Additionally, angiotensin-
converting enzyme inhibitors (ACEIs) may have a positive impact on cardiomyocytes. One
of the ACEIs (benazepril) reduced apoptosis activity in an in vitro model of doxorubicin
cardiotoxicity (H9c2 cell line). This positive effect was mediated by the activation of the
PI3K/Akt pathway. It was shown that benazepril treatment restored the phosphorylation of
Akt reduced by the doxorubicin therapy. In addition, the administration of an Akt inhibitor
diminished the cardioprotective effect of this ACEI. [80]. Due to the fact that ACEIs are
commonly used drugs among all patients after MI, an experiment which assesses the role
of this group of drugs in apoptosis regulation in the context of the PI3K/Akt pathway is
needed. The reduction in apoptosis activity and the improvement of the hemodynamic
function after MI was also reported as an effect of eplerenone and bisoprolol [81,82].
Furthermore, the combination of drugs may have an even better impact on cardiomyocyte
survival than therapy with a single substance. It was shown in animals that a combination
of rosuvastatin with carvedilol significantly reduced the increase in biomarkers of MI
(such as troponin and CK-MB). The authors observed the simultaneous activation of the
PI3K/Akt pro-survival pathway [83].

Moreover, Liu et al. revealed that PI3K/Akt/nuclear factor signaling erythroid 2-
related factor 2 (Nrf2), by upregulating the expression of heme oxygenase-1 (HO-1), can
protect H9c2 cardiomyocytes from ischemia-reperfusion injury (IRI)-induced apoptosis [84].
They administered hydroxysafflor yellow A (HSYA), a chemical compound with a previ-
ously noticed protective effect [85,86], during reperfusion. This resulted in the increased
expression and activity of HO-1, Akt phosphorylation, translocation of nuclear factor Nrf2,
and, consequently, a decrease in apoptosis. Inhibition of PI3K by LY294002 abolished these
positive effects.

In addition, Feng et al. showed in their study on mice that ischemia induces the expres-
sion of PTEN and the levels of this PI3K/Akt inhibitor remain elevated in the post-infarct
period [65]. They selectively inhibited PTEN with bisperoxovanadium 5-hydroxipyridine-2-
carboxylic acid (BPV(HOpic)) (1 mg/kg) in mice with MI induced by the ligation of the left
anterior descending artery (LAD), and observed that BPV treatment promoted angiogenesis
and reduced cardiomyocyte apoptosis, resulting in reduced infarct size. Taken together,
such improved cardiac function is a result of PI3K/Akt pathway activation, which leads to
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a reduction in the number of cardiomyocytes undergoing apoptosis in the infarcted tissue
compared with the myocardium where this pathway is inhibited [61,62,65]. Additionally,
Wang et al. showed on a swine model that both mRNA and the protein level of PTEN
increase after ischemia. This process was attenuated by atorvastatin treatment, which
confirms that this type of lipid-lowering drug can have a positive impact on the survival of
cardiomyocytes [87].

3.2.2. Necroptosis

Necroptosis is associated with both physiological and pathological processes, includ-
ing embryonal development, inflammatory reaction, and IRI [50,88]. In addition, it is one
of the key pathways in the loss of functional cardiomyocytes during MI [89,90]. The main
stimulus of necroptosis is TNFα, which once combined with its receptor (TNFR) leads to
the activation of the pathway consisting of receptor-interacting serine/threonine-protein
1 (RIP1) and RIP3 and the mixed kinase domain-like protein (MLKL) pathway [91,92].
PI3K/Akt signaling appears to have a key role in promoting this process by phosphory-
lating and oligomerizing RIP1, RIP3, and MLKL in response to TNFα stimulation [93,94].
Inhibition of both PI3K (its catalytic subunit p110α) and Akt in mouse fibrosarcoma L929
led to the inhibition of necroptosis by the suppression of the above mediators [95].

Tuuminen et al. (2016) showed that simvastatin may affect the necroptosis activity.
Pretreatment of both rat donors and recipients of the transplanted heart with simvastatin
can reduce RIP kinase-1 and kinase-3 activity in comparison with the placebo. In addition,
it reduced expression of caspase-3 and caspase-9 involved in apoptosis [96]. Therefore,
inhibition of PI3K may prevent necroptosis and increase cell viability and heart function in
MI patients.

3.2.3. Ferroptosis

Ferroptosis is a relatively recently discovered iron-dependent regulated type of cell
death with growing importance in MI pathogenesis, especially in its early and middle
stages [97–100]. The PI3K/Akt pathway has been shown to play a significant role in
its regulation [101].

For instance, Sun et al. [102] demonstrated in a cardiomyocyte (H9c2) cell culture that
PI3K/Akt activation has a cardioprotective effect by reducing oxidative stress and inhibiting
ferroptosis induced by doxorubicin (DOX) and lapatinib (LAP) [103,104]. These substances
inhibit both PI3K and Akt phosphorylation and alter the mitochondrial membrane potential,
reduce ATP, and increase the level of cytochrome C. Activation of the PI3K/Akt pathway
using 30 µM 740Y-P resulted in a reversal of the deleterious effects of DOX and LAP and
increased survival of the H9c2 cardiomyocytes [105,106]. Moreover, Yi et al. indicated
that PI3K/Akt signaling inhibits ferroptosis in cancer cells via a pathway consisting of
mTOR complex 1 (mTORC1), sterol regulatory element-binding proteins 1 (SREBP1) and
stearoyl-coenzyme A desaturase 1 (SCD1), where SCD1 finally leads to the production of
monounsaturated fatty acids [107]. Interestingly, they revealed that lipogenesis appeared
to protect cells from oxidative stress and ferroptotic death.

Studies on the impact of the PI3K/Akt pathway on ferroptosis and cardiomyocyte
viability are limited [107,108]. Recently, Jiang et al. published results of a bioinformatic
analysis that revealed that the expression of 17 ferroptosis-related genes can be associated
with the presence and development of ischemic and idiopathic cardiomyopathy. These
genes were mainly involved in the regulation of apoptosis, cellular response to FGF stim-
ulus, and response to some unspecified drugs by the MAPK and PI3K/Akt pathways.
Moreover, the authors proposed some drugs and substances which can potentially be used
in treatment [109]. This study provides useful information for further preclinical studies
evaluating the role of PI3K/Akt signaling in the regulation of ferroptosis during MI and
post-infarction HF.
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3.2.4. Pyroptosis

Pyroptosis is a death pathway that begins with the activation of one of the NOD-like
receptors (NLRs), which then leads to the activation of caspase-1 that finally activates pro-
inflammatory cytokines, including interleukin-1β (IL-1β) and interleukin-18 (IL-18) [110].
As levels of these molecules have been found to increase during MI, inducing inflammation
in the myocardium, regulation of this pathway may result in a degree of damage to
the cardiomyocytes during infarction [111]. Overactivation of this highly inflammatory
pathway negatively affects the infarct area and impairs myocardial contractility [112–114].
Although this type of cell death is most induced after infection with intracellular pathogens,
its important effect has been noted during IRI.

Recently, Gio et al. [111] indicated that the radioprotective 105 kD protein (RP105)/
PI3K/Akt pathway is directly involved in the regulation of pyroptosis. After the
administration of piperine to rats, they observed the inhibition of miR-383, which
led to the activation of RP105/PI3K/Akt signaling. A consequence of the observed
increased activity of the PI3K/Akt pathway was a decrease in pyroptosis occurring in
the myocardium, and thus a greater survival of cardiomyocytes [115–117].

In addition, Do Carmo et al. [113] observed that administration of VX-785, a clinically
available, highly selective caspase-1 inhibitor, reduced the infarct size in rats during analy-
sis performed on Langendorff-perfused rat hearts. Moreover, the administration of a PI3K
inhibitor—wortmannin—abolished all protective effects. This is more proof of the impor-
tance of the PI3K/Akt pathway in the protection of cardiomyocytes against pyroptosis.

Although pyroptosis is a recently known and still little-understood pathway of cell
death, the proven influence of PI3K/Akt in its course offers further potential therapeutic tar-
gets in alleviating MI-induced death of the cardiomyocytes. However, further investigation
is needed.

3.3. Ischemic Conditioning

The development of a novel strategy to limit infarction is of great clinical importance
because the main predictor of a patient’s prognosis is infarct size. One of the special
interests is ischemic conditioning (IC)—a leading paradigm of cardioprotection [90]. IC
means induction of short periods of myocardial ischemia and reperfusion before the onset
of MI (preconditioning) or during reperfusion (postconditioning). Applying these cycles at
a remote site is referred to as remote ischemic conditioning (RIC). In contrast to ischemic
preconditioning, whose beneficial effects may be considered for patients with pre-infarction
angina, ischemic postconditioning can be applied for patients undergoing PCI [90]. Apart
from mechanical interventions, certain groups of drugs, such as volatile anesthetics and
G protein-coupled receptor (GPCR) agonists, can also initiate pharmacological IC [118].
Moreover, exercise and pre-infarction angina can also promote transduction signals of IC,
which can reduce infarct size and improve left ventricular function [119].

PI3K/Akt signaling is considered to be the main pro-survival kinase cascade me-
diating the IC-induced protective effect by forming a RISK pathway parallel to MEK1-
ERK1/2 [90,120]. PI3K activity is required during both the pre-ischemic trigger phase and
the post-ischemic mediator phase of IC to reduce infarct size and mortality [121,122]. In
addition, IC increases the levels of Akt phosphorylation during both phases of IC. It plays
a pivotal role as a mediator of IC and its pharmacological inhibition abolishes the infarct
size either during the trigger phase or at reperfusion [123,124]. However, Barsukevich et al.
showed that the role of the PI3K and RISK pathways may depend on the time of applied
ischemia in the case of postconditioning. Immediate IC (10 s of reperfusion) increases
phosphorylation of PI3K-AKT and ERK1/2, while early or delayed IC (applied after 10 min
or 30 min of reperfusion) had no effect on phosphorylation in the rat model [125]. Neverthe-
less, postconditioning applied for 10 s, or 10, 30, 45, or 60 min after the onset of reperfusion
retains the cardioprotective function, which is possibly dependent on a different mecha-
nism. Another study showed that remote postconditioning increases phosphorylation of
Akt and ERK1/2 in the early stages of reperfusion and then it gradually decreases [126].
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Moreover, inhibition of PTEN may be important for increasing the activity of the PI3K/Akt
signal in the course of postconditioning [127]. Furthermore, intermittent hypoxia increases
the activity of the PI3K/Akt signal and enhances Ser473 Akt phosphorylation in the mouse
model. It was associated with an increased capillary network in the myocardium and
improved cardiac function, as well as reduced infarct size [128]. Administration of wort-
mannin (a PI3K inhibitor) reduces the level of Akt phosphorylation and its beneficial
effects. This suggests that PI3K/Akt plays an important role in long-term preconditioning.
An increasing number of studies indicates that extracellular vesicles (EVs) may play an
essential role in mediating IC. EVs obtained from IC rats ameliorate IRI via activating the
PI3K/Akt pathway. They decrease apoptosis and reduce the infarct size by increasing phos-
phorylation of PI3K and Akt [129]. Application of a PI3K inhibitor reverses these effects.
Moreover, a study undertaken by Lessen et al. showed that EVs from the plasma of healthy
human volunteers after RIC may not only provide cardioprotection via increasing mTOR
expression, but also demonstrate accumulation in the damaged myocardium compared
with sham-operated hearts [130]. Therefore, EVs may provide new therapeutic options for
alleviating myocardial IRI via the PI3K/Akt pathway. All these observations highlight the
importance of the PI3K/Akt pathway during MI and confirm its protective role.

4. The Role of the PI3K/Akt Pathway in Post-Infarction Left Ventricular Remodeling

Post-infarction cardiac remodeling is a maladaptive, complex, and multifactorial
process of regional and global structural and functional changes in the myocardium, and
presents as a common complication of acute MI [16,131,132]. In most studies, the authors
assessed changes which involved the left ventricle. Thus, in the sections below, we refer
to remodeling of this chamber of the heart. This ultimately results in cardiac hypertrophy
(CH) and heart failure (HF) [13,133]. Such modifications occur initially as a consequence of
the loss of a viable myocardium and abrupt increase in loading conditions [134]. Then, the
course of change depends on a plethora of determinants, including the size and location of
the necrosis, the timing and efficacy of reperfusion, the exuberant inflammatory response,
the increased wall stress in the border zone, and the remote myocardium, neurohormonal
activation, and dysregulation of transcription [135–140]. All of these factors affect each
other and create a vicious circle that leads to the gradual deterioration of heart function.
There are numerous known causes that influence the course of this phenomenon after
MI, and the most important clinically include arterial hypertension (HT), obesity, diabetes
mellitus (DM), and ischemic heart disease, among others. The PI3K/Akt pathway plays
a crucial role in post-infarction left ventricular remodeling (Figures 1c and 2). Its activity
provides cardioprotection and promotes the repair and healing of myocardial cells after
MI [141]. Chen et al. showed that both PI3K and Akt activity were increased after MI
in both human and mouse hearts. Moreover, the systemic as well as cardiac cell-specific
inhibition resulted in greater cardiovascular risks and an increase in mortality of the mice.
These results were associated with enhanced myocardial apoptosis and inflammation,
reduced angiogenesis, and adaptive hypertrophy [142]. In the study undertaken by Feng
et al., activation of the PI3K/Akt pathway by the PTEN inhibitor improved cardiac function
14 days after MI in mice. The reduced cardiomyocyte apoptosis promoted angiogenesis
and activated the PI3K/Akt/vascular endothelial growth factor (VEGF) signaling pathway
which resulted in significantly increased left ventricular fraction (LVEF), + dp/dtmax,
and pressure–volume loops in the LV, as well as decreased left ventricular end-diastolic
pressure (LVEDP). The contribution of the PI3K pathway to each of the stages of post-infarct
remodeling and the impact of diabetes, is presented below.
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Figure 2. The processes regulated by the PI3K/Akt pathway which are involved in the histologic
evolution of acute myocardial infarction. Stage I—histologic changes and processes directly induced
by ischemia, stage II—beginning of inflammatory process, stage III and post-infarct left ventric-
ular remodeling—irreversible histologic changes in the myocardium such as collagen secretion.
ECM—extracellular matrix, HF—heart failure.

4.1. Inflammation

Injury of the cardiac cells and the extracellular matrix due to acute ischemia pro-
vides a strong systemic inflammatory response associated with increased production of
pro-inflammatory cytokines [143]. These cytokines released during MI affect both the
area of necrosis and the surrounding tissues and determine the course of post-MI left
ventricular remodeling [144]. Both excessive and prolonged inflammatory reaction during
MI are associated with an unfavorable prognosis for the patient. This process promotes
myocardial damage, remodeling, and dysfunction of the left ventricle. As a large body
of existing evidence from basic research and clinical trials indicates, this overactivity con-
tributes to conditions such as chronic cardiac dilatation, left ventricular systolic dysfunction
(LVSD), and HF [145–148]. There are multiple pathways involved in the course of post-MI
inflammatory response, and PI3K/Akt signaling is one of the key ones [149]
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C-reactive protein (CRP) is the most reactive serum protein of acute-phase inflamma-
tion and one of the most important prognostic biomarkers of atherosclerosis and cardiovas-
cular disease (CVD) [150,151]. It affects the cell cycle and the inflammatory process of the
cardiomyocytes [152,153]. CRP concentration increases significantly in the first hours of
MI [131,154], and its level is a clinically important predictor of the course of left ventricular
remodeling and patient prognosis [155,156]. Importantly, apart from inflammation, CRP is
also a mediator of inflammation with prothrombotic and proapoptotic properties [157,158],
which further worsens the prognosis of patients. Boras et al. noted that CRP in combi-
nation with a Notch-3 activator promotes angiogenesis in bovine aortic endothelial cells
via the PI3K/Akt pathway [159]. Notably, pharmacological blockade of the PI3K/Akt sur-
vival pathway by LY294002 completely inhibited angiogenesis induced by CRP/Notch-3.
Similarly, Chen et al. also noticed that CRP, through Akt activation, stimulates angiogen-
esis [160]. They revealed that the mechanism for this is the increase in the expression of
vascular endothelial growth factor-A (VEGF-A) in activating hypoxia-induced factor-1α
(HIF-1α) in adipose-derived stem cells (ADSCs).

In contrast, Tanigaki et al. in their studies on mice (C57BL/6) showed that CRP
attenuates insulin-induced Akt phosphorylation in endothelial cells [161]. Insulin pro-
motes the protective cardiovascular endothelial functions by activating Akt, which then
phosphorylates endothelial NO synthase (eNOS) in Ser1179, stimulating the production of
cardioprotective NO [162]. CRP seems to impair this signaling and therefore increases the
risk of CVD. Lee et al. noted that the reduction in the activity of the PI3K/Akt pathway
mediated by CRP is related, inter alia, to the increase in the protein and mRNA levels of
PTEN induced by CRP [163]. To sum up, the CRP protein and the PI3K/Akt pathway are
undoubtedly strongly linked, and together play a significant role in regulating the inflam-
matory process. However, as the results of the direction of this interaction are inconclusive
and there is insufficient research on these mechanisms during MI, there is a need for further
research in this field.

In addition to CRP, the PI3K/Akt pathway also regulates the inflammation via other
mechanisms. Parajuli et al. demonstrated that PTEN regulates the expression of important
pro-inflammatory cytokines through the PI3K/Akt/IL-10/TNF-α signaling pathway and
thus plays a significant role in post-MI remodeling of the myocardium in mice [164]. They
indicated that inactivation of PTEN results in the induction of the inflammatory process
after MI by reducing the expression of TNF-α and matrix metalloproteinase-2 (MMP-2), and
by increasing the production of IL-10. In turn, the overexpression of PTEN can be observed
during MI, which inhibits the PI3K/Akt pathway and thus causes the opposite effect on
IL-10, TNF-α, and MMP-2 expression, and in addition increases leukocyte infiltration in
the myocardium and increases cardiomyocyte mortality. Yuanji Ma et al. showed that
the PI3K/Akt/Nrf2 pathway plays a role in attenuating inflammatory cells [165]. They
showed that the stimulation of Akt phosphorylation with atorvastatin during angiotensin
2-induced oxidative stress activated Nrf2 in bone marrow-derived dendritic cells (BMDCs).
As a result, it inhibited their maturation, which consequently promoted antioxidant and
anti-inflammatory responses. Moreover, the use of the PI3K inhibitor LY2994002 abolished
these positive effects [84,166,167].

It seems that the PI3K/Akt pathway may also play a role in other mechanisms of the
inflammatory response. For example, the latest reports suggest that it variously mediates
the signaling of interleukin-1 (IL-1), an important pro-inflammatory cytokine [168–170].
However, as these studies are sparse and have been performed on tissues other than
the myocardium, it is not possible to draw direct conclusions. In recent years, clinical
trials with IL-1 inhibitors (e.g., with canakinumab and anakinra) have been promising,
and suggest a reduction in the incidence of cardiovascular complications among post-MI
patients [171–173]. Therefore, more research is needed to better understand the mechanisms
of these interactions in the context of PI3K/Akt.

The drugs used after MI onset can modulate the inflammation process. Among numer-
ous positive effects of statin therapy, they can inhibit the expression of pro-inflammatory
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cytokines, such as TNF-α, by direct activation of nuclear factor (NF)-κBα [174]. More-
over, the downexpression of the PI3K/Akt pathway can enhance the immune system
activation [174,175]. Thus, regulation of the PI3K/Akt pathway can be used to reduce the
inflammation and infiltration of the myocardium by immune cells, consequently improving
post-MI left ventricular remodeling [176].

Taken together, the results of experimental and clinical trials on anti-inflammatory
strategies targeting the PI3K/Akt pathway in MI patients are promising regarding mit-
igating the effects of infarction. For this reason, there is undoubtedly a need for further
research, both on existing and potentially new therapies.

4.2. Autophagy

Autophagy is an evolutionarily conserved cellular process of degradation of both un-
necessary and dysfunctional components of the cell, including mitochondria and long-lived
macromolecules. Moreover, it ensures the availability of energy substrates and reduces
oxidative stress that would otherwise promote cell death [177,178]. Therefore, it is an im-
portant regulator of cardiac homeostasis and function. Autophagy is a lysosome-dependent
process that utilizes double-membrane structures (autophagosomes) as a form of intra-
cellular transport, and enables the cell to degrade and recycle its components [179,180].
Autophagy preserves the structure and function of the cardiomyocytes under baseline
conditions, and during infarction and may be induced by various factors associated with
MI, such as nutrient deprivation, hypoxia, ROS, damaged organelles, and protein aggre-
gates [181–183]. It could be of high importance in the peri-infarct zone. There are multiple
significant mechanisms of autophagy regulation in the cardiomyocytes, the disruption of
which impairs autophagy activation and exacerbates myocardial injury [183–185]. The
PI3K/Akt pathway plays a significant role in some of them, as we describe in this section.

One of the key pathways is the PI3K/Akt/mTOR signaling pathway. mTORC1 is an
important serine/threonine kinase and is an upstream repressor of autophagy. Kim et al.
observed that mTORC1 in vitro inhibits autophagosome formation by phosphorylation
of unc-51-like autophagy activating kinase 1 (Ulk1) at Ser757 [186]. In addition, mTORC1
also acts at the gene level. As Martina et al. noticed, it has been observed to inhibit the
transport of nuclear transcription factor EB (TFEB), a regulator of autophagy and lysosomal
biogenesis, and thus downregulates the transcription of specific autophagy-related (Atg)
genes [187]. Under physiological conditions, autophagy is activated in cells under stress.
In contrast, Sciarretta et al. revealed that Akt phosphorylates diverse substrates during
MI, indirectly causing forced activation of mTORC1 in the myocardium [184,188]. This
sequence of events leads to the inhibition of autophagy and fiercely intensifies ischemic
injury [184]. Interestingly, besides Akt, mTORC1 can also be regulated via other cellular
signaling pathways such as MAPK/ERK, JNK, and Wnt signaling [189–191].

Moreover, PI3K can also inhibit autophagy directly by phosphorylating Beclin-1, a
core component of Beclin 1-PI3KC3 complex, a lipid–kinase complex playing a crucial role
in autophagosome nucleation [192]. Phosphorylation of Beclin-1 enhances its interaction
with BCL-2, and this Beclin 1–BCL-2 interaction not only inhibits autophagy but also
dissociates BCL-2 from Bax, thereby activating Bax and stimulating apoptosis. Matsui et al.
revealed that autophagy via Beclin-1 is particularly activated during reperfusion by the
mass-produced ROS during that period [185]. In addition, in mice (C57BL/6J) studies,
they showed that mice with systemic heterozygous Beclin 1 deletion display significantly
reduced autophagy and ischemic injury. Interestingly, Beclin 1 can both positively and
negatively regulate autophagy, hence the optimum concentration range of this molecule is
needed for autophagy to function efficiently [193].

Via both the abovementioned pathways, PI3K/Akt signaling negatively modulates
autophagy and therefore has a protective effect on the heart. Yan et al. also observed
that in the pig heart, MI-induced autophagy could be a homeostatic mechanism which
inhibits apoptosis and hence limits its destructive effects [182]. Taken together, stimulation
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of autophagy may have a protective effect on the heart [194,195], which may be another
potential target of the therapy.

In addition, by regulation of autophagy and apoptosis, the activity of the PI3K/Akt/
mTOR pathway contributes to myocardial remodeling following MI [196]. It may sup-
press the progression of HF and cardiac hypertrophy (CH). Pharmacological inhibition
of autophagy (e.g., with rapamycin) exacerbates cardiac dysfunction and dilation in
the chronic phase of MI [197,198]. Nevertheless, the activity of autophagy seems not to
be sufficient to control the quality of proteins and organelles during MI. Consequently,
misfolded proteins accumulate, and mitochondrial dysfunction develops in post-MI
hearts. Regulation of key proteins in this pathway has been shown to reduce infarct
size [199]. These observations suggest that autophagy may potentially contribute to
the heart’s healing process by mechanisms such as activation of the repairing process,
angiogenesis, or promotion of cardiac regeneration. Thus, modulation of autophagy
could be used to alleviate HF and CH after MI.

4.3. Fibrosis

Myocardial fibrosis is a repair process which involves multiple modifications in the
interstitial myocardial collagen network, which results in the impairment of the cardiac
structure and function. The replacement of the necrotic myocardium by connective tissue
is the main mechanism of fibrosis during post-infarction left ventricular remodeling [200].
As cardiomyocytes are displaced with fibrous tissue, many detrimental effects occur. These
include excitation–contraction coupling and the systolic and diastolic function of the
heart, which can lead to HF [201]. The PI3K/Akt pathway can regulate fibrosis in several
ways. Cardiomyocyte apoptosis initiates the fibrotic response, and this process may in-
volve both immune modulation and paracrine signaling [202]. Therefore, the PI3K/Akt
pathway performs a protective effect in post-infarction fibrosis by inhibiting the death
of cardiomyocytes [203].

Activation of the PI3K/Akt pathway may significantly increase cardiac dysfunction
when its inhibition has the reverse effect, and increases fibrosis in the infarcted area [66].
Indeed, it has been proved that the administration to animals of one of the PI3K/Akt in-
hibitors such as wortmannin or LY294002 reduces fibrosis and post-infarct remodeling [121].
It seems that Akt agonists or PTEN inhibitors may show a positive effect on post-infarct
remodeling and improve a patient’s outcome, but all the conducted studies have focused
on the oncologic utility of this group of substances [65,204]. It seems that they may be used
as a part of antifibrotic therapy after MI, but the assessment of their safety and tolerance
is needed [204].

In contrast, Zhao et al. in their research noted that the active PI3K/Akt pathway may
promote myocardial fibrosis [205]. The authors showed that the activation of this pathway
by long noncoding RNA (LncRNA) myocardial infarction-associated transcript (MIAT)
promotes the expression of inflammatory factors in the myocardium. Conversely, when
LncRNA MIAT was silenced, the levels of vascular endothelial growth factor (VEGF), Akt,
and PI3K levels were significantly downregulated. In addition, as this silencing resulted
in a reduction in collagen expression, regulation of these interactions could potentially
improve cardiac repair and consequently ameliorate HF.

One of the initial processes involved in myocardial remodeling is the activation of
fibroblasts. It was shown that the response of cardiomyocytes to fibroblast growth factor
(FGF) can be impaired after MI. The expression of dysregulated proteins can promote
activation of fibroblasts and cause the accumulation of collagen types I and III, which are
the major fibrins of the myocardial collagen matrix. This post-infarct remodeling of the
interstitium, mainly of the left ventricle, is a major cause of cardiac hypertrophy and can
be responsible for the development of HF after MI. It seems that PI3K/Akt activity may
be involved in these processes [109]. Some drugs which are prescribed for patients after
MI have an antifibrotic effect. ACEIs and mineralocorticoid receptor antagonists (MRAs)
are well-known drugs that present this effect. However, there are no data showing that the
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PI3K/Akt pathway is directly involved in this process. However, it has been shown that the
stimulation of β-receptors can stimulate neonatal rat cardiac fibroblasts to engage in protein
synthesis with a simultaneous increase in PI3K activity. This process may be involved in
collagen production after MI, so it seems that the administration of β-adrenolytics can
reduce the activity of fibroblasts and improve cardiac function among patients not only
due to the positive-inotropic and anti-arrhythmic effect of these group of drugs [206].

4.4. Cardiac Hypertrophy

Hypertrophy of the myocardium occurs as a response to stress stimuli such as infarc-
tion and is an important component of left ventricular remodeling after MI. Such structural
changes are associated with increased cardiomyocyte apoptosis and fibrosis and result
in contractile dysfunction, dilatation, and consequently, the development of HF [207,208].
There are numerous triggers of cardiac hypertrophy, such as mechanical stress and humoral
stimulation, which can lead to multiple metabolic responses [209]. The PI3K/Akt signaling
pathway and its interaction with its downstream effectors are altered and play a key role in
regulating this process [210].

Short-term activation of Akt promotes physiological hypertrophy, and despite leading
to mild myocardial enlargement, it has a cardioprotective effect [211] by attenuating dam-
age to ischemia in endothelial cells [212]. Nevertheless, long-term Akt activation induces
pathological hypertrophy and HF [213]. In this case, PI3K/Akt increases angiogenesis,
which was mentioned in the previous section, but these blood vessels are, however, unor-
ganized and reminiscent of tumor vasculature [212]. In addition, Zhao et al. [205] in their
research on human cardiac fibroblasts (HCF) and rats (C57BL/6) have noticed that the
activation of the PI3K/Akt pathway by myocardial infarction-associated transcript (MIAT)
promotes myocardial fibrosis and the expression of various inflammatory factors such as
IL-1β, IL-6, and TNF-α mRNA, and numerous proteins that collectively contribute to the
occurrence of HF. Muting their MIAT reduced the incidence of HF. Meng et al. [214], on
the other hand, found that the PI3K/Akt pathway in mice (C57BL/6J) is involved in the
development of hypertrophy by means of yet another molecule, the aforementioned BCL-2,
as it maintains cardiomyocyte survival.

All the mentioned reports suggest that PI3K/Akt signaling plays a significant role in
post-infarction myocardial hypertrophy, and that adequate regulation of this pathway could
potentially be an important therapeutic target to reduce the incidence of HF. However, as
these studies were performed only on an animal model, the effectiveness of this regulation
needs to be evaluated in clinical trials.

4.5. Angiogenesis

As a constant supply of blood to cardiomyocytes is of fundamental importance for
their proper functioning, an adequate vascularization system in the myocardium is essential.
Angiogenesis is a complex process consisting of endothelial proliferation, cell migration,
and eventually the formation of blood vessels. It has been noticed that PI3K/Akt plays
a pivotal role in activating angiogenesis and in forming collateral circulation via, among
others, regulating the transcription and expression of proangiogenic cytokines such as
vascular VEGF, angiopoietin-1 (Ang-1), and bFGF (which in addition reverse-stimulates
Akt phosphorylation) [215,216]. As these growth factors stimulate the formation of blood
vessels, they improve the supply of oxygen and nutrients to the heart. Consequently, this
activation has the potential to both rescue the myocardium at early stages after AMI and
prevent subsequent ischemic-related heart failure [217].

Moreover, overexpression of PTEN (PI3K/Akt inhibitor) attenuates these positive
effects and, for example, inhibits angiogenesis and contributes to thrombosis by inducing
endothelial dysfunction [218,219].

Research shows that the downregulation of PTEN could promote angiogenesis through
increasing the expression of VEGF as well as reinforcing the signal transduction of the
VEGF-binding cell [220,221]. In addition, such PTEN inhibition results in an increase in the
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expression of the cluster of differentiation 31 (CD31), also known as platelet endothelial
cell adhesion molecule (PECAM-1). This molecule participates in the creation of adhesive
interactions between endothelial cells and adhesion receptors. This makes it possible to
mitigate the impairing effect of MI on capillary density [65].

As angiogenesis has such a cardioprotective potential in the early stages after MI,
therapies focused on the PI3K/Akt pathway have become a novel treatment strategy for
patients after infarction [217,222].

4.6. Conduction Disturbances

Post-infarction severe arrhythmias, especially ventricular arrhythmias (VA), are
the leading cause of death in MI patients. The most common arrythmias observed
in patients with MI are ventricular tachycardia (VT, 17–21%), advanced and complete
heart block (23–35%), ventricular fibrillation (VF, 24–29%), and atrial fibrillation (AF,
11–20%) [223]. Such arrhythmias are the result of sympathetic remodeling, a phe-
nomenon of disturbance of the spatial distribution and density of the myocardial sym-
pathetic innervation caused by denervation in the infarcted zone and hyperinnerva-
tion in the infarcted border zone [224,225]. Such a sympathetic remodeling may cause
electrophysiological disturbances and increased heterogeneity of noradrenergic trans-
mission, and consequently increase the risk of dangerous arrhythmias [226]. The key
cytokine involved in sympathetic remodeling following MI is the nerve growth factor
(NGF), part of the NGF/TrKA/PI3K/Akt pathway that regulates neuronal plasticity
and survival [227,228]. PI3K/Akt signaling is essential for NGF and other neurotrophic
activities [26]. Li et al. showed that the appropriate regulation of the PI3K/Akt pathway
by inhibiting its excessive activity reduces the abnormal excitability, automatism, and
conductivity of residual myocytes, which result in the initiation of arrhythmia after my-
ocardial infarction in rats [229,230]. Taken together, targeting the NGF/TrKA/PI3K/Akt
pathway has the potential to regulate factors associated with sympathetic remodeling
and thus potentially reduce the incidence of post-MI arrhythmias. [230]. However,
these positive effects were only noticed in preclinical trials, and further investigation is
required in this field.

5. Diabetes

Experimental studies on both in vitro and animal models of DM indicates the higher
susceptibility of cardiomyocytes to IRI. Infarct size in animal models seems to be enlarged,
however some results are contradictory [231]. Moreover, DM is associated with significantly
higher mortality one year after ACS compared with non-DM patients, and this partially
results from more severe damage of the myocardium [232]. Clinical studies show that
the median infarct size is larger in diabetic patients and reperfusion is impaired [233,234].
Moreover, we observe the altered expression of the PI3K/Akt pathway in the diabetic heart.
Preclinical studies show that this may play a crucial role in cardiac susceptibility to IRI and
impaired cardioprotection in diabetic patients [235].

The cardiomyocytes of the adult rat are exposed to increased intracellular oxidative
stress and apoptosis in hyperglycemic and free fatty acid conditions. Treatment with ghre-
lin decreases the apoptosis rate by 25–44% and is associated with increased activation of
the PI3K/Akt pathway. This promotes phosphorylation of both Akt and ERK1/2 and the
nuclear translocation of NFκB, which promotes anti-apoptotic BCL-2 and Bcl-xL expres-
sion [236]. The antiapoptotic effect of ghrelin is reversed by treatment with wortmannin
(a PI3K inhibitor). Therefore, hyperglycemia impairs the antiapoptotic effect of PI3K/Akt
in cardiomyocytes and its promotion can protect cells. Activation of PI3K/Akt is also di-
minished in the hearts of Sprague Dawley rats with streptozotocin (STZ)-induced diabetes.
It decreases the expression of p308-Akt, p473-Akt, p136-BAD, Bcl-2, and the Bax/Bcl-2
ratio when compared with the non-diabetic group. Treatment with luteolin increases the
expression of fibroblast growth factor receptor 2 (FGFR2) and leukemia inhibitory factor
(LIF), which results in the activation of the PI3K/Akt pathway. It is associated with reduced
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cardiomyocyte apoptosis, diminished infarct size, and preserved cardiac function after
IRI [237]. Chen et al. showed that Sprague Dawley rats with DM induced by a high-fat diet
combined with low-dose STZ have a decreased level of Akt phosphorylation, and it is not
enhanced by IRI. In opposition, activity of the PI3K/Akt pathway significantly increases in
non-DM rats, which is connected with smaller infarct size and a lower apoptosis rate when
compared with the DM group after IRI. Inhibition of JNK activity can partially restore the
function of the PI3K/Akt pathway, which results in decreased apoptosis and improved
cardiac function in DM rats [238]. Using a similar model, An et al. showed that apelin
treatment can increase PI3K activity in DM rats and this leads to increased expression of
its downstream effector, impairing the Notch1/Hes1 pathway. This results in decreased
expression of iNOS and an enhanced eNOS level, alleviated cardiomyocyte apoptosis and
lower infarct size after IRI, and improved cardiac function 6 weeks after IRI [239]. The
impact of the PI3K/Akt signal on the Notch1/Hes1 pathway and its beneficial effect on the
diabetic myocardium after IRI was also presented by other researchers [240].

The impaired cardioprotective effect of the PI3K/Akt pathway in the diabetic heart also
results in non-efficient ischemic conditioning. Tsnag et al. showed that hearts of diabetic
Goto–Kakizaki (GK) rats require more cycles of preconditioning in order to experience a
significant reduction in the infarct size than non-diabetic Wistar rats [241]. Even though one
cycle of IC induces phosphorylation of Akt (Ser 473) compared with the control GK hearts
(24.7 ± 5.0 arbitrary units (AU) vs. 6.2 ± 0.9 AU, respectively; p < 0.05) it is not related with
a reduction in the infarct size. However, three cycles of IC induce higher levels of p-Akt
(42.4 ± 3.2 AU; p < 0.01) and results in decreased infarct size compared to the control hearts
(20.8± 2.6 vs. 46.6± 5.2%; p < 0.01). Inhibition of PI3K signaling with LY294002 reduced the
p-Akt level (20.8 ± 2.1 AU; p < 0.01) and abrogated the infarct size (44.9 ± 6.4%; p < 0.01).
In non-diabetic Wistar rats, one cycle was sufficient to reduce the infarct size and signifi-
cantly increase Akt phosphorylation (72.4 ± 7.5 and 74.2 ± 9.1 vs. 37.1 ± 5.7 AU, respec-
tively; p < 0.01). Therefore, the threshold for cardioprotection provided by activity of the
PI3K/Akt pathway is elevated in diabetic myocardium. DM inhibits preconditioning and
postconditioning, affecting PI3K/Akt on many levels [122,242]. For example, activation
of STAT3 is strongly reduced in STZ-induced diabetic rats, which results in the inhibition
of PI3K/Akt activity and decreased cardioprotection [243]. This effect may be caused by
high glucose-dependent oxidative stress, which abrogates remifentanil preconditioning
in STZ-induced diabetic rats [244]. DM decreases phosphorylation of Akt on ser473 and
STAT3 on Tyr705 and ser727, without influencing total Akt and total STAT3 expression
at baseline. Moreover, it can be restored by antioxidant treatment with N-acetyl cysteine
(NAC), by improving Akt and STAT3 activation, and by facilitating the cross talk between
the PI3K/Akt and JAK2/STAT3 signaling pathways, resulting in attenuated myocardial IRI
and post-MI LV dysfunction. Furthermore, sevoflurane postconditioning can be diminished
by the inactivation of T-LAK cell-originated protein kinase (TOPK). This protein kinase can
inactivate PTEN, thus inducing PI3K/Akt activity. Alteration of this pathway was observed
in STZ-induced diabetic mice and cardiac cells exposed to high glucose in vitro [245]. More-
over, selective inhibition of PTEN may preserve the cardioprotective effect of ischemic
postconditioning in STZ-induced diabetic rats [246]. Other studies indicate that impairment
of PI3K/Akt signaling results in decreased activity of its downstream effector, GSK-3β,
leading to ineffective cardioprotection [247,248].

Diabetes mellitus is also a strong predictor of post-MI HF development. Among
patients with first anterior MI, DM was associated with a greater risk of cardiovascular
death or rehospitalization for HF [249]. Other authors have also observed an increase in
the left atrial volume index (LAVi) as well as left atrial enlargement at 20-month follow-
up [250]. These studies indicate the long-term elevation in LV diastolic pressure post-MI
among diabetic patients, which may be caused by adverse remodeling and might mediate
the risk. DM is also an independent predictor of the higher risk of rehospitalization
of HF among patients who underwent PCI ((HR) 1.576, p = 0.010) [251]. In a study by
Akashi et al., DM was associated with a higher risk of major adverse cardiovascular
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events (MACEs) ((HR) 2.79, p = 0.017) and HF hospitalization ((HR) 3.62, p = 0.023) after
STEMI, and left ventricular remodeling at the baseline was an independent risk factor [252].
Moreover, Yang et al. showed that insulin resistance is also a strong predictor of post-MI
HF. They observed greater LV dilation after STEMI among patients with impaired fasting
glucose (IFG), impaired glucose tolerance (IGT), and high HOMA-IR levels, who underwent
primary percutaneous coronary intervention and were followed up for 12 months [253].
The mechanisms underlying the higher risk of HF after MI in diabetic patients remain
unknown. However, we can observe similar changes in animal studies, and the PI3K/Akt
pathway may be an important mediator.

Multiple studies show aggravated left ventricular remodeling and HF after MI in
experimental diabetes. Hyperglycemia increases the apoptosis rate of cardiomyocytes and
induces cardiac fibrosis, leading to left ventricular enlargement and dysfunction [254,255].
Moreover, Backlund et al. showed that the number of apoptotic cells in the border zone of
infarction as well as in the non-infarction site is significantly higher among diabetic rats at
12 weeks after MI. Moreover, Thakker et al. observed an altered inflammatory response
and healing process leading to adverse cardiac remodeling in diet-induced obesity and
insulin resistance after myocardial IRI [256].

Modification of the PI3K/Akt expression may play an important role in lower survival
rate, worse LV function, and aggravated myocardial fibrosis. Vahtola et al. showed that
pronounced cardiomyocyte hypertrophy, increased fibrosis, and cardiomyocyte apoptosis
in diabetic rats 12 weeks after MI were associated with decreased Akt activation and
increased nuclear localization of FOXO3a (forkhead box O3) [257]. These changes resulted
in the increased expression of PTEN and the inhibition of the cardioprotective properties
of the PI3K/Akt pathway. Moreover, Akt played a key role in mediating the cardiac
remodeling induced by EGFR stimulation in diabetic mice. This results in ROS generation
and cardiac damage which can be decreased by EGFR inhibitors [258].

It is not only the diabetic state and hyperglycemia that can impact the activity of the
PI3K/Akt pathway and influence the infarction size and post-infarction left ventricular
remodeling, but also common antidiabetic drugs can do so.

Metformin has cardioprotective effects which are mediated by many pathways includ-
ing PI3K/Akt. Bhamra et al. showed that rats receiving metformin had reduced infarct
size in comparison with the placebo group (35 +/– 2.7% vs. 62 +/– 3.0%, p < 0.05). This
protective effect was also observed in the animal model of DM (43 +/– 4.7% metformin
vs. 60 +/– 3.8% control, p < 0.05) [259]. The authors observed that it was accompanied
by a significant increase in Akt phosphorylation. Furthermore, the addition of the PI3K
inhibitor abolished the metformin-induced Akt phosphorylation and the protective ef-
fect [259]. Moreover, metformin can be effective in the treatment of diabetic cardiomyopa-
thy. In an animal study, administration of metformin significantly reduced the expression
of caspase-1 and nucleotide-binding domain, leucine-rich-containing family and pyrin
domain-containing-3 (NLRP3) inflammasome, which resulted in the inhibition of pyropto-
sis as a consequence. Moreover, this antidiabetic drug can inhibit the expression of mTOR
and reduce the activity of autophagy [260]. All this evidence shows that metformin has a
cardioprotective effect.

Insulin activates PI3K and Akt which provide cardioprotection via the subsequent acti-
vation of many eNOS, mTOR, and reduction in ROS production. Administration of insulin
stimulates eNOS to produce NO, one of the most important vasoprotective substances.
In addition, it was observed that wortmannin (a PI3K inhibitor) can abolish this positive
effect [261]. Another basic study showed that insulin can reduce apoptosis and necrosis by
suppressing ROS production, which was also mediated by the PI3K/Akt pathway [262].
Moreover, insulin can activate mTOR kinase, which may inhibit inflammation and fibrosis,
responsible for adverse left ventricular remodeling and hemodynamic dysfunction [263]. It
seems that activation of the PI3K/Akt pathway is one of the main targets of insulin and the
mechanism of the cardioprotective effect of this antidiabetic drug.
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SGLT2 inhibitors are primary antidiabetic drugs which caused a revolution in the
treatment of HF. The administration of these drugs significantly reduces mortality among
patients with HF, even without diabetes [264]. The mechanism of action is still not fully
understood. It seems that some of the positive effects can be mediated by the PI3K/Akt
pathway. Hasan et al. showed that SGLT2 inhibitors can attenuate oxidative stress induced
by isoprenaline by reducing inflammation [265]. They revealed that administration of
canagliflozin can reduce fibrosis of the Long–Evans rat heart. It was associated with dimin-
ished reduction in Akt phosphorylation by the SGLT2 inhibitor. The authors simultaneously
noted numerous changes in the expression of other proteins such as AMPK and eNOS. The
significance of the PI3K/Akt pathway in cardioprotection should be confirmed.

Additionally, the GLP-1 mimetics can attenuate adverse left ventricular remodeling.
Robinson et al. showed that the infusion of exendin-4 for 4 weeks after MI can improve
survival and protect against cardiac dysfunction [266]. A broad spectrum of its activities de-
creases cardiomyocyte apoptosis, attenuates fibrosis, and inhibits myocardial inflammation
by the modulation of the Akt/GSK3β pathway, among others.

To summarize, restoring the correct function of the PI3K/Akt pathway in the diabetic
heart is a potential target for diminishing infarct size and improving cardiac function after
IRI. The PI3K/Akt pathway may also play a significant role, and its dysregulation results
in adverse remodeling, leading to cardiac dysfunction. Pharmacological treatment may
improve the outcome for patients after MI, affecting the cardioprotection mediated by
this pathway. This could improve the outcome and reduce post-MI mortality in diabetic
patients.

6. MicroRNA

MicroRNAs are a short non-coding RNAs of about 22 nucleotides that can mediate
gene silencing by guiding Argonaute (AGO) protein to target sites in the 3′ untranslated
region of the mRNAs. MiRNAs can be secreted out of a cell and mediate cell communication
in a paracrine and endocrine manner. They can be transported to target cells by binding to
proteins, including AGO, or within extracellular vesicles t(EVs) [267]. Moreover, miRNA
levels in circulation differ in various pathological states, including myocardial infarction
and diabetes. This can be associated with the increased vulnerability of the heart to ischemic
injury or the adverse post-MI remodeling of the left ventricle [268]. Below, we present
miRNAs that can regulate cardiac cells’ metabolism and target the PI3K/Akt pathway
activity (Table 1), and describe the most interesting examples.

Expression of miR-21 is significantly increased in hearts subjected to IRI after 2 and
7 days of reperfusion compered to sham-treated hearts [269]. MiR-21 regulates activity of
the PI3K/Akt pathway by targeting the 3′-UTR of a PTEN mRNA. Its inhibition results
in elevated phosphorylation of Akt, which causes induction of matrix metalloprotease-2
(MMP-2) in cardiac fibroblasts in vitro [269]. MMP-2 is involved in the remodeling of the
extracellular matrix and may lead to the impaired ventricular contraction [270]. Moreover,
mir-21-induced activity of Akt signaling decreases the Bax/Bcl-2 ratio and expression of
caspase-3, which can inhibit apoptosis of human H9C2 cardiomyocytes and lead to a reduc-
tion in the infarct size in the SD rats IRI model [271,272]. Furthermore, miR-21 induces the
Akt/mTOR signaling pathway, which inhibits autophagic activity and alleviates apoptosis
of H9C2 cells [273].

Interestingly, inhibition of PTEN by miR-21 mediates the cardioprotective effect of
ischemic postconditioning and results in alleviated myocardial apoptosis, decreased infarct
size and improved left ventricle function in mice [274]. Loss of miR-21 reverses all these
beneficial effects and can also reverse the cardioprotective effect of isoflurane precondition-
ing, which is associated with increased phosphorylation of Akt and eNOS [275]. Moreover,
mir-21 can be also transported inside EVs and therefore be a potential MI regenerative
therapy target [276]. Interestingly, dysregulation of miR-21-5p within EVs from heart
failure patients causes loss of their beneficial effects and impairs their ability to promote
both angiogenesis and cardiomyocyte proliferation. In contrast, they exacerbate left ventri-
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cle remodeling and decrease LVEF in mice 3 weeks after intramyocardial injection [277].
Restoration of miR-21 expression in the EVs of HF patients rescues their cardioprotective
effect. Therefore, miR-21 plays an important role in regulation of the PI3K/Akt signal in
cardiomyocytes and may impact the heart’s ischemic injury and remodeling.

MiR-126 plays an important role in angiogenesis and vascular homeostasis. It targets
the 3′-UTR of Phosphoinositide-3-Kinase Regulatory Subunit 2 (PIK3R2), which is a gene
encoding regulatory subunit p85β. Its inhibition results in up-regulated activity of PI3K
and Akt signals. Song et al. reported that expression of miR-126 may be triggered by HIF-
1α in endothelial cells of post-MI hearts, which can affect hypoxia-induced tube formation
and angiogenic signaling. Adaptive exercise training seven days after MI induction can
improve myocardial angiogenesis and cardiac function, increasing LVSP, +dp/dt max,
and decreasing LVEDP compared with the MI SD rat group. This effect is associated
with increased expression of HIF-1α and miR-126, and reduced expression of PIK3R2
and Sprouty-related protein 1 (SPRED1). Moreover, all these results can be attenuated
by HIF-1a inhibitor. Further study on human umbilical vein endothelial cells (HUVECs)
suggests that miR-126 may be involved in tube formation under hypoxia through the
PI3K/AKT/eNOS pathway [278]. PIK3R2 is also a negative regulator of the VEGF pathway,
and its inhibition by miR-126 promotes the function of endothelial progenitor cells (EPC)
under hypoxic conditions. Overexpression of miR-126 enhances viability, migration and
tube-forming ability of EPCs, which can play important role in vascular integrity and repair
after MI [279].

Both obesity and diabetes downregulate miR-126 expression level (Table 1). Gomes et al.
showed that this is associated with decreased capillary density in skeletal muscles of obese
Zucker rats. Interestingly, exercise training restores miR-126 expression, and promotes
angiogenesis by decreasing PI3KR2 activity and inducing VEGF and eNOS. It results in
enhanced skeletal muscle capillary rarefaction [280]. Furthermore, miR-126 is downreg-
ulated in the EPCs from diabetic patients and impair their function by targeting SPRED1
and impairing Ras/ERK/VEGF and PI3K/Akt/eNOS signal pathways [281]. Moreover,
downregulation of miR-126 may result in increased apoptosis of vascular endothelial cells
and elevated myocardial susceptibility to IRI [282,283]. Therefore, miR-126 can play an
important role in regulation of PI3K/Akt signal transduction during myocardial infarction
and remodeling. It is a potential post-MI prognostic factor and target for miRNA-based
therapeutic interventions for DM complications. Interestingly, the circulating level of
miR-126 is downregulated in diabetic patients, what can be associated with the impaired
cardioprotective function of the PI3K/Akt pathway. Furthermore, the above effects on
angiogenesis may be also mediated by EVs-derived miR-126, and exosomes from miR-126-
overexpressing mesenchymal stem cells (MSCs) may be a promising therapeutic strategy
to promote angiogenesis and wound repair [284].

MiR-145 can also play a cardioprotective role, attenuating both myocardial ischemia–
reperfusion injury and post-infarct remodeling via targeting the PI3K/Akt pathway. It
inhibits cardiac cells’ apoptosis, ROS activity and increases cells’ viability under hypoxic
conditions in vitro. These effects are positively related to the activation of PI3K/Akt and
expression of SGK1 (serum- and glucocorticoid-regulated kinase (1)—a downstream effec-
tor of PI3K associated with cell survival [285]. Moreover, miR-145 promotes autophagy
and reduces the infarct size in AMI models in vivo via targeting FRS2 (fibroblast growth
factor receptor substrate (2) and activating the PI3K/Akt/mTOR pathway [286,287]. Ad-
ditionally, miR-145 can inhibit post-infarct remodeling. It reduces both LV systolic and
diastolic dimensions and improves ejection fraction and +dP/dt in rabbit MI model [286].
Moreover, it attenuates post-infarct fibrosis and prolonged action potential duration via
activation of Akt/CREB cascades, which leads to reduced response to β-adrenergic stim-
uli [288]. On the other hand, miR-145 has been shown to attenuate fibrosis and improve
cardiac function via suppressing the AKT/GSK-3β/β-catenin signaling pathway in fi-
broblasts [289]. Nevertheless, miR-145 seems to have beneficial effect on cardiac repair,
and its augmentation can be an attractive target for preventing both cardiac IRI and
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remodeling after MI. A study on 246 patients with first STEMI who underwent success-
ful PCI showed that circulating miR-145 on day 5 post-MI is independently associated
with MACE (HR 7.174, 95% CI 4.208–12.229 [p < 0.0001] and cardiac death (HR 5.628,
95% CI 1.990–15.911 [p = 0.0012]) during the one-year follow-up period [290]. Moreover,
miR-145 levels peak at day 1 post-AMI, which negatively correlates with the EF (Spearman
ρ = 0.65, p < 0.0001) [291].

Table 1. A list of microRNAs which can impair PI3K/Akt signal activity and potential mechanisms
of their impact on ischemia–reperfusion injury and post-infarction remodeling.

miRNA DM2 Ref. The Potential Regulatory Mechanism

miR-19 - -
MiR-19a protects H9C2 cardiomyocytes against H/R-induced apoptosis by

inhibiting PTEN [292]; MiR-19b promotes NRCFs proliferation and
migration by targeting PTEN [293].

miR-21 up * [294–297]

Targets PTEN expression and promotes adverse ventricular remodeling by
induction of MMP-2 in cardiac fibroblasts [269], alleviates cardiomyocytes
apoptosis and reduces infarct size through decreasing Bax/Bcl-2 ratio and

caspase-3 expression [271], decreases cardiomyocytes autophagy [273].

miR-34 up [294]

Inhibition of miR-34a attenuates MI-induced LV remodeling in mice and
induces Akt phosphorylation [298]; activates PI3K/AKT pathways via

up-regulating ZEB1 in cardiomyocytes and attenuates hypoxia-induced
injury [299]; protects H9C2 cardiomyocytes from

high-glucose-induced injury [300].

miR-122 up [295,301]
Aggravates oxygen–glucose deprivation and reperfusion apoptosis of

H9C2 cardiomyocytes inhibiting AKT/GSK-3β/β-catenin and
AKT/mTOR pathway signaling [302,303];

miR-126 down [295,304–308]

Targets PIK3R2 and SPRED1 expression, resulting in elevated activity of
the PI3K/Akt signal and improved angiogenesis, left ventricle function

after MI, and alleviated apoptosis of both endothelial cells and
cardiomyocytes [278–284]

miR-130 up [295,309,310] Attenuates LV dysfunction and remodeling after MI targeting PTEN and
increasing activity of Akt [311]

miR-145 down [312]

Inhibits cardiac cells apoptosis and ROC activity by enhancing the
PI3K/Akt and SGK1 activity [285], promotes autophagy and reduces

myocardial infarct size targeting FRS2 and inducing PI3K/Akt/mTOR
activity [286,287], attenuates fibrosis via activation of the Akt/CREB and

suppression of the AKT/GSK-3β/β-catenin pathways [288,289].

miR-155 up [313,314]

Targets IKKi expression decreasing its cardioprotective role in activating
Akt and NF-κB, independent of the PI3K, and enhances cardiac

hypertrophy [315], inhibits the AKT/CREB pathway signal and impairs
the left ventricle function [316].

miR-223 up [310,317,318]

Inhibits angiogenic function of CMECs by decreasing the PI3K/Akt signal
activity [319], regulates cardiac hypertrophy by modulating the p-Akt

activation [320], and mediates cardiac fibrosis after MI targeting RASA1
expression, which promotes MEK1/2, ERK1/2 and

AKT phosphorylation [321].

miR-320 up [295,306] Increases vulnerability of cardiomyocytes to hypoxia/reoxygenation injury
targeting expression of Akt3 [322].

miR-375 up [323,324]

Exacerbates inflammation and cardiomyocyte apoptosis, decreases
angiogenesis and impairs the LV function after MI by a reduction in PDK-1

expression, which results in decreased Akt
Thr-308 phosphorylation [325,326].

(DM—diabetes mellitus, *—indicates a contradictory finding where the miRNA was found to be down-
regulated in at least one study). Akt—protein kinase B, Bax—Bcl-2-associated X protein, Bcl-2—B-cell
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lymphoma 2, CMECs—cardiac microvascular endothelial cells, CREB—cAMP response element-binding pro-

tein, ERK1/2—extracellular signal-regulated kinase1/2, FRS2—fibroblast growth factor receptor substrate 2,

GSK-3β—glycogen synthase kinase 3 β, LV—left ventricle, MEK1/2—mitogen-activated protein kinase ki-

nase1/2, MI—myocardial infarction, MMP-2—metalloproteinase 2, mTOR—mammalian target of rapamycin,

NF-κB—nuclear factor κ-light-chain-enhancer of activated B cells, NRCFs—neonatal rat cardiac fibroblasts,

IKKi—inducible IkB kinase, H/R—hypoxia/reoxigenation, p-Akt—phosphorylated Akt, PDK-1—phosphoinositide-

dependent kinase-1, PI3K—phosphoinositide 3-kinase, PIK3R2—phosphoinositide 3-kinase regulatory subunit 2,

PTEN—phosphatase and tensin homolog, RASA1—Ras p21 protein activator 1, ROC—Ras of complex proteins,

SGK1—serum and glucocorticoid-regulated kinase 1, SPRED1—Sprouty-related EVH1 domain containing 1,

Thr-308—threonine 308, ZEB1—zinc finger E-box binding homeobox 1.

MiRNAs may play and important role in the modulation of PI3K/Akt activity in the
heart. They may serve as potential biomarkers and prognostic factors of the infarct size
and adverse post-MI remodeling. Moreover, miRNAs can mediate the effect of DM on the
impaired PI3K/Akt signaling in the heart.

7. Further Perspectives

The PI3K/Akt pathway plays an important role in the survival and function of car-
diomyocytes. It seems that this pathway may be an ideal target to protect the myocardium
against most of the post-infarct changes described above. In addition, PI3K and other
components of the described pathway are among the essential links in the inflammatory
response after ischemia. Substances activating this pathway (e.g., SC79) are at an advanced
stage of development in basic research, but still the results are not conclusive [327–329].
It seems that these drugs can be useful in patients after MI and may reduce the risk of
post-infarct HF. However, there are no sufficient in vivo analyses or clinical trials to test the
safety and clinical efficacy of these drugs. Moreover, this therapy may potentially promote
carcinogenesis or stimulate the growth of pre-existing undetected tumors, and this has to
be checked in clinical trials [330]. Due to this, there is still a long way before activators of
the PI3K/Akt pathway can be introduced into clinical practice.

Besides the activators of this pathway, substances which inhibit (e.g., LY294002) its
activation are under investigation for oncology [44]. Taking into consideration all of the
facts mentioned above, it seems that this drug can have a potential cardiotoxic effect. It can
increase the risk of MI and post-infarct HF, but this has to be checked.

8. Conclusions

The PI3K/Akt pathway regulates the metabolism of cardiac cells on multiple levels,
and plays an important role in the pathophysiology of myocardial infarction and the post-
infarction remodeling of the left ventricle. The activation of this pathway is responsible for
the cardioprotective effect of many drugs such as statins and ACEI, prescribed for patients
with high cardiovascular risk or after MI. Moreover, altered activity of the PI3K/Akt
pathway during diabetes may be responsible for the greater risk of death or post-MI
HF development in this group of patients. The results of thebasic studies show that the
modulation of this pathway by selective inhibitors or miRNA can influence both ischemic
damage and post-infarction LV remodeling. Akt seems to be a key component of this
signal transduction and is responsible for most of the positive effects of its activation in
cardiomyocytes. There is still a long way to go before introducing drugs based on the
activation or inhibition of this pathway, but this may bring significant clinical benefits.
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Abstract: Astrocytes are a main target of JC polyomavirus (JCPyV) in the central nervous system
(CNS), where the destruction of these cells, along with oligodendrocytes, leads to the fatal disease
progressive multifocal leukoencephalopathy (PML). There is no cure currently available for PML, so
it is essential to discover antivirals for this aggressive disease. Additionally, the lack of a tractable
in vivo models for studying JCPyV infection makes primary cells an accurate alternative for eluci-
dating mechanisms of viral infection in the CNS. This research to better understand the signaling
pathways activated in response to JCPyV infection reveals and establishes the importance of the
PI3K/AKT/mTOR signaling pathway in JCPyV infection in primary human astrocytes compared
to transformed cell lines. Using RNA sequencing and chemical inhibitors to target PI3K, AKT,
and mTOR, we have demonstrated the importance of this signaling pathway in JCPyV infection
of primary astrocytes not observed in transformed cells. Collectively, these findings illuminate the
potential for repurposing drugs that are involved with inhibition of the PI3K/AKT/mTOR signaling
pathway and cancer treatment as potential therapeutics for PML, caused by this neuroinvasive virus.

Keywords: JC polyomavirus; PML; astrocytes; SVGA cells; primary cells; PI3K; AKT; mTOR;
rapamycin; wortmannin

1. Introduction

JC polyomavirus (JCPyV) is a human-specific pathogen and is the causative agent
of a fatal disease in the central nervous system (CNS) known as progressive multifocal
leukoencephalopathy (PML) [1–4]. The virus is present in ~60 to 80% of the adult pop-
ulation, where initial infection is thought to occur in tonsillar tissue [5–8], allowing for
secondary infections in circulating B cells, bone marrow, and kidneys [7]. In nearly all
infected individuals, JCPyV is characterized as a persistent, asymptomatic infection, and
the virus is periodically shed in the urine [5–7,9–11]. However, during immunosuppression,
JCPyV can reactivate and spread to the CNS [9,12,13], causing the fatal, demyelinating
disease PML [1–4]. Due to the immunosuppressive state associated with HIV infection,
a large proportion of individuals diagnosed with PML are infected with HIV; however,
due to more effective treatments related to HIV/AIDS, PML incidence is decreasing in this
population [14–16]. Unfortunately, new risk groups are emerging, with a higher proportion
of PML cases diagnosed in patients with hematological malignancies and in patients taking
immunomodulatory therapies for immune-mediated diseases [16]. Specifically, individ-
uals with multiple sclerosis (MS) undergoing natalizumab treatment are significantly at
risk for PML development [16–19]. Current treatment for PML is focused on removal of
immunosuppressive therapies or treatment of the underlying immunosuppression [19–22].
Additional treatment options, including adoptive T cell transfer and checkpoint inhibitors,
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prolong life expectancy; however, these treatments are still relatively new, only address the
underlying immunosuppression and can result in severe morbidity [19,20,23–25].

In the CNS, astrocytes are a main target during JCPyV infection [26]. The lytic destruc-
tion of these cells, along with JCPyV infection of oligodendrocytes, leads to PML [1–4].
Once a cell becomes infected, JCPyV hijacks the host cell machinery to produce viral
proteins, including Large T Antigen (T Ag), to create a favorable environment for JCPyV
DNA replication; this occurs through the binding of T Ag to retinoblastoma (Rb) and
sequestering p53 [27,28]. As transformation ensues and viral DNA replication progresses,
the late gene expression of JCPyV occurs [28,29]. Here, viral proteins (VP) 1, 2, and 3 are
transcribed and translated to encapsidate the viral DNA [30], before subsequent release of
the newly formed virions into the surrounding environment.

Initial studies were performed to better understand JCPyV infection in astrocytes, and
the infectious cycle was compared to infection in SVG-A cells (SVGAs) [31]. SVGAs are a
mixed population of glial cells, mostly comprised of astrocytes, immortalized with SV40 T
Ag to support robust levels of JCPyV infection [32–34]. Our previous research demonstrated
that the infectious cycle was delayed in primary normal human astrocytes (NHAs) [31].
This delay was most likely the consequence of SV40 T Ag, as the immortalization of NHAs
with this protein (referred to as NHA-Ts) resulted in levels of infection comparable to that
observed in SVGAs [31]. In addition, differences in JCPyV infection between cell types was
attributed to variation in cyclin expression [31]. Cyclins are commonly used as markers for
the cell cycle [26,35–37], and it was demonstrated that JCPyV infection was able to drive
the cell into S phase by the accumulation of cyclin E in the nucleus of NHAs [31]. The S
phase is needed for successful DNA viral replication [28]. However, as the infectious cycle
ensued, cyclin B1, a marker of the G2/M phase, accumulated in the cytoplasm of NHAs,
allowing for productive viral infection; this accumulation of cyclin B1 was not observed
during infection of immortalized cells at the same time points [31].

SV40 T Ag is known to dysregulate the cell cycle and activate cellular pathways
that can potentially confound mechanisms during JCPyV infection [28,38]. One of these
pathways is the AKT signaling pathway, important in cell growth and survival [39–45].
Previous research has demonstrated that SV40 T Ag can inhibit apoptosis in ts13 cells
by activating the AKT signaling pathway and can directly phosphorylate AKT in U2OS
cells [46,47]. In relation to this, our understanding of the AKT signaling pathway during
JCPyV infection is limited. Currently, it has been shown that a component of the AKT
pathway, specifically phosphoinositide 3-kinase γ (PI3Kγ), is involved in JCPyV infection
in cells immortalized with SV40 T Ag, such as SVGAs; the authors hypothesize that this
pathway was activated upon stimulation of G protein-coupled receptors (GPCRs) [48].
However, PI3K signaling is complex and is activated by various mechanisms, including Ras,
a component of the mitogen-activated protein kinase (MAPK) pathway, and has numerous
isoforms defined by their catalytic and regulatory subunits [49]. As a result of SV40 T Ag
activating AKT, and being able to influence other pathways, it is unclear if the previously
identified PI3K/AKT signaling pathway was due to the immortalization of cells by SV40 T
Ag or by JCPyV infection. Additionally, genes downstream of AKT, such as mechanistic
target of rapamycin (mTOR), have also been implicated in JCPyV infection [50]. Overall,
these experiments demonstrated the importance of PI3Kγ and mTOR [48,50], but due to
the consequences of immortalization, additional research should elucidate these proteins
in a primary cell line.

There have been many advances in understanding the PI3K/AKT/mTOR signaling
pathway, as this pathway is frequently altered in human cancer [51]. As a result, there have
been numerous chemical inhibitors developed targeting the PI3K/AKT/mTOR signaling
pathway, some of which are in clinical trials or are already FDA approved [52]. This includes
MK2206, an AKT inhibitor [53], and rapamycin, also known clinically as sirolimus (the
generic drug name), an mTOR inhibitor, that has been FDA-approved for decades and used
to prevent organ transplant rejection and to protect coronary stents [54–56]. Additionally,
a clinical study has demonstrated that mTOR inhibitors, such as rapamycin, can cross
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the blood–brain barrier (BBB), providing a premise for the treatment of neurological
disorders [57,58].

Along with the diverse drugs targeting this pathway and their ability to traverse the
BBB, they have also been implicated in JCPyV infection, contributing to a framework for
future PML therapeutics. MK2206 has been demonstrated to reduce JCPyV DNA replica-
tion in an oligodendrocyte cell line [59]; however, mTOR inhibitors, such as rapamycin,
increased expression of JCPyV T Ag in an immortalized kidney cell line—human embry-
onic kidney (HEK) 293 cells [50]. Due to these recent findings, the lack of an effective
treatment for PML, and observed differences in JCPyV infection in immortalized cells,
components of the PI3K/AKT/mTOR signaling pathway were analyzed through RNA
sequencing (RNA-seq) analysis, and chemical inhibitors that target this signaling pathway
were examined for their capacity to reduce JCPyV infection. These studies were conducted
in primary human astrocytes (i.e., NHAs) and compared to cell types immortalized with
SV40 T Ag, SVGAs, and NHA-Ts, to determine whether transformation of cells with T Ag
yielded differing outcomes in activation of the PI3K/AKT/mTOR pathway and the JCPyV
infectious cycle. This study also further characterizes the mechanisms of JCPyV infection
of NHAs and describes how additional cellular pathways are possibly intertwined, such as
pathways that are required to transform the cell, to support viral infection.

2. Materials and Methods
2.1. Cells and Viruses

The maintenance of primary normal human astrocytes (i.e., NHAs) has been pre-
viously described [31]. In brief, NHAs were purchased from Lonza Walkersville Inc.
(Walkersville, MD, USA), where they were isolated from a 19-week-gestation female with
no detected levels of HIV, hepatitis B virus (HBV), or hepatitis C virus (HCV). They were
cultured according to the manufacturer’s guidelines in astrocyte growth medium and
supplemented with SingleQuots supplements (Lonza Walkersville Inc. (Walkersville, MD,
USA)) and 1% penicillin-streptomycin (P-S) (Corning, Corning, NY, USA). All experiments
were performed at low passages (P2 to P10). SVGAs were graciously provided by the At-
wood Laboratory (Brown University). They were cultured in complete minimum essential
medium (MEM) (Corning, Corning, NY, USA), with 10% fetal bovine serum (FBS) (Atlanta
Biologicals, Bio-Techne, Flowery Branch, GA, USA), 1% P-S, and 0.1% Plasmocin prophylac-
tic (InvivoGen, San Diego, CA, USA). All cell types were grown in a humidified incubator
at 37 ◦C with 5% CO2. The generation of NHA-Ts has been previously described [31]; they
were cultured similarly to SVGAs, however, 16% FBS was used. The expression of SV40
T Ag in NHA-Ts was consistently monitored using epifluorescence microscopy staining
for SV40 T Ag (Table 1 below). All cell types were grown in a humidified incubator at
37 ◦C with 5% CO2. JCPyV strains were provided by the Atwood Laboratory (Brown
University, Providence, RI, USA). The generation and production of the lysate viral strains
of Mad-1/SVE∆ have been described previously [60].

Table 1. Antibodies used in immunofluorescence and ICW assays.

Protein 1◦ Antibody (Dilution, Source) 2◦ Antibody (Dilution, Manufacturer)

JCPyV T Ag
PAB962 (1:5, hybridoma, Tevethia Lab,

Penn State University, State College, PA,
USA)

anti-mouse Alexa Fluor 594 (1:1000,
Thermo Fisher Scientific (Waltham, MA,

USA))
JCPyV VP1 Ab34756 (1:1000, Abcam)

pERK (P-p44/42 MAPK at T202/Y204) 9101S (1:750, CST)

anti-rabbit IRDye 800CW (1:10,000,
LI-COR, Lincoln, NE, USA)

pAKT (S473) 4060S (1:400, CST)

pmTOR (S2448) 44-1125G (1:1000, Invitrogen, Waltham,
MA, USA)

CST, Cell Signaling Technology; ICW, In-Cell Western assay
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2.2. JCPyV Infection

All cell types were seeded in 96-well plates with ~10,400 cells/well, for 70% confluency
at the time of infection. Cells were infected at 37 ◦C for 1 h with 42 µL/well of MEM
containing 10% FBS, 1% P-S, and 0.1% Plasmocin prophylactic, across all cell types. The
multiplicities of infection (MOIs) are indicated in the figure legend. Following the 1 h
incubation, cells were fed with 100 µL/well of medium and incubated at 37 ◦C for the
duration of the infection. Cells were fixed at timepoints indicated in the legends and either
stained for indirect immunofluorescence to determine % infection or stained for ICW to
measure protein expression.

2.3. Chemical Inhibitor Treatments

All chemical inhibitors were reconstituted in DMSO. Inhibitors that targeted the
PI3K/AKT/mTOR signaling pathway were used to pretreat cells for 30 min, while U0126
pretreatment was for 1 h. The concentrations of chemical inhibitors are indicated in the
figure legends. All chemical inhibitors were diluted in MEM containing 10% FBS, 1%
P-S, and 0.1% Plasmocin prophylactic, prior to JCPyV infection. Following the 1 h viral
incubation, all cell types were fed with 100 µL/well of media containing the chemical
inhibitor or the DMSO control. For experiments that quantified protein expression, all
chemical inhibitors were diluted in incomplete MEM (0% FBS), and cells were treated
for 24 h and then fixed in 4% PFA for subsequent analysis. U0126 was purchased from
Cell Signaling Technology (Danvers, MA, USA), (#9903S), wortmannin was purchased
from Sigma (St. Louis, MO, USA) (#W1628), rapamycin was purchased from Frontier
Scientific (Logan, UT, USA (#JK948477), and MK2206 and PP242 was purchased from Sell-
eckchem (Houston, TX, USA) (#S1078 and #S2218). The concentrations of all the chemical
inhibitors utilized did not affect cell viability as measured by 4,5-dimethylthiazol-2-yl)-
5-(3A-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (Promega,
Madison, WI, USA) (data not shown).

2.4. Indirect Immunofluorescence Staining and Quantitation of JCPyV Infection

Following JCPyV infection, all cell types were stained for T Ag or VP1 (Table 1) at
RT. When quantifying for JCPyV T Ag, NHAs, SVGAs and NHA-Ts were fixed at 48 hpi,
and when quantifying for both viral proteins, cells were fixed at 72 hpi and stained for
both JCPyV T Ag and VP1. Cells were fixed with 4% PFA for 10 min and washed with 1 X
phosphate-buffered saline (PBS) with 0.01% Tween. NHAs, SVGAs, and NHA-Ts were
then permeabilized using PBS-0.5% Triton X-100 for 15 min and blocked with PBS with
0.01% Tween and 10% goat serum for 45 min. Cells were then stained for T Ag or both
viral proteins using the antibodies listed in Table 1 at RT for 1 h. Following the 1◦ antibody
incubation, all cell types were washed three times in PBS-0.01% Tween and counterstained
with an anti-mouse Alexa Fluor 594 2◦ antibody at RT for 1 h. Cells were then washed with
PBS-0.01% Tween and the nuclei were stained using DAPI (4′,6-diamidino-2-phenylindole)
at RT for 5 min. Finally, cells were washed with PBS-0.01% Tween and stored in PBS-
0.01% Tween.

To quantify infectivity and nuclear expression of viral protein, T Ag or VP1 over the
total number of DAPI-positive cells (percent infection), a Nikon Eclipse Ti epifluorescence
microscope (Micro Video Instruments, Inc., Avon, MA, USA) equipped with a 20× objective
was used. T Ag- or VP1-expressing cells were counted manually; however, the DAPI-
positive cells were determined using a binary algorithm in Nikon NIS-Elements Basic
Research software (Micro Video Instruments, Inc.) (version 4.50.00, 64 bit). This algorithm
separated cells based on three variables: intensity, diameter, and circularity, resulting in an
accurate measurement of the total number of cells in each field of view [31,61–64].

2.5. ICW Assay to Measure Protein Expression Using LI-COR Software

Protein expression measuring phosphorylated ERK, phosphorylated AKT, and phos-
phorylated mTOR were performed at 24 h post-treatment using an ICW assay [64,65]. Cells
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were plated in a 96-well plate at ~100% confluency and treated with the various chemical
inhibitors for 24 h. Following treatment of the inhibitors, cells were fixed in 4% PFA and
washed with PBS-0.01% Tween. Cells were then permeabilized with 1× PBS-0.5% Triton
X-100 at RT for 15 min and blocked with Tris-buffered saline (TBS) Odyssey buffer (LI-COR)
at RT for 1 h. All cell types were stained with the respective 1◦ antibody (Table 1) in TBS
Odyssey blocking buffer at 4 ◦C for ~16 h while rocking. The following day, the 1◦ antibody
was removed, and the cells were washed twice with PBS-0.01% Tween. NHAs, SVGAs, and
NHA-Ts were then counterstained with 2◦ antibody, as indicated in Table 1 and CellTag
(1:500, LI-COR) for 1 h. Finally, cells were washed with PBS-0.01% Tween and the wells
were aspirated. Prior to scanning, the bottom of the plate was cleaned with 70% ethanol
and the lid was removed. Plates were weighted with a silicone mat (LI-COR) and imaged
using the LI-COR Odyssey CLx infrared imaging system (LI-COR) to detect both the 700
and 800 nm intensities. The imaging settings for the LI-COR were as follows: medium
quality, 42 µm resolution, with a 3.0 mm focus offset; when the scan was complete, the
700 and 800 nm channels were aligned and the ICW analysis was performed in Image
Studio (version 5.2) (LI-COR). Protein quantification was determined in two steps. First,
background fluorescence from the 800 nm channel (wells that only received 2◦ antibody)
were subtracted to the 800 nm channel, in which the protein of interest was being quantified.
Next, the ratio was determined using this new value (protein of interest), normalized to
the 700 nm channel (CellTag) or the overall number of cells in each well [61,65,66].

2.6. RNA-seq and Pathway Analysis

RNA-seq data is available under the accession number: GSE183322. The read counts were gen-
erated as previously described [66] and analyzed using RStudio (version 1.2.1335, Boston, MA, USA)
and R/edgeR (version 3.30.3) http://bioconductor.org/packages/release/bioc/html/edgeR.html)
(accessed on 1 June 2021) [67]. Genes expressed were mapped to the PI3K/AKT signaling
pathway from KEGG (https://www.kegg.jp) (accessed on 1 June 2021) [68–70] by obtaining
the gene symbols and then converting them to Ensembl Gene IDs using EnsemblBioMart
(Ensembl version 103, https://www.ensembl.org) (accessed on 1 June 2021) [71]. The
Ensembl Gene IDs were matched to the RNA-seq data to acquire the genes expressed in
the PI3K/AKT signaling pathway. The list of expressed PI3K/AKT genes was then merged
with the results of the R/edgeR analysis [66] and subdivided based on an unadjusted p
value of less than 0.10. Venn diagrams showing the overlap between the differentially
expressed genes for each cell type and timepoint were created using the R package, eu-
lerr (version 6.1.0, https://cran.r-project.org/web/packages/eulerr/) (accessed on 1 June
2021) [72].

2.7. Statistical Analysis and Graphing in RStudio

A two-sample Student’s t test assuming unequal variances was used to compare
the mean values for at least triplicate samples when the data was normally distributed.
Non-normal distribution of data was determined by both the Shapiro–Wilk’s test and a
quantile-quantile (Q-Q plot) in R. Statistical analyses were performed using the Wilcoxon
signed rank test, to compare the median values for two populations, or the Kruskal–Wallis
test to compare the median values of more than two populations. If the Kruskal–Wallis test
determined a significant result with at least two groups, then the pairwise Wilcoxon rank
sum test, along with the Bonferroni adjustment, was used to determine the pairs of groups
that were statistically different. The Student’s t test was determined in Microsoft Excel
(version 2110, Microsoft, Redmond, WA, USA), and all other statistical tests were performed
using R. Statistical analyses for the RNA-seq data was performed using R/edge R (version
3.30.3, http://bioconductor.org/packages/release/bioc/html/edgeR.html) (accessed on 1
June 2021) [67].
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3. Results
3.1. U0126, a Common MEK Inhibitor, Does Not Reduce JCPyV Infection in Primary Astrocytes

In addition to the PI3K/AKT/mTOR signaling pathway implicated in JCPyV infec-
tion [48,50,59], the mitogen-activated protein kinase, extracellular signal-regulated kinase
(MAPK/ERK) pathway is required for JCPyV infection [61,73,74]. This pathway is tem-
porally regulated, specifically being phosphorylated upon JCPyV infection, and infection
of immortalized cells is significantly reduced when cells are treated with ERK siRNAs or
inhibitors [61,66,73,74]. The MAPK/ERK pathway overlaps with the PI3K/AKT/mTOR
pathway and both pathways have important roles in cell survival and differentiation [39,75].
To determine if inhibiting the phosphorylation of ERK decreases JCPyV in primary astro-
cytes, a well-known MEK inhibitor, U0126, was tested for its effects on JCPyV infection.
NHAs, SVGAs, and NHA-Ts were treated with U0126 at 10 µM or the DMSO vehicle
control (vehicle control), and subsequently infected with JCPyV (Figure 1A). U0126 did not
decrease infection in NHAs at 48 hpi compared to SVGAs and NHA-Ts (Figure 1A, top).
As a negative control, all cell types were infected with SV40, which does not require MEK
for infection [76,77], and U0126 did not influence SV40 infection in any cell type (Figure
1A, bottom). To confirm the inhibitory effect of U0126 in NHAs, SVGAs, and NHA-Ts,
ERK phosphorylation following treatment of the MEK inhibitor for 1 h was evaluated by
In-Cell Western (ICW; Figure 1B). U0126 nearly abolished ERK phosphorylation in all three
cell types (Figure 1C). PMA, an ERK activator, was used as a control to further determine
the specificity of the MEK inhibitor. All cell types were treated with U0126 for 1 h, treated
with PMA for 5 min, and ERK phosphorylation was nearly reduced to comparable levels
to cells treated with U0126 alone (Figure 1C). Together, these data suggest that although
elevated levels of ERK phosphorylation promote JCPyV infection [66], inhibition of ERK
phosphorylation does not decrease JCPyV infection in primary astrocytes when compared
to cells immortalized with SV40 T Ag. Thus, these data suggest that the mechanisms of
MAPK cell signaling activation utilized in JCPyV infection of NHAs differs from those in
SVGAs and NHA-Ts.
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Figure 1. MEK inhibitor U0126 does not decrease JCPyV infection in NHAs. (A) NHAs, SVGAs, and NHA-Ts were pre-
treated with the MEK inhibitor U0126 at 10 μM or DMSO at an equivalent volume control and then infected with JCPyV 
(MOI = 2.0 FFU/cell; A, top) or SV40 (MOI = 2.0 FFU/cell; A, bottom) at 37 °C for 1 h. Cells were incubated in media con-
taining DMSO or U0126 for 48 h and then fixed and stained by indirect immunofluorescence. Percent infection was de-
termined by counting the number of JCPyV T Ag- or SV40 VP1-positive nuclei divided by the number of DAPI-positive 
nuclei for five ×20 fields of view for triplicate samples. Data is representative of three individual experiments. Error bars 
indicate SD. Student’s t test was used to determine statistical significance comparing DMSO to U0126, with each cell type 
and viral protein. *, p < 0.01. (B) NHAs, SVGAs, and NHA-Ts were pretreated with DMSO or U0126 for 1 h in addition to 
PMA (40 nM) treatment of the indicated wells for the final 5 min at 37 °C. Cells were fixed and stained for pERK (green) 
or CellTag (red). (C) Percentage of pERK for each treatment was quantitated by In-Cell Western signal intensity values 
per [(pERK)/Cell Tag × 100% = % response] within each ICW analysis with LI-COR software (representative image shown 
in B). Density ridgeline plots represent the distribution of samples (individual points) with the lower quartile, median 
and upper quartile denoted as black lines in each distribution. Colored points represent individual points for each 
treatment (3 replicates, performed in triplicate). A Kruskal–Wallis test, along with the Bonferroni adjustment, was used to 
compare treatments in each cell type; however, only significance with the DMSO treatment versus other treatments are 
illustrated. *, p < 0.01. Data are representative of three independent experiments performed in triplicate. 
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they work together to induce cellular transformation and survival [39,75]. Research has 
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creased AKT activity in various cell types [79–81]. To determine if U0126 influences AKT 
phosphorylation, NHAs, SVGAs, and NHA-Ts were treated with U0126 and AKT 
phosphorylation was measured (Figure 2). Cells were serum-starved and treated with 
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Figure 1. MEK inhibitor U0126 does not decrease JCPyV infection in NHAs. (A) NHAs, SVGAs, and NHA-Ts were
pretreated with the MEK inhibitor U0126 at 10 µM or DMSO at an equivalent volume control and then infected with JCPyV
(MOI = 2.0 FFU/cell; A, top) or SV40 (MOI = 2.0 FFU/cell; A, bottom) at 37 ◦C for 1 h. Cells were incubated in media
containing DMSO or U0126 for 48 h and then fixed and stained by indirect immunofluorescence. Percent infection was
determined by counting the number of JCPyV T Ag- or SV40 VP1-positive nuclei divided by the number of DAPI-positive
nuclei for five ×20 fields of view for triplicate samples. Data is representative of three individual experiments. Error bars
indicate SD. Student’s t test was used to determine statistical significance comparing DMSO to U0126, with each cell type
and viral protein. *, p < 0.01. (B) NHAs, SVGAs, and NHA-Ts were pretreated with DMSO or U0126 for 1 h in addition to
PMA (40 nM) treatment of the indicated wells for the final 5 min at 37 ◦C. Cells were fixed and stained for pERK (green) or
CellTag (red). (C) Percentage of pERK for each treatment was quantitated by In-Cell Western signal intensity values per
[(pERK)/Cell Tag × 100% = % response] within each ICW analysis with LI-COR software (representative image shown
in B). Density ridgeline plots represent the distribution of samples (individual points) with the lower quartile, median and
upper quartile denoted as black lines in each distribution. Colored points represent individual points for each treatment
(3 replicates, performed in triplicate). A Kruskal–Wallis test, along with the Bonferroni adjustment, was used to compare
treatments in each cell type; however, only significance with the DMSO treatment versus other treatments are illustrated.
*, p < 0.01. Data are representative of three independent experiments performed in triplicate.

3.2. AKT Phosphorylation Is Moderately Increased in NHAs during U0126 Treatment Compared
to SVGAs and NHA-Ts

The ERK signaling cascade can interact with the AKT signaling pathway [78] and
they work together to induce cellular transformation and survival [39,75]. Research has
demonstrated that treatment of cells with MEK inhibitors, such as U0126, results in in-
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creased AKT activity in various cell types [79–81]. To determine if U0126 influences AKT
phosphorylation, NHAs, SVGAs, and NHA-Ts were treated with U0126 and AKT phos-
phorylation was measured (Figure 2). Cells were serum-starved and treated with U0126
(10 µM) or the vehicle control for 24 h, and both ERK and AKT phosphorylation were
measured by ICW (Figure 2A). U0126 increased AKT phosphorylation in NHAs, albeit
by ~20%, while AKT phosphorylation was not altered in SVGAs and NHA-Ts (Figure 2B).
This experiment demonstrated that the crosstalk between the AKT signaling pathway and
the ERK signaling cascade occurs in primary astrocytes. Additionally, it provides a premise
for explaining why U0126 did not decrease JCPyV infection in NHAs; U0126 inhibits ERK
phosphorylation, suggesting that the virus may also hijack the AKT signaling pathway to
support viral replication.
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Figure 2. U0126 increases AKT phosphorylation in NHAs. (A) NHAs, SVGAs, and NHA-Ts were treated with DMSO or
U0126 (10 µM) at 37 ◦C for 24 h. Cells were fixed and stained for pERK or pAKT (green) or CellTag (red). Entire wells of
a 96-well plate are shown (B) Percentage of pERK and pAKT for each cell type was quantitated by ICW signal intensity
values per [(pERK or pAKT)/Cell Tag × 100% = % response] within each ICW analysis with LI-COR software. Box and
whisker plots represent the distribution of samples (individual points), with the lower quartile, median and upper quartile
denoted as black lines. Colored points represent individual points for each cell type (3 replicates, performed in triplicate),
and outliers are represented by black circles. The dashed line indicates the normalized DMSO % response of pERK and
pAKT. A Wilcoxon rank sum exact test was used to compare treatments in each cell type. Data are representative of three
independent experiments performed in triplicate. *, p < 0.05.
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3.3. PI3K/AKT Signaling Pathway Genes Are Upregulated during JCPyV Infection in NHAs

Previous research has demonstrated that the PI3K/AKT signaling pathway, specifi-
cally the AKT and PI3Kγ steps, is required for JCPyV infection in SVGAs and an oligoden-
drocyte cell line [48,59,82]. To determine if this pathway is implicated in JCPyV infection
in NHAs, RNA-seq data was analyzed [66] over the course of JCPyV infection in NHAs
and SVGAs. Differentially-expressed genes (unadjusted p value < 0.10) were mapped to
the PI3K/AKT signaling pathway from the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database [68–70]. The table of genes with their p values and log-fold changes (FCs)
can be found in the Supplementary Material (Table S1). At 24 hpi, 25 genes that mapped to
the pathway were downregulated in SVGAs but upregulated in NHAs (Figure 3, top). At
48 hpi, only one gene was upregulated in SVGAs compared to 23 genes upregulated in
NHAs (Figure 3, middle). At 96 hpi, approximately 51% of the genes that mapped to the
pathway were upregulated in NHAs versus ~38% in SVGAs (Figure 3, bottom). These data
illustrate that compared to SVGAs, JCPyV infection in NHAs activated more genes in the
PI3K-AKT signaling pathway, providing additional evidence for the involvement of this
pathway during infection in primary astrocytes.

3.4. AKT Is Differentially Expressed and Required for JCPyV Infection in NHAs

To further validate the previous results, the expression of the three isoforms of AKT
(AKT1, AKT2 and AKT3) were analyzed (Figure 4A). Both ATK1 and ATK2 were significantly
downregulated in SVGAs at 24 and 96 hpi (unadjusted p value < 0.05) and upregulated
in NHAs (unadjusted p value < 0.1; Figure 4A). Due to the differential gene expression
observed, NHAs, SVGAs, and NHA-Ts were pretreated with the AKT inhibitor, MK2206,
or the vehicle control at increasing concentrations, and subsequently infected with JCPyV
(Figure 4B). A dose-dependent decrease in viral infection was observed in NHAs; however,
a dose-dependent increase was measured in SVGAs and NHA-Ts (Figure 4B). Considering
the significant differences in JCPyV infection among cell types, MK2206 was validated
for its inhibitory effects on AKT phosphorylation by ICW (Figure 4C). Cells were serum-
starved and treated with the highest concentration of MK2206 for 24 h. The chemical
inhibitor significantly reduced AKT phosphorylation in all three cell types compared to the
vehicle control, demonstrating that the inhibitor is working effectively at the concentrations
used (Figure 4D). This data revealed that JCPyV requires AKT during infection in NHAs
and the utilization of this pathway is perhaps confounded by the immortalized properties
of SVGAs and NHA-Ts.

3.5. PI3K Is Required for JCPyV Infection in NHAs

Upstream of AKT, PI3K was targeted using a chemical inhibitor to understand if
additional proteins in the PI3K/AKT pathway are involved during JCPyV infection in
NHAs. Cells were pretreated with the PI3K inhibitor, wortmannin, or the vehicle control at
increasing concentrations, and subsequently infected with JCPyV (Figure 5A). Comparable
to AKT inhibition, wortmannin significantly reduced JCPyV infection by 50% in NHAs,
while increasing infection in SVGAs and not influencing infection in NHA-Ts (Figure 5A).
The chemical inhibitor was validated for its inhibition of the PI3K/AKT signaling pathway
by measuring AKT phosphorylation using ICW (Figure 5B). Cells were serum-starved
and treated with the highest concentration of wortmannin. Across all three cell types,
wortmannin significantly reduced AKT phosphorylation (Figure 5C). Altogether, these
data illustrate that treatment of cells with the PI3K inhibitor equivalently impaired the
PI3K/AKT signaling pathway, and a decrease in JCPyV infection during PIK3K inhibition
was only observed in NHAs, verifying the results demonstrated with MK2206 treatment
(Figure 4).
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Figure 3. Genes in the PI3K/AKT pathway were differentially expressed during JCPyV infection in
NHAs compared to viral infection in SVGAs. NHAs and SVGAs were either infected with JCPyV
(MOI = 0.1 FFU/cell) or mock-infected with a vehicle control, and the transcriptomic profile was
determined at 24, 48, and 96 h using RNA-seq. Genes of the PI3K/AKT pathway were determined
from the KEGG database with an unadjusted p value < 0.10. Upregulated genes (Log FC > 0) and
downregulated genes (Log FC < 0) are represented as Venn diagrams for each time point and cell
type. The size of each circle is proportionate to the number of genes that apply to the above criteria.
The green colors are representative of NHAs, while the blue colors are representative of SVGAs.
Brighter shades represent upregulated genes and darker shades represent downregulated genes.
(FC, fold-change; * 77 genes in total are down regulated in SVGAs, but 52 genes are exclusively
downregulated in SVGAs.).
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3.6. mTOR Inhibition Significantly Reduces JCPyV Infection in NHAs

A downstream target of the PI3K/AKT signaling pathway is mTOR [83], and previous
research has determined that mTOR inhibition can increase JCPyV infection in an immor-
talized kidney cell line [50]. Moreover, our previous research has also demonstrated that
JCPyV infection is delayed in NHAs, compared to SVGAs and NHA-Ts [31]. To determine
if mTOR is required for JCPyV infection and if mTOR inhibition increases late viral protein
expression in NHAs, all cell types were treated with either rapamycin, mTOR inhibitor
PP242, or the vehicle control, and were subsequently infected with JCPyV, and infectivity
was measured by assessing both early (T Ag) and late (VP1) viral protein production
(Figure 6). Rapamycin and PP242 significantly reduced JCPyV infection in NHAs as quanti-
fied by both T Ag and VP1 production (Figure 6A,B). Furthermore, rapamycin significantly
increased JCPyV infection in SVGAs and NHA-Ts (Figure 6A). However, PP242 did not in-
fluence viral infection in either SVGAs or NHA-Ts (Figure 6B). To validate the effectiveness
of the chemical inhibitors in NHAs, SVGAs, and NHA-Ts, mTOR phosphorylation was
measured by ICW, following serum starvation and treatment with each inhibitor for 24 h
(Figure 6C). Rapamycin and PP242 significantly reduced mTOR phosphorylation, relatively,
in each cell type; however, PP242 reduced phosphorylation to more appreciable levels
when compared to rapamycin (Figure 6D). Overall, these findings demonstrate that mTOR
phosphorylation, a downstream target of the PI3K/AKT signaling pathway, is required
for JCPyV infection in NHAs. Furthermore, it substantiates previous findings that JCPyV
uses alterative signaling pathways in primary astrocytes—viral mechanisms that are not
observed in cell types that are immortalized with SV40 T Ag.
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Figure 4. AKT is required for JCPyV infection in NHAs. (A) The log CPM was determined for the three isoforms of AKT
(AKT1, AKT2, and AKT3) in mock-infected and JCPyV-infected cells at each time point from the RNA-seq data. Colored
points represent individual points for each timepoint (3 replicates). †, p < 0.10; *, p < 0.05. (B) NHAs, SVGAs, and NHA-Ts
were pretreated with indicated concentrations of AKT inhibitor MK2206 or DMSO at an equivalent volume control for
30 min and then infected with JCPyV (MOI = 1.0 FFU/cell) at 37 ◦C for 1 h. Cells were incubated in media containing
DMSO or MK2206 for 48 h and then fixed and stained by indirect immunofluorescence. Infectivity was determined by
counting the number of JCPyV T Ag-positive nuclei divided by the number of DAPI-positive nuclei for five ×20 fields of
view for triplicate samples (% infection). Data is representative of three individual experiments. Error bars indicate SD.
Student’s t test was used to determine statistical significance, comparing DMSO to MK2206 for each cell type. (C) NHAs,
SVGAs, and NHA-Ts were treated with DMSO or MK2206 (5.0 µM) at 37 ◦C for 24 h. Cells were fixed and stained for pAKT
(green) or CellTag (red). (D) Percentage of pAKT for each cell type was quantitated by ICW signal intensity values per
[(pAKT)/Cell Tag × 100% = % response] within each ICW analysis using LI-COR software (representative image shown in
C). Box and whisker plots represent the distribution of samples (individual points) with the lower quartile, median, and
upper quartile denoted as black lines. The dashed line indicates the normalized DMSO % response of pAKT. Colored points
represent individual points for each treatment (3 replicates, performed in triplicate), and outliers are represented by black
circles. A Wilcoxon rank sum exact test was used to compare treatments in each cell type. Data are representative of three
independent experiments performed in triplicate. * p < 0.05.
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Figure 5. PI3K inhibitor wortmannin reduces JCPyV infection in NHAs. (A) NHAs, SVGAs, and NHA-Ts were pretreated
with indicated concentrations of a PI3K inhibitor, wortmannin, or DMSO at an equivalent volume control and then infected
with JCPyV (MOI = 1.0 FFU/cell) at 37 ◦C for 1 h. Cells were incubated in media containing DMSO or wortmannin for
48 h and then fixed and stained by indirect immunofluorescence. Infectivity was determined by counting the number of
JCPyV T Ag-positive nuclei divided by the number of DAPI-positive nuclei for five ×20 fields of view for triplicate samples
(% infection). Data is representative of three individual experiments. Error bars indicate SD. Student’s t test was used to
determine statistical significance comparing DMSO to wortmannin for each cell type. (B) NHAs, SVGAs, and NHA-Ts
were treated with DMSO or wortmannin (2.5 µM) at 37 ◦C for 24 h. Cells were fixed and stained for pAKT (green) or
CellTag (red). Entire wells of a 96-well plate are shown. (C) Percentage of pAKT for each cell type was quantitated by
ICW signal intensity values per [(pAKT)/Cell Tag × 100% = % response] within each ICW analysis using LI-COR software
(representative image shown in B). Box and whisker plots represent the distribution of samples (individual points) with
the lower quartile, median and upper quartile denoted as black lines. The dashed line indicates the normalized DMSO %
response of pAKT. Colored points represent individual points for each treatment (3 replicates, performed in triplicate), and
outliers are represented by black circles. A Wilcoxon rank sum exact test was used to compare treatments in each cell type.
Data are representative of three independent experiments performed in triplicate. *, p < 0.05.
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Figure 6. Inhibitors of mTOR, a target of the PI3K/AKT pathway, reduce JCPyV infection in NHAs. (A,B). NHAs, SVGAs,
and NHA-Ts were pretreated with (A) rapamycin at 20 ng/mL, (B) PP242 at 1 µM, or the DMSO control at an equivalent
volume control and then infected with JCPyV (MOI = 1.0 FFU/cell) at 37 ◦C for 1 h. Cells were incubated in media
containing DMSO or mTOR inhibitors for 72 h and then fixed and stained by indirect immunofluorescence. Infectivity
was determined by counting the number of JCPyV T Ag- or VP1- positive nuclei divided by the number of DAPI-positive
nuclei for five ×20 fields of view for triplicate samples (% infection). Data is representative of three individual experiments
performed in triplicate. Error bars indicate SD. Student’s t test was used to determine statistical significance comparing
DMSO to either mTOR inhibitor, with each cell type and viral protein. (C) All cell types were treated with DMSO or
rapamycin at 20 ng/mL (top) or PP242 at 1 µM (bottom) at 37 ◦C for 24 h. Cells were fixed and stained for pAKT (green) or
CellTag (red). Entire wells of a 96-well plate are shown. (D) Percentage of pmTOR for each cell type was quantitated by
ICW signal intensity values per [(pmTOR)/Cell Tag × 100% = % response] within each ICW analysis with LI-COR software
(representative image shown in C). Box and whisker plots represent the distribution of samples (individual points) with
the lower quartile, median, and upper quartile denoted as black lines. The dashed line indicates the normalized DMSO %
response of pmTOR. Colored points represent individual points for each treatment (3 replicates, performed in triplicate),
and outliers are represented by black circles. A Wilcoxon rank sum exact test was used to compare treatments in each cell
type. Data are representative of three independent experiments performed in triplicate. *, p < 0.05.

4. Discussion

Astrocytes are the main targets of JCPyV infection in the CNS, where the destruction
of these cells, along with oligodendrocytes, leads to PML [1–4,26]. With no cure for
this aggressive and ultimately fatal disease, more research is needed to reveal potential
therapeutic targets. Cellular pathways, like the PI3K/AKT/mTOR signaling pathway, is an
attractive candidate because there are numerous established drugs that inhibit this pathway
for cancer treatment [51,52]. Additionally, there is evidence to suggest that these drugs can
be repurposed to target coronaviruses, such as SARS-CoV-2 [84–87], the causative agent of
COVID-19 [88]. In this study, we investigated the role of various chemical inhibitors of the
PI3K/AKT/mTOR signaling pathway on JCPyV infection in primary astrocytes compared
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to immortalized cells. Our results demonstrate that viral infection is significantly reduced
in primary astrocytes compared to cells transformed with SV40 T Ag, highlighting both the
importance of this signaling pathway, and the need to use either ex vivo approaches or to
validate findings in primary cells to further understand how JCPyV infection may occur in
the human host.

JCPyV requires the MAPK/ERK pathway to successfully infect immortalized
cells [61,66,73,74]. However, when a well-studied MEK inhibitor, U0126, did not reduce
JCPyV infection in primary astrocytes, yet reduced JCPyV infection in cells immortalized
with SV40 T Ag (Figure 1), additional studies were performed to identify alternative
pathways that regulate JCPyV infection. Research has shown that the PI3K/AKT/mTOR
signaling pathway intersects with the MAPK/ERK pathway [79–81]. Our findings also
support this, as treatment of NHAs with U0126 led to an increase in phosphorylated AKT,
while U0126 treatment did not exhibit any difference in AKT phosphorylation in SVGAs
and NHA-Ts (Figure 2).

The PI3K/AKT/mTOR signaling pathway has been previously implicated in other
polyomavirus infections as well [48,50,59,89–92]. Earlier research has demonstrated that
the BK polyomavirus (BKPyV), murine polyomavirus, and JCPyV influence the PI3K/AKT
signaling pathway by modulating the cellular phosphatase, protein phosphatase 2A
(PP2A) [89–91]. Comparable to JCPyV, BKPyV also establishes an asymptomatic infec-
tion in the kidney, yet during immunosuppression BKPyV can cause nephropathy and
hemorrhagic cystitis [93]. Treatment of cells with sirolimus (i.e., rapamycin) significantly
reduces BKPyV infection; however, the concentration of the chemical inhibitor used in
those studies was significantly different between immortalized and primary cells [89,92].
Hirsch et al. used a primary kidney cell line to determine the outcome of BKPyV infection
during rapamycin treatment. They confirmed that using rapamycin at least a magnitude
lower in concentration significantly reduces BKPyV infection in a primary kidney cell line,
specifically during the first 24 h of infection (i.e., before viral genome replication) [92]. The
authors concluded that these differences in concentration of the drug were the result of
the transformed phenotype of the other cell line, causing it to require significantly higher
concentrations of the inhibitor to reduce BKPyV infection. Unfortunately, understanding
viral infection is challenging when using transformed cell lines, as transformation alters
metabolic pathways and signal transduction within those pathways [94,95].

Our findings substantiate the consequences of immortalization in investigations of
JCPyV infection with chemical inhibitors that target the PI3K/AKT/mTOR signaling
pathway. Wortmannin, MK2206, rapamycin, and PP242—chemical inhibitors that target
different steps of PI3K/AKT/mTOR signaling pathway—resulted in a significant reduc-
tion of JCPyV infection in NHAs that was not observed in SVGAs or NHA-Ts. These
results, specifically with MK2206, are consistent with other published research reporting
the impacts of JCPyV infection on an oligodendrocyte cell line treated with inhibitors of
this pathway. MK2206 treatment of a glioma-derived stem cell line with oligodendrocyte
precursor phenotypes (G144 cells) reduced JCPyV DNA replication [59]. It is important
to note, that even though these cells are established through glioblastoma samples, G144
cells specifically display features that resemble normal fetal neural stem cells [96]. To-
gether, these data suggest the importance of MK2206 as a potential antiviral for PML, as
oligodendrocytes and astrocytes are the main cell types impacted by disease [1–4,26].

Our research also corresponds with findings demonstrated with BKPyV infection
and mTOR inhibition with respect to both polyomavirus infection and cell-type depen-
dent differences. Rapamycin significantly reduced JCPyV infection in primary astrocytes
(Figure 6A), and similarly, BKPyV infection was reduced in a primary kidney cell line
with rapamycin treatment [92]. Likewise, using both rapamycin and PP242—a secondary
mTOR inhibitor—did not decrease JCPyV infection in SVGA and NHA-T immortalized
cells (Figure 6A,B). Similarly, rapamycin and other mTOR inhibitors did not decrease but
rather enhanced JCPyV replication in HEK293A cells [50]. HEK293A cells are transformed
with adenovirus type 5 DNA [97], but not with SV40 T Ag; yet, immortalization through
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adenovirus leads to adenovirus oncogene E1A interactions with Rb and p53, disrupting im-
portant checkpoints in cell cycle and growth, similar to SV40 T Ag transformation [98–102].
Additionally, cells transformed with viral oncogenes can also influence PP2A, known to
regulate numerous cellular pathways, such as the MAPK and PI3K signaling pathways—
which are also important during JCPyV infection [91,103,104]. Together, these findings
demonstrate both the requirement for the PI3K/AKT/mTOR signaling pathway and the
importance of using primary cell lines to characterize polyomavirus infection.

Furthermore, rapamycin and PP242 are both mTOR inhibitors, yet the mode of in-
hibition is slightly different. mTOR forms two complexes in mammalian cells—mTOR
complex 1 (mTORC1) and mTORC2—and activation of these complexes results in different
functions for the cell [105]. The formation and activation of mTORC1 results in protein
translation, cell growth, and autophagy, while mTORC2 results in survival, migration, and
cytoskeletal organization [105]. Rapamycin has been demonstrated to inhibit mTORC1
more so than mTORC2—particularly in vitro [106]—while PP242 results in greater inhibi-
tion of both mTORC1 and mTORC2 [107]. These modes of mTOR inhibition may explain
the differences observed in immortalized cells during JCPyV infection; however, it does
substantiate the importance of mTOR during infection of primary astrocytes (Figure 6).
Additionally, if the concentration of PP242 was increased, the results of JCPyV infection
were similar. In fact, higher concentrations resulted in cytotoxic effects (data not shown),
yet each chemical inhibitor was tested for cellular viability compared to the vehicle control
in each cell type, and concentrations well-tolerated by cells were used in all the assays
performed. Additionally, the inhibitory effect, measuring phosphorylation of AKT or
mTOR, was similar across cell types—demonstrating that cell-type differences were not
from cytotoxic effects or from inequitable impacts of AKT or mTOR phosphorylation from
the chemical treatments.

Research has demonstrated that enhanced JCPyV infection from mTOR inhibition is
perhaps due to the Skp-Cullin Fbox (SCF) E3 ligase, S-phase kinase-associated protein 2
(Skp2) [50,108]; the expression of this protein is highly variable in immortalized versus
primary cells [109]. Skp2 is important in regulating the cell cycle, accumulates in the cell
during the transition to the G1/S phase, remains highly expressed during S phase [110] and
can also interact with polyomavirus Large T Ag [50,108]. Previous studies have concluded
that the interaction of Skp2 and Large T Ag of numerous polyomaviruses (PyVs), including
murine PyV, JCPyV, and BKPyV, was reduced with treatment with mTOR inhibitors, which
resulted in an increase of Large T Ag expression [50]. Skp2 is highly expressed in glioma
cell lines compared to normal astrocyte cell lines [109]; this could explain the differences
observed between NHAs versus SVGAs and NHA-Ts. First, JCPyV Large T Ag expression
is significantly lower in NHAs compared to SVGAs and NHA-Ts [31], and as a result, Skp2
may not be involved to the same extent in JCPyV infection of NHAs; thus, this interaction
between Skp2 and Large T Ag is not sensitive to mTOR inhibition. However, future research
should elucidate the mechanisms of viral protein production and the PI3K/AKT/mTOR
signaling pathway.

Lastly, PI3K expression has been recently demonstrated to decrease JCPyV infection in
SVGAs [48]. A reason for the differences in JCPyV infection between the findings reported
here and by Clark et. al could be the PI3K isoform that was targeted, as well as the technique
used. The authors determined that PI3K, specifically PI3Kγ, facilitates JCPyV infection in
SVGAs through genetic knockdown approaches [48]. It is known that JCPyV facilitates
entry into the cell through the utilization of a GPCR—the serotonin 5-hydroxytryptamine
(5-HT2) receptor [62,63,111]—which upon activation couples with PI3Kγ [48]. The authors
speculated that knockdown of PI3Kγ disrupted early events of GPCR signaling, and as a
result, disrupted possible virus capsid disassembly or trafficking to the endoplasmic retic-
ulum or nucleus [48]. Wortmannin is one of the most well-characterized PI3K inhibitors
and has been shown to interact strongly in vitro with PI3K, thus inhibiting numerous
isoforms in the PI3K family [112,113]. However, wortmannin has also been demonstrated
to have off-target effects, inhibiting other serine/threonine kinases of the PI3K family
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such as mTOR [114]. The differences that we have observed could be the consequence of
wortmannin targeting other PI3Ks in the pathway and thus having similar results to the
other inhibitors used in this research, specifically in SVGAs. Furthermore, JCPyV entry
into primary astrocytes has not been extensively studied, and thus, we do not yet know
whether GPCRs are utilized during entry, thereby activating PI3Kγ to the same extent as it
is with viral entry of SVGAs. Additionally, recent work has demonstrated that JCPyV can
use extracellular vesicles to infect SVGAs and astrocytes independently of the sialic acid at-
tachment receptor through clathrin-dependent and independent mechanisms [115]. Future
studies should define the role of PI3Ks in the viral infection of primary astrocytes using
more targeted approaches such as siRNA, as well as in primary kidney cells. Nonetheless,
wortmannin, MK2206, rapamycin, and PP242 significantly reduced JCPyV infection in
primary astrocytes, while also inhibiting the phosphorylation of AKT and mTOR in all
three cell types (Figure 7). Furthermore, RNA-seq analysis revealed numerous genes within
the PI3K/AKT/mTOR pathway that were upregulated during JCPyV infection of NHAs,
but downregulated in SVGAs, providing more evidence of the requirement of this pathway
in primary astrocytes (Figures 3 and 4A). The genes β3 integrin (ITGB3) and interleukin-6
receptor (IL-6R) had a 3.4- and 2-fold increase, respectively, at 96 hpi in NHAs during JCPyV
infection (Table S1). ITGB3 is a regulator of the PI3K/AKT/mTOR pathway [116] and
has roles in cancer [116,117] and extracellular vesicles that induce cell signaling [118,119].
Interestingly, research has demonstrated that ITGB3 can regulate expression of matrix
metalloproteinase 2 (MMP2) [120], a protein that is critical in the inflammatory response
and in demyelinating diseases, such as MS [121–123]. Overall, this data illustrates how
JCPyV activates the PI3K/AKT/mTOR pathway, yet this may have other implications in
the viral-induced demyelinating disease PML. More research should determine if astrocytes
induce an inflammatory response from activation of the PI3K/AKT/mTOR pathway.

In summary, this research has revealed and outlined the requirement of the PI3K/AKT/
mTOR signaling pathway in JCPyV infection of primary human astrocytes. Using various
chemical inhibitors, we have characterized how JCPyV uses this pathway to support viral
infection in primary cells, and importantly, how immortalized characteristics may alter
signaling events that, in turn, confound the requirement of this pathway in JCPyV infection
of transformed cell lines. Overall, these findings will aid in the discovery of therapeutics
to treat or slow the progression of PML, as no effective treatments are available for this
fatal disease.
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Abstract: The SEA complex was described for the first time in yeast Saccharomyces cerevisiae ten years
ago, and its human homologue GATOR complex two years later. During the past decade, many
advances on the SEA/GATOR biology in different organisms have been made that allowed its role as
an essential upstream regulator of the mTORC1 pathway to be defined. In this review, we describe
these advances in relation to the identification of multiple functions of the SEA/GATOR complex in
nutrient response and beyond and highlight the consequence of GATOR mutations in cancer and
neurodegenerative diseases.

Keywords: SEA complex; GATOR complex; mTORC1 pathway; autophagy; amino acid signaling;
cancer; epilepsy; neurological disorders

1. Introduction

The highly conserved mechanistic (or mammalian) target of rapamycin (mTOR) plays
a key role in cellular homeostasis. mTOR kinase forms the following two different com-
plexes: mTORC1 and mTORC2, which regulate cellular responses to many stresses [1,2].
In order to maintain optimal growth and metabolism, the mTORC1 pathway integrates
signals from a wide variety of intracellular and extracellular cues, which include amino
acids, growth factors, energy, oxygen, DNA damaging agents, etc. Depending on the
nature of the signal, mTORC1 will drive the cell either to the anabolic pathway, promoting
the proliferation and survival, or to the catabolic pathway by controlling autophagy or the
ubiquitin-proteasome system. In order to coordinate this vast network, mTORC1 relies on
many upstream modulators and downstream effectors. Ten years ago, one of the major up-
stream regulators of mTORC1 pathway, the SEA/GATOR complex, was identified [3]. Over
these years, many advances have been made in our understanding of the SEA/GATOR
complex functions and their consequences to the operation of the mTORC1 pathway;
however, many questions are still unsolved [4]. Our comprehension of the SEA/GATOR
complex regulation and function is particularly important because of the consequences of
its dysfunction in diverse pathological settings, especially in cancer and neurodegenerative
diseases. This review covers the most important findings about the SEA/GATOR complex
that have been made during the last decade.

2. Discovery of the SEA Complex

The SEA complex was initially identified in yeast Saccharomyces cerevisiae through
an atypical way [3,5–7]. Back in 2007, a multidisciplinary approach was undertaken to
solve the structure of one of the largest macromolecular machines in the cell—the nuclear
pore complex (NPC) [5,8]. Central to this approach were the collection of many kinds
of biophysical and proteomic data, the translation of these data to spatial restrains and
the calculation of a final architecture that satisfies all the restrains. This was how the
immunopurification of one of the NPC components, nucleoporin Seh1, revealed that
this protein did not only co-purify with the Nup84 subcomplex, the major constituent of
the NPC scaffold, but also with the following four high-molecular-weight proteins with
completely unknown functions at the time: Yjr138p (Iml1), Yol138p (Rtc1), Ydr128p (Mtc5)
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and Ybl104p [5]. Four years later, in 2011, a paper that described the full SEA complex
for the first time was published [3]. The four proteins, which were first observed in Seh1
pullouts in 2007, were given a common name, Sea (for Seh1-associated) and named Sea1
through Sea4, respectively. The following three other protein components completed the
full SEA eight-protein complex: Sec13, Npr2 and Npr3. The proteins of the SEA complex
appeared to be dynamically associated with the vacuole membrane and have a role in
autophagy. The function of Iml1-Npr2-Npr3 in autophagy was also described by the Tu
group that same year [9]. Meanwhile, in 2009, Npr2 and Npr3 were shown to form an
evolutionary conserved heterodimer, involved in the upstream regulation of TORC1 in
response to amino acid starvation in S. cerevisiae [10]. This fundamental function of the
SEA complex was further confirmed both in yeast and humans by de Virgilio and Sabatini
laboratories in 2013 [11,12].

The SEA complex in S. cerevisiae consists of two subcomplexes, named SEACIT (SEA
subcomplex inhibiting TORC1) and SEACAT (SEA subcomplex activating TORC1) (see
below) [11,13,14] (Figure 1). In 2013, these complexes were characterized for the first time
in humans by Sabatini’s laboratory and were re-named to GATOR1 (GTPase activating
protein activity toward RAGA, see below) and GATOR2, respectively [12]. SEACIT is
composed of Iml1/Sea1, Npr2 and Npr3 (DEPDC5, NPRL2 and NPRL3 in GATOR1), and
SEACAT contains Sea2, Sea3, Sea4, Seh1 and Sec13 (WDR24, WDR59, MIOS, SEH1L, SEC13
in GATOR2) (Figure 1).

NPR2

NPR3SEA1 SEA3

SEC13 SEH1

SEA4SEA2

NPRL2

NPRL3DEPDC5

SEC13 SEH1L

MIOSWDR59 WDR24

SEACIT SEACAT

GATOR1 GATOR2

Figure 1. Composition of yeast SEA complex and mammalian GATOR complex. SEACIT subcomplex
in yeast can tightly interact with SEACAT, most probably via Npr3/Sea3 connection. GATOR1 and
GATOR2 do not form a stable full GATOR complex.

Phylogenetic analyses demonstrated that SEA/GATOR complex subunits are present
across various eukaryotic kingdoms, suggesting an origin of these factors before the
last common eukaryotic ancestor [3]. Homologs of all eight proteins could be clearly
found in the genomes of fungi and metazoans, with some representation in protists,
but cannot be identified in plants [3,15]. In 2021, the homologs of the SEA complex
and its components were characterized in Schizosaccharomyces pombe [16], Caernorhabditis
elegans [17], Drosophila [18], zebrafish [19], mice [20], rats [21] and humans [12]. The
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majority of the structural and functional studies were usually performed in S. cerevisiae
and in humans. Drosophila was very instrumental for the study of the SEA/GATOR role
in development; while the zebrafish, mouse and rat models were used to study different
human pathologies.

3. SEA/GATOR Nomenclature

The nomenclature of the SEA complex proteins and subcomplexes in different or-
ganisms is somewhat confusing. For example, in S. pombe, the complex is called GATOR,
but the names of the constituent proteins are the same as in S. cerevisiae [22]. One of the
Drosophila GATOR1 components is called Iml1 (impaired minichromosome loss), as its
yeast homologue, but all other proteins are named after their human homologues [18].
Moreover, the yeast protein community has a tendency to drop the name Sea1 and call the
protein with its initial name, Iml1. The SEA proteins Npr2 (nitrogen permease regulator 2)
and Npr3 (nitrogen permease regulator 3) gave names to their human orthologues NPRL2
(Npr2-like) and NPRL3 (Npr3-like) [10,23]. GATOR2 component MIOS obtained its name
from its Drosophila orthologue Mio (missing oocyte) [24]. On the other hand, the two
GATOR2 components, WDR24 and WDR59, still have their systematic names. In the future,
it might be reasonable to revise their names so they reflect their function (currently, these
functions are not yet defined). Alternatively, the proteins can be systematically named after
their yeast homologues (as in the case of NPRL2, NPRL3), i.e., SEAL2 and SEAL3.

4. Structural Features of the SEA and GATOR Complexes

The overall architecture of SEA/GATOR proteins is evolutionary conserved [3]. DE-
PDC5 is only 10 amino acid residues longer than Iml1/Sea1, but both have an identical fold
arrangement. The human orthologs of Sea2-Sea4, Npr2 and Npr3 are smaller than yeast
proteins, mainly because of the deletion of protein regions, predicted to be disordered in
yeast. It is quite reasonable to expect that the mammalian GATOR components repertoire
would be larger compared to yeast due to the expression of alternative splicing products.
For example, bioinformatical predictions revealed that WDR24 has at least two isoforms,
one of which is missing about 130 amino acid residues in the N-terminal part [3]. One of
the NPRL3 isoforms that lacks the N-terminal part and is highly expressed in red blood
cells has just recently been characterized [25]. A splicing variant that led to exon 3 skipping
in NPRL2 was detected in an individual with familial focal epilepsy (see below) [26].

Two subcomplexes of the SEA/GATOR are very different structurally (Figure 2).
SEACIT/GATOR1 members have domains, found in proteins that control the functions
of small GTPases. SEACAT/GATOR2 components are enriched with domains found
in coating assemblies (i.e., COPI and COPII coated vesicles, nuclear pore complex, etc.)
(see below). Seh1, Sec13 and the N-termini of Sea4 and Sea2 in S. cerevisiae SEACAT
appear to form a large cluster of β-propeller domains. Similar arrangements of β-propeller
domains have been described at the vertex of the evolutionarily related complexes COPI
and COPII [27].

In yeast, SEACAT and SEACIT interact to form the full SEA complex (Figure 1) [13].
A 3D map of the S. cerevisiae SEA complex, obtained by a combination of biochemical
and computational approaches, suggests that SEACAT and SEACIT are connected by
interactions between the N-termini of Sea3 from SEACAT and both Npr3 and Iml1/Sea1
from SEACIT [13]. Similar observations have recently been made in S. pombe, where Sea3
anchors other GATOR2 components to GATOR1, although, as expected, Sea3 was not
required for the assembly of GATOR1 components [28]. In humans, GATOR1 and GATOR2
do not form a stable GATOR complex [12], yet, similar to yeast, NPRL3 is necessary and
sufficient for the interaction with GATOR2 [29].
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Figure 2. Domain organization of GATOR1 and GATOR2 proteins. (A) Domain structure and
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Despite the considerable progress in the structural determination of the constituents
of the mTORC1 pathway that have been made in the last five years [30], only the structure
of human GATOR1 has been solved (Figure 2A). All structural information that is currently
available for GATOR2 or for the yeast SEA complex comes from bioinformatic predictions
and interactivity assays [3,13]. The lack of high-resolution structures of the GATOR2 and
of the entire complex both in yeast and humans are among the major reasons that prevent
our full understanding of the SEA/GATOR functions at the present.
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4.1. SEACAT/GATOR2

SEACAT and GATOR2 have components that moonlight between functionally un-
related complexes and are structurally connected with vesicle-coating scaffolds. The
SEACAT/GATOR2 complex closely resembles the membrane coating assemblies, such
as COPII vesicles, nuclear pore complexes and HOPS/CORVET complexes [8,31–33]. It
also shares common subunits with both COPII (Sec13/SEC13) and nuclear pore complex
(Sec13/SEC13 and Seh1/SEH1L). Sea4/MIOS contains N-terminal WD40 repeats arranged
into a β-propeller structure followed by an α-solenoid stretch, which is a structure that is
characteristic for proteins that form oligomeric coats (e.g., clathrin and Sec31) in vesicle-
coating complexes [3,33] (Figure 2B). Furthermore, every protein in SEACAT contains
a β-propeller (and Sea3 probably has two β-propellers), a domain common in coating
assemblies [34]. Lastly, there are two dimers, Seh1-Sea4 and Sec13-Sea3 [3,13], that could
be analogues to the Sec13-Sec31 dimer, which forms the structural unit of the COPII com-
plex [35]. These dimeric interactions in the SEACAT are most probably conserved, because
it was found that the Seh1 in Drosophila also directly interacts with Sea4/Mio [36].

Sea4 also contains a C-terminal RING domain, which, together with its β -propeller
and α -solenoid motifs, makes it closely resemble several protein subunits of the homotypic
fusion and protein sorting (HOPS) and class C core vacuole/endosome tethering (CORVET)
complexes, which have been implicated in the tethering of membranes prior to their
fusion. HOPS and CORVET are associated with the vacuoles/lysosomes and endosomes,
respectively, and play a role in endosomal and vacuolar assembly and trafficking, as well
as in nutrient transport and autophagy [32,37]. Sea2/WDR24 and Sea3/WDR59 also have
a C-terminal RING domain. Clusters of RING domains are associated with E3 ubiquitin
ligase activity, suggesting SEACAT might have such a role. In S. cerevisiae, the RING
domains appear to be crucial for maintaining the interactions between Sea2, Sea3, Sea4 and
the rest of the complex. For example, Sea4 that lacks the RING domain can only interact
with Seh1, whereas Sea2 or Sea3 without the RING domain are no longer able to interact
with any of the SEACAT complex components [13]. In addition, Sea3 contains an RWD
domain that is enriched in β-sheets and common in proteins that also contain a RING motif
and a β-propeller [38]. The RWD domain of Sea3 significantly resembles the RWD domain
of the GCN2 protein, which is involved in general amino acid sensing and that of ubiquitin-
conjugating E2 enzymes [39]. Given that SEACAT contains three proteins with RING
domains, as well as numerous β-propeller domains that can mediate the recognition of
phospho-substrate within E3 ligase complexes [40], it will be very interesting to investigate
whether SEACAT/GATOR2 can act as a E3 ubiquitin ligase, and if this is the case, what are
its possible targets.

The presence of the same folds and fold arrangements in both the SEA complex and
in coating and tethering assemblies, and the fact that they contain the same “moonlighting”
components, are suggestive that these complexes share a common evolutionary origin (see
below). The majority of intracellular membranes are likely a result of the evolutionary
expansion of an ancestral membrane-curving module—termed the “protocoatomer” com-
plex [31,34]. The SEA complex is a member of the coatomer group, and its existence, thus,
provides further evidence that an expansion of the protocoatomer family underpins much
of the functional diversity of the endomembrane system.

4.2. SEACIT/GATOR1

The structural profile of the SEACIT/GATOR1 subunits is completely different
(Figure 2A). Npr2/NPRL2 is a paralog of Npr3/NPRL3 [10,41] and both proteins pos-
sess N-terminal longin domains [42,43]. Iml1/Sea1 and its human homologue DEPDC5
contain a unique composition of domains that are not found in any other proteins. SEACIT
components also have PEST motifs that often exist in rapidly degraded proteins [3]. How-
ever, PEST motifs are not well preserved in mammalian orthologues and, thus, could be a
specific feature of the yeast SEA complex.
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The structure of GATOR1, resolved recently by cryo-EM, revealed the architecture
of each GATOR1 component [29] (Figure 2A). DEPDC5 has the following five defined
domains: N-terminal domain (NTD), followed by SABA (structural axis for binding ar-
rangement), SHEN (steric hinderance for enhancement of nucleotidase activity), DEP (Di-
shevelled, Egl-10 and Plekstrin) and C-terminal (CTD) domains. Interestingly, NTD, SABA
and DEP domains can be found in membrane-associated proteins. For example, a domain
similar to NTD exists in the SNARE chaperone Sec18/NSF, the SABA domain—in Sec23
of COPII vesicles (again returning to the theme of coating complexes). The DEP domain,
which has diverse functions in signal transduction, is involved in the interactions between
the regulator of G protein signaling (RGS) proteins and their membrane-bound receptors,
the GPCRs [44]. The DEP domain is also found in a DEPTOR subunit of mTORC1 [45].

NPRL2 and NPRL3 have a similar structure with N-terminal longin domains that
heterodimerize (Figure 2A). C-terminal domains of NPRL2 and NPRL3 also form a large
contact surface. The SABA domain in DEPDC5 interacts with the NPRL2 TINI domain
(tiny intermediary of NPRL2 that interacts (with DEPDC5)). By the way, the domain
nomenclature within the GATOR1 complex created a doubtful precedent, where protein
domains are named after the first (SHEN) and the last (SABA-TINI) authors of the article
that reported the structure [29].

4.3. Posttranslational Modifications of SEA/GATOR

The majority of the information about post-translational modifications of the SEA/
GATOR components came from whole proteome studies, essentially in yeast [46–51]. All
the SEA and GATOR members are heavily phosphorylated and ubiquitinated (except of
Sec13), with many modifications occurring at the disordered regions of proteins. However,
there are still very few studies that explore the functional role of these modifications.
Several papers, which describe the effect of ubiquitination, are manly focused on the
role of this modification on protein stability. Thus, Npr2 in yeast interacts with Grr1, the
F-box component of the SCFGrr1 E3 ubiquitin ligase [52]. Moderately unstable Npr2 is
stabilized in grr1∆ mutants. In response to amino acids, CUL3-KLH22 E3 ubiquitin ligase
induces K48 polyubiquitination on multiple DEPDC5 sites leading to its degradation [53].
Accordingly, DEPDC5 levels are increased during amino acid starvation. In the rich media,
NPRL3 is more resistant to proteasome degradation than NPRL2 [54]. The data about the
stability of SEA/GATOR proteins during amino acid starvation are contradictory and vary
considerably in different species. For example, the level of practically all the SEA members
in yeast decreases both during amino acid starvation and rapamycin treatment [13]. In
Drosophila S2 cell lines, amino acid deprivation increases Nprl3 stability [55], although the
reports in human cell lines indicate that the amount of NPRL2 and NPRL3 is not changed
at least after 30 min of amino acid starvation [53]. It is reasonable to expect in the following
years that we will gain more information about the role of posttranslational modifications
not only on the stability of SEA/GATOR members, but also on their function.

5. Function of the SEA and GATOR in Nutrient Sensing and Responding
5.1. Overview of Amino Acid Axis of Signaling to mTORC1

One of the principal roles of SEA and GATOR as upstream regulators of mTORC1 is
responding to amino acid availability [11,12] (Figure 3), although the role of both GATOR
subcomplexes in glucose sensing has also been reported recently [56]. Effective func-
tioning of the mTORC1 pathway with respect to cellular amino acid levels requires co-
ordinated action of RAG guanosine triphosphatases (RAG-GTPases or RAGs) and their
effectors, such as GTPase-activating proteins (GAPs), which stimulate GTP hydrolysis and
guanine-nucleotide-exchange factors (GEFs). The major site of mTORC1 activation is the
vacuole/lysosomal surface, where mTORC1 is recruited and induced in an RAG-GTPase
dependent manner when amino acids are abundant [57,58]. There are the following four
RAG GTPases: RAGA and functionally redundant RAGB; RAGC and functionally redun-
dant RAGD (Figure 3A). They exist as obligate heterodimers, e.g., RAGA (or RAGB) with
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RAGC (or RAGD). RAGs interact with a pentameric RAGULATOR complex, anchored to
the lysosome [57–61]. RAGULATOR also interacts with v-ATPase, a protein pump at the
lysosomal membrane. The guanine nucleotide loading is important for RAGs function.
In the presence of amino acids, RAGs are active when RAGA/B is loaded with GTP, and
RAGC/D is bound to GDP. Reversely, when amino acids are low, RAGs are inactive, and
RAGA/B is loaded with GDP and RAGC/D is bound to GTP. Various GAPs and GEFs
promote the conversion of RAGs from active to inactive form. This is where the SEACIT
and GATOR1 complexes exert their major functions (see below). A RAG-independent in-
duction of mTORC1 by amino acids both at the vacuole/lysosome and Golgi has also been
described in yeast and humans [62–65], but will not be thoroughly discussed in this review
since neither SEA nor GATOR seem to be involved in this mode of mTORC1 activation.
Moreover, a recent study revealed that RAG-independent activation of mTORC1 by amino
acids derived from protein degradation in lysosomes required HOPS complex and was
negatively regulated by activation of the GATOR-RAGs pathway [37]. Thus, evolutionary
related HOPS and GATOR2 [3] have similar but divergent roles in activating mTORC1 in
response to different amino acid inputs.
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When amino acids are scarce, some amino acid sensors (see below) interact with and
inhibit the GATOR2 complex, thus preventing inhibition of the GATOR1 by GATOR2
(Figure 3A). A mammalian-specific KICSTOR complex tethers GATOR1 to the lysosomal
surface [66,67] where GATOR1 acts as a GAP for RAGA [12], thereby transforming RAGA
to its inactive, GDP bound form, which further leads to mTORC1 suppression (Figure 3A).

In the presence of amino acids, RAGULATOR and v-ATPase undergo a conformational
change that results in RAGULATOR exerting GEF activity towards RAGA or RAGB [60].
RAGULATOR can also trigger GTP release from RAGC [68]. In parallel, upon arginine
binding arginine sensor SLC38A9, which resides at the lysosome, stimulates GDP release
from RAGA [68]. A complex between folliculin (FLCN) and folliculin-interacting protein
(FNIP) 1 and/or 2 is a GAP for RAGC/D [69]. In addition, leucyl-tRNA synthetase (LeuRS
or LARS1 or LRS) also has GAP activity towards RAGD [70]. Active RAGULATOR-RAG
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stimulates recruitment of mTORC1 to the lysosomal membrane where it is fully activated
by small GTPase, RHEB, loaded with GTP [71]. RHEB is under the control of another
signaling node—the TSC complex, composed of TSC1, TSC2 and TBC1D7, where TSC2
acts as a GAP to inhibit RHEB. TSC is a nexus of multiple physiological stimuli (e.g.,
energy status, growth factors, DNA damage) that signal to mTORC1 through PI3K-AKT
network [72]. RAG GTPases regulate the recruitment of TSC to the lysosome and its ability
to interact with and inhibit RHEB in response to amino acid starvation, growth factors
removal and to other stresses that inhibit mTORC1 [73–75]. Both RAGs and RHEB are
necessary for mTORC1 activation at the lysosome, as the lone presence of either one is not
sufficient. Accordingly, only when both the RAG GTPases and RHEB are inactive mTORC1
fully released from the lysosome [73].

The RAGs and RAGULATOR are conserved both in fission and in budding yeast
(Figure 3B) [76,77]. Thus, the orthologue of RAGA/B, a protein called Gtr1 in yeast, forms
a heterodimer with Gtr2, which is an orthologue of RAGC/D. Similar to mammals, in
order to activate TORC1, GTP-bound Gtr1 and GDP-loaded Gtr2 interact with trimeric
S. cerevisiae Ego1-Ego3 complex (Lam1-Lam4 in fission yeast) analog of RAGULATOR.
Iml1/Sea1 from the SEACIT serves as a GAP for Gtr1 in the absence of amino acids [11].
Interestingly, LARS1 in yeast is the GEF for Gtr1 [78], while in mammalian cells LARS1
was shown to be a GAP for RAGD [70], although a GAP activity was not confirmed in a
later study from different laboratory [69]. Lst4-Lst7 complex, an orthologue of mammalian
FLCN/FNIP, is GAP for Gtr2 [79]. The GEF for Gtr2 in yeast and for RAGC/D in mammals
is still not known.

There are some notable differences between yeast and humans during amino acid
signaling to mTORC1 (Figure 3). First, many amino acid sensors (e.g., SAMTOR, SESTRINs)
are absent in yeast (see below) [1]. Second, v-ATPase in yeast, which interacts with Gtr1,
seems to activate TORC1 in response to glucose [80]. Third, RHEB orthologue in yeast
S. cerevisiae seems not to be involved in TORC1 signaling, although it is required for
arginine and lysine uptake [81]. Fourth, S. cerevisiae does not have TSC homologues, thus
the entire branch of TSC/RHEB signaling is not conserved in this particular yeast. In
contrast, S. pombe has both RHEB and TSC, which are involved in mTORC1 activation.
How S. cerevisiae achieves full TORC1 activation at the vacuole without TSC/RHEB branch
is currently not well understood.

5.2. GATOR2 Interactions with Leucine Sensors SESTRINs and SAR1B and Arginine
Sensor CASTOR1

Cytosolic leucine can be sensed by the proteins from the SESTRIN family (SESTRINs
1–3) [82–84], by small GTPase SAR1B [85] and by leucyl-tRNA synthetase [70,86,87]. Argi-
nine is sensed by CASTOR1 protein homodimer in the cytoplasm [88,89] and by SLC38A9
together with TM4S5F protein at the lysosomal membrane [90–92].

GATORs can interact directly with several amino acid sensors (Figure 3A). During
leucine or arginine starvation, SESTRIN2 [82], SAR1B [85] or CASTOR1, respectively [88,89]
interact with and inhibit the GATOR2 complex. WDR24 and SEH1L are essential for
interaction with SESTRIN2, but it is not known which component of GATOR2 interacts with
SESTRIN2 directly [93,94]. SAR1B directly binds MIOS, but not other GATOR2 subunits [85].
WDR24, SEH1L and MIOS were sufficient for interaction with CASTOR1 [89]; the CASTOR1
N-terminal domain is involved into direct interaction with MIOS [95]. Binding sites for
SESTRIN2 and CASTOR1 are located at different parts of GATOR2 [89]. These interactions
prevent inhibition of the GATOR1 by GATOR2 [96] and as a consequence, lead to mTORC1
inhibition. Neither SESTRIN2 nor CASTOR1 interact with GATOR1 [89,93,97].

In the presence of amino acids, interaction of leucine to the defined binding pocket
in monomeric SESTRIN2 [83] or arginine with its binding pocket at the homodimeric
CASTOR1 [88,95,98] results in dissociations of these sensors from GATOR2 and relieves
mTORC1 inhibition. It is important to note, however, that SESTRIN2-GATOR2 interactions
were initially observed in the cell-lines cultured in leucine-rich conditions [93,97], even if
amino acid starvation enhanced this interaction. In vitro addition of leucine reduces the
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SESTRIN1-GATOR2 or SESTRIN2-GATOR2 interactions, but it does not affect SESTRIN3-
GATOR2 interaction [82,84]. Interestingly, SESTRIN2 and SAR1B detect different parts of
leucine; SAR1B recognizes the amino group and side chain of leucine [85], while SESTRIN2
interacts with leucine’s amino and carboxyl groups [83].

Interactions of SESTRINs to GATOR2 depends on a cell type and physiological condi-
tions. Thus, in the skeletal muscle of rats, SESTRIN1 is the most abundant isoform, and
SESTRIN2 expression is much lower relative to either SESTRIN1 or SESTRIN3. Accordingly,
oral administration of leucine to fasted rats induced SESTRIN1-GATOR2 disassembly, but
did not affect the interaction of other SESTRIN isoforms with GATOR2 [84]. This suggests
that in the rat skeletal muscle, it is probably SESTRIN1 that has a primary role as a leucine
sensor and leucine-induced activation of mTORC1 in skeletal muscle happens via SES-
TRIN1 release from GATOR2. SESTRINs–GATOR2 interactions can also be age dependent.
Thus, in the skeletal muscle of young pigs, SESTRIN2 is more abundant than SESTRIN1
but the GATOR2 amounts are the same. Accordingly, during amino acid starvation the
abundance of the SESTRIN2–GATOR2 complex reduced more in younger pigs [99].

Recently, GATOR2 was reported to be required for SESTRIN2-induced AKT activation
and AKT translocation to plasma membrane [94]. In addition, GATOR2 physically bridges
SESTRIN2 with mTORC2 where WDR59’s interaction with mTORC2’s component RICTOR
is essential for the communication between GATOR2 and mTORC2, and WDR24 is crucial
for GATOR2-SESTRIN2 interaction. In HeLa cells, GATOR2 promotes AKT activation and
facilitates AKT-dependent inhibitory phosphorylation of TSC2 [75]. Thus, although an
exact molecular function of GATOR2 has not yet been defined, it is clear that GATOR2
might have a large repertoire of various activities. Solving the structure of GATOR2 alone
and in complex with its interactors will provide essential information about how these
multiple functions can be exerted.

5.3. GATOR1 Interaction with SAM Sensor, SAMTOR

The SAM sensor, SAMTOR, binds to GATOR1 during SAM or methionine deprivation,
and negatively regulates mTORC1 activity [100]. The component of GATOR1 that interacts
with SAMTOR is currently unknown. In the presence of SAM, this metabolite occupies its
binding pocket in SAMTOR, which disrupts the interaction of an amino acid sensor with
GATOR1, promoting mTORC1 activity. SAMTOR and GATOR1 interactions are dependent
on KICSTOR (see below). When SAMTOR is bound to SAM, it dissociates from GATOR1–
KICSTOR, thus inhibiting GATOR1 and promoting mTORC1 activation [101]. On the other
hand, methionine starvation promotes interaction between SAMTOR and the GATOR1–
KICKSTOR complex, but weakened the interaction between GATOR1 and GATOR2, thus
leading to mTORC1 suppression [100]. SAM levels can be affected by the availability
of vitamin B12. Mice NPRL2 KO embryos have significantly reduced methionine levels
and demonstrate phenotypes reminiscent of B12 deficiency [20]. It is currently unknown
whether methionine can be sensed directly. Interestingly, leucine can also signal to mTORC1
through its metabolite, acetyl-coenzyme A, but in a RAG-independent and cell-specific
manner [102].

In a recent study, Jewell laboratory investigated the potency of each amino acid to
stimulate mTORC1 in MEF or HEK293 cells [65]. Ten amino acids were able to re-stimulate
mTORC1 and promote its lysosomal localization. Glutamine and asparagine signal to
mTORC1 through a RAG-independent mechanism via ADP-ribosylation factor ARF1.
Eight amino acids (alanine, arginine, histidine, leucine, methionine, serine, threonine and
valine) filter through RAGs. While three cytoplasmic sensors for leucine, arginine and
methionine (SAM) have been identified, it is not known whether the other five amino acids
also have their specific sensors and whether they will interact with GATORs.

5.4. SEACIT and Amino Acid Sensing in Yeast

Amino acid sensing in yeast differs significantly from the mammalian system
(Figure 3B). SESTRINs, CASTOR1 and SAMTOR are not conserved in S. cerevisiae and
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S. pombe, which presumes that the interaction of these amino acid sensors with GATOR
complexes arose later in the evolution. Nevertheless, Npr2 does participate in methion-
ine sensing in S. cerevisiae, but in a very different way than in mammals. Under normal
growth conditions, Ppm1p methyltransferase methylates two subunits of yeast protein
phosphatase 2A (PP2A), which promotes Nrp2 dephosphorylation, TORC1 activation and
suppression of autophagy [103]. Low methionine level leads to a decreased SAM, which
blocks PP2A methylation and its phosphatase activity. As a result, Npr2 accumulates in
phosphorylated form, which most probably changes the integrity of the SEACIT complex
due to increased interaction between phosphorylated Npr2 and Iml1/Sea1 [9]. Therefore,
SEACIT is no longer able to repress TORC1 effectively, resulting in autophagy activation.
Interestingly, Npr2-deficient yeast grown in a minimal medium, containing ammonium as
a sole nitrogen source and lactate as a nonfermentable carbon source, metabolize glutamine
into nitrogen-containing metabolites and maintain high SAM concentrations [104].

As in mammals, yeast also have amino acid sensing pathways parallel to SEA-GTR
signaling [105]. For example, Pib2, which resides at the vacuole membrane, interacts with
TORC1 complex in a glutamine-sensitive manner, suggesting that Pib2 acts as a part of
a putative glutamine sensor [64]. Although both Pib2 and EGO are required for TORC1
tethering to the vacuolar membrane and its activation, they form different complexes with
TORC1, ruling out a possibility that the SEA complex can participate in Pib2-dependent
amino acid sensing. Even if Pib2 does not have apparent ortholog in mammals, PLEKHF1
protein shares high sequence similarity with Pib2 domains, important for TORC1 acti-
vation. However, PLEKHF1 is not involved in the glutamine-dependent regulation of
mTORC1 [65]. In addition, Whi2, localized at the cell periphery, specifically senses low
amino acid levels in general and leucine levels in particular, and suppresses TORC1 activity
independently of the SEA complex [106,107]. The Whi2 homologue in mammals, KCTD11,
acts as a negative regulator of mTORC1 during amino acid deprivation [106].

All these recent findings demonstrate that amino acid sensing mechanisms are way
more diverse, because not only amino acids themselves, but also their metabolites can be
sensed in a RAG-dependent, RAG-independent and cell-specific manner.

Many questions about amino acid sensing ultimately related to SEA and GATOR
functions remain unanswered. Does every amino acid have its own sensor? Will all the
sensors that work through RAGs interact with GATORs? What are the determinants of the
interaction of amino acid sensors with one or another GATOR complex? In other words,
why do SESTRIN2 and CASTOR1 interact with GATOR2, and SAMTOR with GATOR1?
What are the factors that determine sensing of the same amino acid by different sensors?
For example, why does leucine need three sensors (SESTRIN2, SAR1B and LARS1) that
function in the same cell types, in the same subcellular location (cytosol), through the same
pathway (RAG-dependent)? Leucine can also signal through its catabolite acetyl-CoA and
activate mTORC1 via EP-300-mediated acetylation of RAPTOR [102]. Can other amino
acids signal both themselves and their metabolites through different sensors? For example,
the methionine metabolite SAM is sensed by SAMTOR, does a methionine sensor exist?
Amino acid sensing also happens at Golgi, where GATORs, SESTRINS, CASTOR1 and
SAMTOR have not been found thus far. How is amino acid sensing is achieved at Golgi?
What is the repertoire of cell-type specific sensors? The primary role of aminoacyl tRNA
synthetases is binding to cognate amino acids and their attachment onto appropriate tRNAs.
Some of them, such as cytosolic LARS1 [70,78] and mitochondrial TARS2 (but not cytosolic
TARS) [108], are also implicated in the upstream regulation of mTORC1 pathway. Are other
aminoacyl tRNA synthetases also involved in mTORC1 regulation? What are the details of
a crosstalk between general amino acid sensing through GCN2 and sensing through the
mTORC1 pathway? Finally, what are the main determinants of amino acid sensing in yeast
given that many mammalian amino acid sensors discovered thus far do not have yeast
homologous, yet the GATOR-RAG-RAGULATOR (SEA-GTR-EGO) system is conserved?
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5.5. SEACIT/GATOR1 as GAP for EGO/RAG

Two papers published simultaneously in 2013 reported the results that have dramati-
cally increased the significance of the SEA/GATOR complex in the regulation of mTORC1
pathway. The laboratory of Claudio de Virgilio found that in S. cerevisiae, the SEA sub-
complex, which was subsequently named SEACIT (SEAC subcomplex inhibiting TORC1
signaling) [14], acts as a GAP for Gtr1 and, thus, inhibits TORC1 [11]. In a parallel study,
David Sabatini’s laboratory characterized for the first time the human homologue of the
SEA complex, and also found the GAP activity of the SEACIT analogue, which received
the GATOR1 name (GTPase activating protein activity towards RAGA) [12]. In both yeast
and humans, SEACAT/GATOR2 acts upstream of SEACIT/GATOR1, suppressing its GAP
activity, thus being “an inhibitor of an inhibitor”, although how exactly this suppression is
achieved is completely unknown.

A molecular mechanism of how SEACIT/GATOR1 acts as a GAP has been addressed
in several functional and structural studies, but a complete consensus of how exactly the
GAP function is exerted has not yet been achieved. Indeed, in an initial study by the de
Virgilio group, it was demonstrated that in S. cerevisiae, Iml1/Sea1 can co-precipitate with
Gtr1 in the presence but substantially less in the absence of other SEACIT subunits. Yet, in
the in vitro binding and GAP essays, Iml1/Sea1 could directly bind to Gtr1 and promote
GTP hydrolysis in the absence of Npr2 and Npr3. GAPs often supply a catalytic amino
acid residue (Arg, Asp or Gln) in their active sites, thus forming an “arginine finger” or
“Gln/Asn thumb” that can be inserted into nucleotide-binding pocket of a GTPase [109].
In the highly conserved Iml1/Sea1 domain, essential for its GAP activity (aa 929-952),
a conserved Arg943 was critical for GAP activity both in vitro and in yeast cells. Human
DEPDC5 could partially complement TORC1 inhibition defect in iml1∆ cells, suggesting a
conserved role of Iml1/Sea1 and DEPDC5 across the species. Therefore, when the cryo-EM
structure of GATOR1 (Figure 2A) and GATOR1 in the complex with RAG GTPases was
solved, it came as a surprise because it revealed a very unexpected mode of interaction
between GTPases and GAPs [29].

For the structural studies, GATOR1 was copurified with RAG GTPase heterodimer,
containing wild type RAGA and mutant RAGC, which can bind GTP, but not GDP. In
addition, this heterodimer was loaded with GDP and non-hydrolysable GTP analogue
(GppNHp) to create the most favorable nucleotide-binding configuration for interaction
with GATOR1. The structure demonstrated that the overall conformation of the GATOR1 in
a complex with RAG GTPases is similar to a free GATOR1 (see above). The SHEN domain
of DEPDC5 can contact directly with a site proximal to nucleotide binding pocket of GTP
analogue-bound RAGA. However, quite surprisingly, this interaction did not appear to be
responsible for the stimulation of GTP hydrolysis. The kinetic analysis of GTP hydrolysis
of DEPDC5 alone with RAGA or NPRL2/NPRL3 dimer with RAGA revealed that it is
rather NPRL2/NPRL3, which has GAP activity. Moreover, a conserved Arg78 localized
on the loop of NPRL2 longin domain is the “arginine finger”, responsible for GAP activ-
ity [110]. However, this Arg78 is located far away and is opposite to the RAGs binding
interface of DEPDC5. Moreover, an earlier study from Wang laboratory showed that amino
acid stimulation enhances the interaction of RAGA with both endogenous DEPDC5 and
NPRL3 [111]. To explain these rather contradictory observations, a two-state model of
GATOR1 interaction with RAG GTPases was proposed: in the inhibitory mode, DEPDC5
SHEN domain interacts strongly with RAGs and GAP activity of GATOR1 is weak; alter-
natively, a low affinity interaction dependent on NPRL2/NPRL3 stimulates GAP activity.
Such bi-modal activity has not been previously observed between a GAP and a GTPase.
Moreover, before this study, longin domains were found to be highly represented in many
GEFs, where they would serve as adaptable platforms for GTPases [42]. In addition, in a
structure of Chaetomium thermophilum Mon1-Ccz1-Ypt7 complex, Mon1-Ccz1 GEF contacts
its cognate GTPase Ypt7 through a face of a conserved longin domain heterodimer [112].
NPRL2 and NPRL3 also form a heterodimer using their longin interaction domains; there-
fore, it is quite intriguing why in case of Mon1-Ccz1 longin heterodimer supports a GEF
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activity, while NPRL2/NPRL3 longin domains assist to GAP function. One of the plausible
explanations might involve a possibility that NPRL2–NPRL3 interaction with RAGs can be
sterically compromised by GATOR2, because it is NPRL3, which is necessary and sufficient
for interaction with GATOR2. Finally, to add even more complexity, one (and the only)
study reported that NPRL2 interacts with RAGD in amino acid scarcity, and with Raptor
during amino acid sufficiency to activate mTORC1 [113]. Although the authors explain
this behavior by suggesting that NPRL2 may not solely exist as a part of GATOR1, these
findings require more clarifications.

It is evident that more structural studies will be necessary to explain this peculiar mode
of interaction between GATOR1 with RAG GTPases. For example, a structure of RAGs-
NPRL2-NPRL3 would allow to observe the conformation of the active GAP, a task that
will not be very easy, given a weak association of NPRL2/NPRL3 heterodimer with RAGs
in the absence of DEPDC5. In addition, solving a structure of yeast SEA complex, where
the association between SEACAT (GATOR2) and SEACIT (GATOR1) is much stronger
and where GAP activity seems to be performed by Iml1/Sea1 (DEPDC5), rather than by
other components of the complex, would be absolutely central for the elucidating how
SEACIT/GATOR1 exert its GAP function.

5.6. SEA/GATOR Recruitment to the Vacuolar/Lysosomal Membrane

In yeast, both TORC1 and SEA complex localize at the vacuole membrane regardless of
the presence or absence of amino acids [3,77,114,115]. Iml1/Sea1 did not require other SEA
components to localize to the vacuole membrane in both budding and fission yeast [11,28].
In contrast, Npr2 and Npr3 mutually depend on each other and on Iml1/Sea1 for vacuolar
localization [11,28]. Importantly, the deletion of any of the SEACIT components during
nitrogen starvation caused the re-localization of Tor1 to the cytoplasm [13].

In mammalian cells, mTORC1 is recruited to the lysosome in the presence of the amino
acids, where it is fully activated by RHEB [116]. In addition, the activation of mTORC1
by RHEB can happen at the surface of other organelles, because both RHEB and mTORC1
have been detected at the Golgi apparatus, the peroxisome, the plasma membrane and
ER [62,117,118]. Stably expressed GFP-tagged components of GATOR1 (NPRL2 and DEPDC5)
and GATOR2 (MIOS and WDR24) localize to the lysosome regardless of the amino acid
levels [12,67], although a recent study revealed that during amino acid starvation, WDR24,
MIOS and mTOR can be found at a rough ER membrane [119]. Similarly, Drosophila GATOR2
components Mio and Seh1 localize to lysosomes in both fed and starved flies. Mammals,
however, developed additional mechanisms to maintain GATORs at the lysosomal membrane,
which include an interaction with the protein complex KICSTOR, that is not present in non-
vertebrates and the regulation of GATOR1-RAGA interaction via ubiquitination.

The mammalian-specific KICSTOR complex identified in 2017 plays a key role in
the localization of GATOR1 to its GTPase substrates [66,67]. KICSTOR consist of four
proteins, KPTN, ITFG2, C12orf66 and STZ2, whose initial letters gave the complex its
name. C. elegans only encode a homologue of SZT2, while yeasts and Drosophila lack
entire KICKSTOR [15,67]. Both GATOR1 and GATOR2 associate with KICKSTOR in an
amino-acid insensitive manner. STZ2 is responsible for the interaction of KICKSTOR with
GATOR1, since STZ2 knockouts impaired the localization of GATOR1 to the lysosomes, but
not GATOR2 or RAG GTPases. SZT2 is also necessary for the coordinated GATOR1 and
GATOR2 binding and for GATOR1-dependent inactivation of mTORC1 at the lysosome.
SZT2 contains several regions that allow interaction with GATOR1 and GATOR2 [66].
SZT2–DEPDC5 interactions can occur in the absence of other GATOR components [29].
SZT2 does not bind GATOR2 in the absence of NPRL3, once again underlining a crucial
role of this protein in GATOR1–GATOR2 interactions. In addition, lysosomal localization
of WDR59 is abolished in the absence of SZT2. Thus, KICKSTOR, and especially its largest
component 380 kDa SZT2, may facilitate interaction between GATOR1 and GATOR2 and
maintain both subcomplexes together. In contrast, in S. cerevisiae, both SEA subcomplexes
can form a stable complex without other mediating proteins. It is intriguing why, during
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evolution, mammals acquired a large protein complex to maintain interactions between
GATOR1 and GATOR2, which otherwise are quite stable in lower eukaryotes.

GATOR1 is also implicated to the recruitment to the lysosomal surface of another
GAP—FLCN/FNIP. GATOR1-dependent control of the RAGA nucleotide state drives
FLCN recruitment to lysosomes when amino acids are scarce [120]. Indeed, when amino
acids are low, the GAP activity of GATOR1 promotes the GDP-RAGA/B conformation and
FLCN/FNIP is recruited to the lysosome to act as a GAP towards RAGC/D. In this study,
only knockout of NPRL3 in HeLa cells were verified, and it is not known whether knockout
of other GATOR1 components would have the same effect. Nevertheless, these findings
help to resolve the apparent contradiction reported earlier, that FLCN-FNIP heterodimer
binds to RAGA/B, but acts as a GAP for RAGC/D [69,121]. Cryo-EM structures of the
human FLCN-FNIP-RAG-RAGULATOR complex containing an inactive form of the RAG
heterodimer confirmed that the FLCN-FNIP2 heterodimer binds to the GTPase domains of
both RAGA and RAGC [122,123].

GATOR1-RAGA interactions are controlled by several kinases and E3 ubiquitin ligases,
which are not present in lower eukaryotes. For example, an oncogenic non-receptor tyrosine
kinase, SRC, disrupts GATOR1-Rags interactions, promoting mTORC1 recruitment and
activation at the lysosomal surface [124]. Currently, it is not known what the mechanisms
that activate SRC in response to amino acids are and whether GATOR1 subunits or RAGs
can be phosphorylated by SRC. On the other hand, DEPDC5 can be phosphorylated by
Pim1 kinase at S1002 and S1530, and by AKT also at S1530 [125]. This phosphorylation
seems not to affect the ability of DEPDC5 to interact with neither NPRL2 nor SZT2, but
elevated Pim1 expression during amino acid starvation overcame mTORC1 suppression.

Two lysosome localized E3 ligases, RNF152 and SKP2, mediate K63-linked polyubiq-
uitination of RAGA at different sites, which promote GATOR1 recruitment to RAGA and
the consequent inactivation of mTORC1 [111,126]. Remarkably, SKP2 ubiquitinates RAGA
at K15 during prolonged amino acid stimulation [126], while, quite opposite, RNF152
ubiquitinates RAGA at a different set of lysines (K142, 220, 230, 244) during amino acid
starvation [111]. SKP2 provides a negative feedback loop, where RAGA ubiquitination and
GATOR1 recruitment restrict mTORC1 activation upon sustained amino acid stimulation.
Inversely, during amino acid starvation, it is RNF152-dependent RAGA ubiquitination,
which enhances GATOR1–RAGA interaction. Interestingly, RNF152 can also ubiquitinate
RHEB, sequestering RHEB in its inactive RHEB-GDP form and promoting its interaction
with TSC2, which leads to mTORC1 inactivation [127]. Thus, RNF152 acts a negative
mTORC1 regulator in both amino acid and growth factor brunches of mTORC1 signaling.

5.7. SEA/GATOR in Autophagy

One of the major functions of mTORC1 is in the regulation of autophagy, which is
induced when mTORC1 is inhibited. Thus, it is not surprising that deletions of SEACIT/
GATOR1 components suppress autophagy in yeast [3,9,13,103,104,128,129], Drosophila [130],
C. elegans [131] and mammals [129,132]. Just as the opposite, mutations in GATOR2 may
promote autophagy, which can happen even in the absence of nutrient starvation, as it is a
case of wdr24 mutants in Drosophila [133]. In contrast, deletions of SEACAT members in
yeast seem not to have a drastic effect on autophagy initiation and flux [3]. Interestingly,
the nitrogen starvation deletion of SEA1 or double deletion of NPR2 and NPR3 resulted
in the inhibition of vacuolar fusion [13]. As the inactivation of TORC1 during nitrogen
deprivation promotes vacuole coalescence [134], deletions of any of the SEACIT members
increase TORC1 activity during starvation, and, therefore, induce vacuolar fragmentation
and defects in autophagy.

Recently a bi-directional feedback loop, which regulates autophagy and involves
SEACAT, has been described [50]. In order to control autophagy, TORC1 phosphorylates
and inhibits the Atg1 kinase essential for autophagy initiation, but Atg1, in turn, can
phosphorylate SEACAT components. Although it is currently not known whether that
phosphorylation acts positively or negatively on TORC1 activity, this finding uncovers the
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important node of convergence between TORC1 and Atg1, with the SEACAT being both
the regulator and effector of autophagy.

The SEA complex is also important for specific types of autophagy. Thus, yeast with
deletions of SEACIT complex members failed to activate selective degradation of mitochon-
dria via mitophagy (Figure 4) [135,136]. Given the conservation of the SEA/GATOR function,
it is reasonable to assume a similar role of GATOR in mammals, although the involvement of
GATOR in specific types of autophagy in mammals has not yet been described.
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Figure 4. Functions of the S. cerevisiae SEA complex and its components beyond nutrient response. Indicated are Seh1 and
Sec13 as components of the nuclear pore complex and Sec13 as part of COPII vesicles. Npr2 and Npr3 regulate retrograde
signaling. Npr2 is also involved in the regulation of TCA cycle. Finally, SEA complex is involved in the maintenance of the
vacuole-mitochondria contact sites (vCLAMPs) and is important for mitophagy.

6. SEA and GATOR Functions beyond Nutrient Responding
6.1. SEA/GATOR Evolution Origin

SEA/GATOR has always been “living double lives” with a number of its components
having diverse “moonlighting” functions beyond their role in the regulation of nutrient
sensing and responding (Figures 4 and 5). Although the majority of these functions seem
to be related to the SEA/GATOR role in the regulation of mTORC1, others are clearly
associated with totally different pathways. Accordingly, despite the fact that the main
localization site of SEA/GATOR is a vacuole/lysosomal membrane, some of its components
can be found in the nucleus, ER, mitochondria, plasma membrane, etc., depending on
the functions that they fulfil in different cell types, stages of cell cycle progression and
physiological conditions [24,54,94,135,137–140]. The most outstanding examples are Seh1

150



Cells 2021, 10, 2689

and Sec13, which together are the members of the Nup84 subcomplex in the nuclear pore
complex, with Sec13 also being a component of COPII coated vesicles [3]. This “double life”
of Seh1 and “triple life” of Sec13 witnesses the evolution of the endomembrane system.
Indeed, the progression from prokaryotic to eukaryotic cells was accompanied by the
acquisition of membranous structures, eventually transformed into organelles, which often
adopted preexisting molecules and adjusted them for new needs via duplication and
neofunctionalization [33]. During this transformation, a central role was played by ancient
protocoatomers, which facilitated membrane bending. Not only Seh1 and Sec13, but the
entire SEACAT/GATOR2 complex belongs to the large family of protocoatomer-derived
complexes that form transport vesicles (COPI, COPII, clathrin), membrane-associated coats
(nuclear pore complexes), tethering complexes (HOPS/CORVET) and other membrane
associated structures, such as SEACAT/GATOR itself [3,31,34]. These various assemblies
have a number of structural similarities, including a hallmark feature—a presence of N-
terminal β-propeller, formed by WD40 repeats, and C-terminal α-soleniod composed of α-
helices (HEAT repeats). In that view, Sea4/MIOS is the most well preserved protocoatomer
descendant, while Sea2/WDR59 and Sea3/WDR24 diverged more profoundly, loosing
many α-helices, but still preserving N-terminal β-propellers.

GTPases, with their corresponding GEFs and GAPs, are other important elements of
membrane-associated assemblies. SEACIT/GATOR1 carries this functional feature of en-
domembrane system, being a GAP for RAGA GTPase. In addition, longin domains present
in two components of the SEACIT/GATOR1 can also be found in small GTPases and many
other proteins involved in assembly, fusion and tethering of membranes [141]. Here, again,
paralogs Npr2/NPRL2 and Npr3/NPRL3 evidence that evolution progressed through
duplication and divergence, because both proteins seem to have additional functions, apart
from mTORC1 regulation.

Remarkably, the entire vacuole/lysosome-associated mTORC1 pathway machinery
contains multiple structural elements typical for classical endomembrane systems [30]. For
example, the mTORC1 complex has a β-propeller subunit mLST8, structurally very close
to Seh1 and Sec13. Similar to other coatomers, another mTORC1 subunit, Kog1/RAPTOR,
contains HEAT repeats and β-propeller, but in a “Lego game of evolution” these structural
elements switch places with HEAT repeats situated at the N-terminus and β-propeller at the
C-terminus. By the way, in the mTORC1 complex, RAPTOR interacts with the HEAT domain
of mTOR. Finally, the abundance of small GTPases, GAPs and GEFs that control mTORC1
witness the common evolution origin of the core endomembrane system and its regulators.

6.2. Regulation of Mitochondrial Biogenesis and Quality Control

The mTORC1 pathway plays an essential role in mitochondrial biogenesis, mitochon-
drial genome repair, the phosphorylation of mitochondrial proteins and the regulation of
mitophagy, the selective degradation of mitochondria by autophagy. As a central controller
of the mTORC1 pathway, SEA/GATOR is also involved in the regulation of mitochon-
dria function and quality control (Figure 4, Figure 5). The analysis of synthetic genetic
interactions in S. cerevisiae revealed already in 2011 that SEA genes interact with many
mitochondrial genes, with Npr2 located close to the mitochondrial gene cluster [3,142,143].
About 20% of proteins that co-precipitate with SEA components are mitochondrial pro-
teins [13,135] and, inversely, enriched mitochondrial fractions contain SEA proteins [137].
Both C-terminal GFP tagged Iml1/Sea1 and Sea4 can be localized to the mitochondria [135].
Moreover, treatment with rapamycin significantly increases the amount of cells with cyto-
plasmic and mitochondrial localizations of Iml1/Sea1, although a fraction of Iml1/Sea1 can
still be observed at the vacuole [138]. Similarly, in HEK 293T cells NPRL2 can be localized
to the mitochondria and many mitochondrial proteins can be found in the proteome of
NPRL2 and NPRL3 [54]. Recently, SESTRIN2, which interacts with GATOR2 during leucine
starvation (see above), was also found to be localized to mitochondria and silencing of
GATOR2 genes considerably reduced the mitochondrial pool of SESTRIN2 [144]. Finally,
Sec13 was shown to be interacting with mitochondrial antiviral signal protein (MAVS, also
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known as VISA) [145,146]. MAVS is localized on the outer membrane of mitochondria,
with a small proportion present at mitochondria-associated membranes (MAMs). Sec13
overexpression increases MAVS aggregation and facilitates interferon β production, while
low levels of Sec13 result in a weaker host antiviral immune response. Currently, it is not
clear whether other proteins from nuclear pore complex or COPII or GATOR2 are also
involved in these interactions.
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Figure 5. Multiple functions of the SEA/GATOR complex.

The deletion of SEA/GATOR components affects mitochondria functions. The total
abundance of SEA proteins is increased during respiratory growth and decreased upon
nitrogen starvation, sea2 deletion impairs respiration capacity in S. cerevisiae [147]. npr2∆
cells have defective mitochondrial-housed metabolic pathways, such as synthesis of amino
acids, and an impaired tricarboxylic acid (TCA) cycle activity. npr2-deficient cells showed
decreased pools of nitrogen-containing intermediates of the TCA cycle and nucleotides. Yet,
npr2∆ yeast use TCA cycle intermediates for replenishment of biosynthetic pathways to
sustain the hypermetabolic state due to mTORC1 constant activation, suggesting a role of
SEACIT in the regulation of cataplerotic reactions of the TCA cycle depending on the amino
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acid and nitrogen status of the cell [148]. This was later supported by another study that
demonstrated that skeletal-muscle-specific NPRL2 loss in mice promoted aerobic glycolysis
by altering the tuning between the amino acid sensing pathway and TCA cycle function.
NPRL2-mKO mice also had less oxidative muscle fibers and more glycolytic muscle fibers,
a hallmark of aerobic glycolysis, which highlights the functional role of NPRL2 in vivo in
the regulation of glucose entry into the TCA cycle [149].

The function of GATOR1 proteins in mitochondrial health seems not to be limited to
NPRL2. A heterozygous mutation in the CTD domain of DEPDC5 gene found in an autistic
child was correlated with a significant decrease in mitochondrial complex IV activity and
decrease in the overall oxygen consumption rate in peripheral blood mononuclear cells.
Therefore, this variant of DEPDC5 can be directly related to an altered mitochondrial
function in autistic disease [150]. Mice with skeletal-muscle specific deletion of DEPDC5
showed increased mitochondrial respiratory capacity and TCA cycle activity [151].

SEACIT is also involved in the communication of the mitochondria with other or-
ganelles. The mitochondria-to-nucleus communication pathway, known as the retrograde
signaling, is triggered by mitochondrial dysfunctions in order to alter the expression of
nucleus-encoded mitochondrial genes to effect metabolic reprogramming and to restore
cellular fitness [152,153]. npr2∆ and npr3∆ yeast strains failed to activate the retrograde
signaling pathway when grown in media containing ammonia as nitrogen source [10,148].
In order to recruit the substrates for biochemical reactions and export resulting products mi-
tochondria rely on direct transport with organelles through contact sites [154]. The vacuole
and mitochondria contact sites, vCLAMPs, are important for lipid exchange [155] and may
also serve for the sensing of the integrity and functionality of mitochondria (Figure 4) [135].
Importantly, SEACIT is required for the maintenance of vCLAMPs and the deletion of
any SEACIT members drastically reduces the amount of vCLAMPs in yeast cells [135].
Whether GATOR1 has the same functions in mammalian cells remains to be discovered.

6.3. GATOR1 and DNA Damage Response

The notion that Npr2/NPRL2 might have a role in DNA damage response appeared
when it was found that mutations in this protein, both in yeast and human, confer resistance
to the anticancer drugs cisplatin and doxorubicin (Figures 4 and 5) (see below) [156,157].
These compounds induce high levels of DNA damage, which eventually lead to cell cycle
arrest and apoptosis [158,159]. Study of the role of NPRL2 in DNA damage response in
non-small-cell-lung cancer cells treated with cisplatin [160] demonstrated that the ectopic
expression of NPRL2 activates the DNA damage checkpoint pathway in cisplatin-resistant
and NPRL2-negative cells, leading to cell cycle arrest in the G2/M phase and induction
of apoptosis. Upon ectopic expression, NPRL2 promotes ROS production via NADPH
oxidase (NOX) 2 activation [54]. Overexpressed NPRL2 accumulates in the nucleus, where
it interacts with the apoptosis initiation factor, AIF. In addition, NPRL2 expression provokes
the phosphorylation of tumor suppressor p53, which, in turn, activates a DNA-damage
checkpoint pathway via p21 and CDC2. An excessive amount of NPRL2 results in cell cycle
arrest in G1 phase in cells with constitutively p53 and to CHK2-dependent S or G2/M in
p53-negative cancer cell lines [54,161]. Currently, it is not known whether these functions
are performed by NPRL2 as a part of GATOR1 complex, or separately. Drosophila GATOR is
also critical to the response to meiotic double strand DNA breaks (DSB) during oogenesis,
since depletion of each GATOR1 component fails to repair DSB with nprl3 mutants showing
increased sensitivity to genotoxic stress both in germline and somatic cells [162].

6.4. GATOR in Cell Division and Cell Cycle Regulation

GATOR2 is important for both mitotic and meiotic division (Figure 5). Depletion of
MIOS in HeLa cells resulted in mitotic defects, such as spindle assembly defects and delay
or failure in cytokinesis [163]. MIOS regulates mitotic events through Aurora A kinase and
Polo-like kinase 1 (Plk1), which control the localization and function of mitotic spindle.
MIOS is important for spindle formation, subsequent chromosome segregation and proper
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concentration of active Plk1 and Aurora A at centrosomes and spindle poles. SEH1, which
forms a complex with MIOS (see above), targets GATOR2 to mitotic chromosomes, required
for the localization of chromosomal passenger complex and functions in chromosome
alignment and segregation by regulating the centromeric localization of Aurora B [164].
This function of GATOR2 nevertheless seems to be related to its role in mTORC1 activation,
because depletion of MIOS causes reduced mTORC1 activity at centromeres in mitotic
cells [163].

In Drosophila, Mio localizes to oocyte nucleus at the onset of prophase and meiosis
I, and is required for the maintenance of the meiotic cycle during oocyte maturation [24].
Drosophila Seh1 is also involved in the maintenance of meiotic cycle and regulation of
microtubule dynamics in ovarian cysts [36]. Depletion of iml1 in the female germ line
delays mitotic/meiotic transition and ovarian cysts undergo an extra mitotic division [18].
Thus, GATOR1 downregulates TORC1 activity to promote the mitotic/meiotic transi-
tion in ovarian cysts, while inhibition of GATOR1 by GATOR2 prevents the constitutive
downregulation of TORC1 at the later stages of oogenesis.

6.5. The Role of GATOR in Development

Animal development and growth is closely related to the ability to respond to different
nutrient cues. Therefore, it is not surprising that GATOR components are important at
different stages of embryonic and somatic development. Various studies in Drosophila by
Lilly’s group demonstrated that mutations of mio, resulting in the production of truncated
protein, suppresses oocyte growth and differentiation [24]. Seh1 in Drosophila is also
required in oogenesis, but is dispensable for somatic development [36]. Both Mio and Seh1
promote TORC1 activation in female fly’s germ lines, but play a relatively minor role in the
activation of TORC1 in many somatic types [18]. Wdr24, which is also required for ovary
growth and female fertility, promotes TORC1-dependent cell growth not only in germ line,
but also in somatic tissues of Drosophila [133]. nprl2 mutations in Drosophila decrease the
lifespan in flies, which have an accelerated gastrointestinal tract aging process [165].

In C. elegans, NPRL2 and NPRL3 are required for postembryonic development, which
is supported by the availability of a specific sphingolipid. When C. elegans larvae are placed
in the environment lacking this lipid, they suspend growth and cell division, which can be
overcome by resupplying the lipid. When this lipid is absent, postembryonic growth and
development can be re-initiated by activating TORC1 or inhibiting NPRL2/3 [17]. NPRL3
represses intestinal TORC1 activity at least in part by regulating apical membrane polarity,
which is probably the main reason of larval development defects in worms that are not
supplied with a sphingolipid [166] In addition, nprl3-deficient worms grow slowly due to
the lack of the ability to sense vitamin B2 deficiency in their food [131]. NPRL3 deficiency
in worms’ intestines triggers a gut protease activity, which derives in abnormal behavior
and growth impairing [131].

7. Deletion Phenotypes of the SEA/GATOR Components across Different Species

In unicellular yeast S. cerevisiae, SEA genes (apart from Sec13) are non-essential [3]
and in rich media, SEA deletion mutants grow practically with the same rate as wild
type yeast [3]. In fission yeast S. pombe, deletion of any GATOR1 as well as GATOR2
component Sea3 results in a severe growth defect [22,28]. Homozygous deletions of nprl2
and nprl3 in Drosophila are semi-lethal and deletions of iml are lethal, with GATOR1 activity
required for animals to transit the last stage of pupal development [130]. In addition,
nprl2 null flies have a significantly reduced lifespan [165]. Similarly, depdc5 knockout
in zebrafish resulted in premature death at 2–3 weeks post-fertilization [167]. In mice
homozygous knockouts of Seh1 [168], Wdr59 and Wdr24 are embryonically lethal [169].
Constitutive knockout homozygous and heterozygous GATOR1 rodent models differs
significantly. Thus, GATOR1 homozygous animals Nprl2−/− mice [20], Nprl3−/− mice [41],
Depdc5−/− rats [21] and Depdc5−/− mice [170] are embryonically lethal. Mice embryos
deficient for NPRL2 expression show a compromised liver hematopoiesis, which has a

154



Cells 2021, 10, 2689

negative impact on embryonic viability [20]. Although mutations in GATOR1 genes are
associated with epileptic disorders and brain malformations, heterozygous Depdc5+/−

rats and mice did not present spontaneous epileptic seizures, but Depdc5+/− rats have
subtle cortical malformations [21,170]. Several tissue specific knockouts have also been
investigated. Neuron-specific conditional homozygous Depdc5 knockout mice lived till
adulthood, but had larger brains and exhibited a decreased survival [171]. The hepatic
deletion of Depdc5 in mice resulted in mild liver inflammation and decreased fat level [172].
Skeletal muscle-specific Depdc5 depletion in mice resulted in muscle hypertrophy, but
neither the physical nor contractile muscle function of these mice improved [151]. Similarly,
mice with Nprl2 deletion in skeletal muscles had larger muscle fibers and exhibited altered
running behavior [149]. In conclusion, deletions of SEA/GATOR components in every
organism studied thus far provoked severe defects on growth and viability.

8. GATOR in Human Diseases

During the last decade it became increasingly evident that alternations in the expres-
sion of GATOR genes can cause various human diseases (Figure 6). Mutations of GATOR2
components can be found in various cancers according to The Cancer Genome Atlas
(TCGA) and Cancer Cell Line Encyclopedia (CCLE), COSMIC and cBioPortal databases,
although their recurrent mutation frequency is very low [173]. None of the GATOR2 muta-
tions in these cancers were studied on the molecular level and currently there are no data
about the involvement of GATOR2 components in other human pathologies [174]. One
of the reasons of the low pathogenicity of GATOR2 mutations could be that they would
cause an increased, but most probably not complete, suppression of the mTORC1 pathway,
which can rather be associated with healthier conditions.
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In striking contrast to GATOR2, many pathological mutations in GATOR1 genes
have been reported. These mutations are mainly related with two main types of human
diseases—cancer and epilepsy. Although the alternations in sequence and gene expression
associated with these pathologies have been reported for all three GATOR1 genes, there
are striking differences that mark some kind of “preferences” of a gene for a pathology.
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Thus, DEPDC5 mutations are more frequent in epilepsies in comparison with mutations in
other GATOR1 members. NPRL2 mutations can be found more often in different types of
cancers and are associated with resistance to anticancer drugs cisplatin and doxorubicin.
Even though NPRL3 is a paralogue of NPRL2, its alternations in cancer are less recurrent.
Instead NPRL3 appeared to be required for the normal development of the cardiovascular
system. Below we will describe alternations of GATOR1 expression in different diseases.

8.1. Epilepsies and Brain Malformations—DEPDC5 and Others

In 2013, DEPDC5 was reported as the first gene implicated in familial focal epilepsies
by Baulac and Scheffer groups [175,176]. In the following years, it became clear that mu-
tations in DEPDC5 are also related with brain malformations, notably with focal cortical
dysplasia (FCD), which is a major cause of drug-resistant epilepsy [177] and can be associ-
ated with sudden unexpected death in epilepsy (SUDEP) [178]. In 2016, mutations related
with focal epilepsies, familial cortical dysplasia and SUDEP were also reported for Nprl2
and Nprl3 [174,179,180]. Since then, more than 140 variants of GATOR1 genes have been
found in up to 37% of patients with familial focal and in other forms of epilepsies [181].
These variants include loss-of-function mutations (67%), missense mutations (27%), splice
site changes (4%), frameshifts and copy number variants (~1%). Interestingly, the distribu-
tion of mutations in an epilepsy cohort differs drastically from the overall distribution of
GATOR1 mutations listed in the gnomAD database, where loss-of-function represents only
4% of variants, with the majority (88%) being missense mutations. Importantly, histopatho-
logical analysis of brain tissues resected from individuals with GATOR1 gene mutations
demonstrate the hyperactivation of mTORC1 pathway, suggesting that mTORC1 signaling
plays an important role in brain development [174,179,180].

Nearly 85% of GATOR1 mutations in epilepsies account for changes in DEPDC5 with
both somatic and germline mutations detected all through the gene without clustering.
Initially, it was not clear how germline Depdc5 mutations can cause FCD, especially taking
into account that these mutations are often dominantly inherited from an asymptomatic
carrier parent [181] and that in rodent models Depdc5+/− constitutive heterozygous muta-
tions do not exhibit an epileptic phenotype [21,170]. The discovery of second hit somatic
mutations in trans, which led to a biallelic inactivation in a subset of brain cells, explained
this phenomenon [182,183]. Nprl2 and Nprl3 mutation are less frequent (6% and 9%,
respectively), which might be partially related with the fact that their involvement in
epilepsies and brain malformations has been tested in a low number of people [26,181].
Cases with simultaneous mutations in different GATOR1 genes have not been described
thus far. Several Nprl2 or Nprl3 variants found in individuals with FCD or hemimega-
loencephaly (HME) have been reported recently [184,185]. Interestingly, NPRL3 single
nucleotide polymorphism has been associated with ischemic stroke susceptibility and
post-stroke mortality [186], which can be related with increased mTOR activity, that is
known to accelerate brain recovery after stroke. The role of NPRL3 in this disease is most
probably related with its function in focal epilepsies that might occur in ischemic cere-
brovascular disorders [187]. Finally, genetic alternations of KICSTOR complex, required
for GATOR1-mediated repression of mTORC1 signaling (see above), have also been linked
to epilepsies and brain malformations [188–190].

Thus, it is evident that GATOR1 plays an essential role in cortical formation and devel-
opment. Mutations of GATOR1 components became important features of “mTORopathies”
—a set of pathological conditions characterized by brain malformations, neurological disor-
ders and mTORC1 hyperactivity due to either gain-of-function mutations in a pathway
activators (e.g., AKT, RHEB, MTOR itself) or loss-of-function mutations of inhibitors (e.g.,
TSC1, TSC2) [191,192]. However, mutations of GATOR1 genes seem to result in a broader
spectrum of neurological disorders than other “mTORopathic” genes. Not only are these
mutations highly related with medically intractable epilepsies and, especially SUDEP, but
they are also observed in autism spectrum disorders [150] and could be implicated in
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Parkinson’s disease [193]. Therefore, it was recently proposed to name GATOR1-related
neurological disorders as GATORopathies [194].

8.2. Cancer and Anticancer Drug Resistance—NPRL2 and Others

Among GATOR1 components, NPRL2 was the first that was suggested to be a tumor
suppressor [195] almost a decade before the GATOR1 complex was described for the
first time. NPRL2 has the higher cancer-associated recurrent mutational frequency out
of all the GATOR1 genes [173]. For example, missense mutations in metastatic breast
cancers are twice more frequent in Nprl2 (1.55%), than in Nprl3 or Depdc5 (0.78%) [196].
Low levels of NPRL2 expression have mostly been detected in solid tumors (Figure 6),
including hepatocellular carcinoma [197], glioblastoma [12], as well as in renal [198,199],
ovarian [12,199], colorectal [199–202], breast [199,203] and lung cancers [157,160,199,204,
205]. Paradoxically, NPRL2 might also have functions as an oncogene. Recent studies in
castration resistant prostate cancer (CRPC) revealed that poor prognosis is associated with
high expression of NPRL2 [206].

Alternations of NPRL2 expression is also related to the resistance to a number of
anticancer drugs. The most recurrent cases are associated with the resistance to cisplatin and
doxorubicin, which has been initially observed in Npr2 deletion mutants in yeast [156] and
further confirmed in human lung cancer cell lines [157,160]. The reason of this resistance is
still not clear, but it could be related with a role of NPRL2 in DNA damage response (see
above) [54,160]. Overexpression of NPRL2 in colon cancer cells increases the sensitivity
to a topoisomerase I inhibitor irinotecan (CPT-11) by activation of the DNA damage
checkpoints [207]. Genomic alternations of all three GATOR1 components have recently
been associated with the resistance to PI3Kα inhibitors in primary and metastatic breast
cancer [208]. This resistance is explained by the sustained activation of the mTORC1
pathway due to the loss of function mutations of GATOR1 components. In this case, it is
reasonable to expect that concomitant mTOR blockage by rapalogs or mTOR pan-inhibitors
might overcome resistance. Inversely, CRPC cells, where NPRL2 expression is elevated, are
resistant to everolimus [209].

Surprisingly, during the last decade, not a single article reported a study about the
involvement of NPRL3 in cancer and drug resistance, even if in the COSMIC database
there are almost three times more somatic cancer mutations listed for NPRL3 than for its
paralogue NPRL2.

A low frequency DEPDC5 inactivation mutation has been observed in glioblastoma
and ovarian cancer, but was not further investigated [12]. DEPDC5 downregulation was
also observed in tumors of breast cancer patients [53], where it is strongly correlated with
the upregulation of KLHL22 E3-ubiquitin ligase, responsible for DEPDC5 polyubiquity-
lation and degradation (see above). Recently, DEPDC5 inactivation was discovered in
gastrointestinal stromal tumors (GIST), one of the most common human sarcomas. Chro-
mosome 22q deletions are observed in ~50% of GIST and recurrent genomic inactivation
of DEPDC5 (>16%) makes it the bona-fide tumor suppressor contributing to GIST pro-
gression via increased mTORC1 pathway signaling [210]. This is in striking contrast with
>250 non-GIST sarcomas where DEPDC5 aberrations are infrequent (~1%). Interestingly,
cancer occurrence in epilepsy probands with germline GATOR1 variants is very low and at
present it is considered that there is no link between epileptic germline GATOR1 variants
and cancer [181].

Currently, >2000 somatic mutations in different tumors are listed for GATOR1 genes
in the COSMIC database, none of them have been studied in detail. It is reasonable to
expect that in the following years we should gain more information about the molecular
mechanisms associated with the tumorogenesis provoked by these mutations.

8.3. Cardiovascular Diseases—NPRL3

In striking contrast to other GATOR1 components, and especially to its paralogue
NPRL2, NPRL3 seems to be less important for epilepsy and cancer. Rather it appears as a
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crucial gene, necessary for the normal development of the cardiovascular system [41]. Mice
with the deletion of NPRL3 promoter often have severe embryonal cardiac defects and die
in late gestations. A single nucleotide polymorphism of NPRL3 was reported in sickle cell
anemia [211], a disease characterized by various hemoglobin abnormalities. These defects
are explained by the fact that the introns of NPRL3 contain super-enhancers required
for high level expression of the genes encoding the α-globin subunits of hemoglobin in
humans and mice [212,213]. These regulation elements appeared to be deeply preserved
during evolution. A recent genomic study revealed that the NPRL3 gene carrying a strong
regulatory element became linked to at least two different globin genes in ancestral verte-
brate, just before the divergence between jawless and jawed vertebrates [214]. Each of these
ancestral globin genes evolved in the modern hemoglobin genes, but kept their enhancers
in NPRL3, which provide an explanation to a long-standing enigma of how globin genes
linked to the same adjacent gene undergo convergent evolution in different species.

Therefore, the pathologies associated with NPRL3 mutations are related with the
disturbances of the transcriptional elements in the Nprl3 gene rather than with the function
of the protein product in the mTORC1 pathway. Similarly, the higher recurrence of NPRL2
mutations in cancers and DEPDC5 mutations in epilepsies could be related with the
specific moonlighting functions of these GATOR1 members beyond the regulation of the
mTORC1 pathway.

9. Conclusions

Since its discovery ten years ago, the SEA/GATOR complex has been recognized
as an important regulator of the mTORC1 pathway that deals with the cell’s response
to amino acid and glucose availability, DNA damage, mitochondria impairment, etc.
Many studies have also revealed the role of the SEA/GATOR complex in human diseases,
especially in cancer and epilepsies. Despite the growing number of discoveries involving
the SEA/GATOR complex in many organisms, a lot of questions concerning its function
and the mechanisms leading to pathologies are still left unanswered. For example, the role
of the GATOR complex in amino acid sensing and response has been already clarified in
great detail in several studies; however, it is still unknown whether the SEA complex in
yeast can perform sensing functions, given that many amino acid sensors interacting with
GATOR are not conserved in yeast. The functions of the SEA complex in autophagy and in
the formation of organelle contact sites have been extensively studied in yeast. Whether
the GATOR complex has these functions in higher eukaryotes is currently unknown
(Figure 5). Finally, the most intriguing problem at the moment concerns the molecular
function of the SEACAT/GATOR2 complex, an enigma that has remained unresolved
despite these 10 years of research and discoveries. Without any doubt, having a high-
resolution structure of this subcomplex with or without its partners (SESTRINs, CASTOR2
and others) will be crucial for understanding its function. It will be also important to
figure out the principles of interaction between the two SEA/GATOR subcomplexes in
different organisms, which can shed light on how evolution shaped this assembly to adapt
for the particular needs of various species. SEA members appeared earlier than GATOR
members, similar to crocodiles, which are slightly older than alligators [215]. In the same
way with crocodiles and alligators, SEA and GATOR are similar to each other in terms of
size, structure (appearance) and function (behavior). On the other hand, both SEA and
GATOR have a number of subtle yet significant differences that might be able to explain
how they each adjusted to operate optimally in different organisms and environments. For
example, as with crocodiles, which are bigger than alligators, SEA components are also
bigger than their human homologues. Therefore, it will not be surprising if the structural
studies reveal that the shape of the SEA complex will slightly differ from that of the GATOR
complex, as the V-shape crocodiles’ snout differs from larger U-shape snout of alligators.
Despite the slight difference in shape, both reptiles use their snouts to effectively catch and
hold the food. Similarly, SEA and GATOR complexes, despite several structural differences,
can still respond to the presence of nutrients during regulation of the mTORC1 pathway.

158



Cells 2021, 10, 2689

We are, therefore, confident that the next decade of SEA/GATOR research will lead to
new exciting discoveries of the structure and function of this complex, that can better
characterize its implication in health and diseases.
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Abstract: It has been demonstrated that inhibiting Notch signaling through γ-secretase inhibitor
(GSI) treatment increases myogenesis, AKT/mTOR signaling, and muscle protein synthesis (MPS) in
C2C12 myotubes. The purpose of this study was to determine if GSI-mediated effects on myogenesis
and MPS are dependent on AKT/mTOR signaling. C2C12 cells were assessed for indices of myotube
formation, anabolic signaling, and MPS following GSI treatment in combination with rapamycin
and API-1, inhibitors of mTOR and AKT, respectively. GSI treatment increased several indices of
myotube fusion and MPS in C2C12 myotubes. GSI-mediated effects on myotube formation and
fusion were completely negated by treatment with rapamycin and API-1. Meanwhile, GSI treatment
was able to rescue MPS in C2C12 myotubes exposed to rapamycin or rapamycin combined with
API-1. Examination of protein expression revealed that GSI treatment was able to rescue pGSK3β
Ser9 despite AKT inhibition by API-1. These findings demonstrate that GSI treatment is able to rescue
MPS independent of AKT/mTOR signaling, possibly via GSK3βmodulation.

Keywords: muscle protein synthesis; GSI; mTOR; AKT

1. Introduction

Skeletal muscle wasting is a debilitating result of aging and several disease states,
which drastically reduces functional capacity and quality of life [1–3]. Loss of skeletal
muscle mass can be attributed to increased protein catabolism, impaired muscle regenera-
tion (i.e., myogenesis), and/or reductions in muscle protein synthesis (MPS) [1,4,5]. The
protein kinase B (AKT)/mechanistic target of rapamycin (mTOR) cascade is pivotal for
several processes within skeletal muscle including survival, autophagy, differentiation, and
MPS [6,7]. Interestingly, emerging evidence has identified mTOR as a primary antagonist
of lifespan, revealing that administration of rapamycin (a potent inhibitor of mTOR) can
increase lifespan, improve aging, and combat age-related disease development [8–13].
However, reduced mTOR signaling in skeletal muscle diminishes myogenic potential,
and reduces anabolic potential of exercise and nutrients [14,15]. This poses an interesting
dilemma for skeletal muscle researchers, in particular when seeking to maintain muscle
mass in diseased and aged populations.

Another pathway strongly implicated in skeletal muscle health and disease is Notch
signaling [1]. Notch is activated when one of its four receptors (Notch1–4) binds to one
of several Notch ligands (Delta-like protein (DLL)1, DLL3, DLL4, Jagged1, Jagged2),
which initiates successive metalloprotease and γ-secretase cleavages [1]. Aside from its
developmental regulation, Notch signaling dictates the myogenic response following
injury [16,17]. Similar to mTOR, dysfunctional Notch signaling may also occur in atrophic
skeletal muscle, blunting skeletal muscle regeneration [16,18–20]. Moreover, aberrant Notch
signaling has been implicated in the development of insulin resistance and cachexia [21–23].
Meanwhile, targeting the γ-secretase cleavage via γ-secretase inhibitors (GSIs), a commonly
used method to chemically inhibit Notch signaling, has demonstrated that reduced Notch
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signaling increases myotube formation and muscle growth [22,24,25]. Altogether, these
findings make Notch an interesting target to potentially combat muscle atrophy in aging
and other skeletal muscle wasting diseases.

Reducing mTOR activity can promote healthy aging, yet at the same time blunts the
anabolic potential of skeletal muscle. Thus, identifying and targeting signaling pathways
that modulate MPS independent of mTOR may help to sustain skeletal muscle mass in the
aging population. One example of this is AKT, which can mediate MPS via glycogen syn-
thase kinase 3 beta (GSK3β) independently of mTOR [26–28]. Interestingly, our lab recently
demonstrated that Notch inhibition via GSI treatment elevated MPS in C2C12 myoblasts
and myotubes by modulating the phosphatase and tensin homolog (PTEN)/AKT/mTOR
signaling cascade [25]. However, it is not known if this mechanism is reliant on mTOR or if
GSIs mediate MPS in an AKT-dependent manner.

Thus, in the present study we sought to investigate whether the beneficial effects of
GSIs on myotube size and MPS were dependent on AKT/mTOR. Here, we again demon-
strate that GSI treatment increases differentiation and MPS in C2C12 myotubes. Inhibition
of AKT and mTOR ablated GSI-induced differentiation in C2C12 cells. However, GSI
treatment preserved MPS rates in combination with AKT and mTOR inhibition, suggesting
that the use of GSIs may be able to augment MPS independent of AKT/mTOR.

2. Materials and Methods
2.1. Cell Culture

For all in vitro experiments, C2C12 skeletal muscle myoblasts (ATCC p3–p8) were
cultured in Dulbecco’s Modified Eagles Medium (DMEM), supplemented with 10% fetal
bovine serum, 10% horse serum (HS), and 1% penicillin/streptomycin (P/S), as performed
previously [25]. In particular, we previously demonstrated that γ-secretase inhibitor
(GSI-4 µM: L-685,458; Millipore Sigma- dimethyl sulfoxide (DMSO)) treatment on the on-
set of C2C12 differentiation increases myotube fusion and AKT/mTOR signaling [25]. Thus,
to examine if GSI-mediated effects on myotube fusion were dependent on AKT/mTOR,
we exposed C2C12s at the onset of differentiation to 4 µM GSI in combination with 100 nM
rapamycin (RAP; 13346; Cayman Chemicals in DMSO) or 10 µM 4-Amino-5,8-dihydro-5-
oxo-8-b-D-ribofuranosyl-pyrido[2,3-d]pyrimidine-6-carboxamide (API-1; SML1342; Mil-
lipore Sigma in DMSO), established inhibitors of mTOR and AKT, respectively [29–31].
Specifically, for the differentiating C2C12 experiments, myoblasts were grown to full con-
fluence, switched to differentiation media (DM: DMEM supplemented with 2% HS and
1% P/S) and treated every 12 h for 96 h in one of the following conditions: (1) GSI, RAP,
GSI + RAP, or control (Con: DMSO). (2) GSI, API-1, GSI + API-1, or Con. Myotubes from
these experiments were analyzed for indices of fusion and area as outlined below. In
addition to demonstrating that GSI treatment enhances C2C12 differentiation, we also
previously reported that differentiated myotubes exposed to GSI for 24 h was sufficient to
increase MPS [25]. Thus, to determine if the GSI-mediated effects on MPS in differentiated
myotubes were reliant on AKT/mTOR signaling, C2C12s were allowed to differentiate for
72 h and were then treated twice (every 12 h) for the next 24 h under one of the following
conditions: (1) GSI, RAP, GSI + RAP, or Con; (2) GSI, API-1, GSI + API-1, or Con; (3) GSI,
RAP + API-1, GSI + RAP + API-1, or Con. Myotubes from these experiments were analyzed
for protein expression, protein synthesis, and myotube diameter, as detailed below.

2.2. Myosin Heavy Chain Staining

Following 96 h of differentiation, myotubes were stained with myosin heavy chain
(MHC) and assessed for properties of fusion, area, and diameter, as performed previ-
ously [25,32]. Briefly, myotubes were fixed with 70% acetone/30% methanol, serially
washed with PBS, blocked for 1 h, and incubated overnight in MHC (MF-20, 1:100; Devel-
opmental Studies Hybridoma Bank, Iowa City, IA, USA). Myotubes were subsequently
PBS-washed, incubated with an anti-mouse secondary antibody (1:200) and 4′,6-Diamidino-
2-Phenylindole, Dihydrochloride (DAPI 1:1000) for 1 h, and mounted with Vectashield.
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2.3. Myotube Fusion, Area, and Diameter

Stained myotubes were captured at 20× for indices of fusion and area on an Olym-
pus iX inverted microscope, as performed previously [25]. Following image acquisition,
2 blinded individuals quantified indices of myotube fusion, including myotube number,
total nuclei, and fused nuclei using ImageJ. Myotube area was determined from the same
images used to calculate fusion index using Adobe Photoshop, as previously described [33].
Briefly, three randomly selected images from each experimental group (Con, GSI, RAP,
GSI + RAP or Con, GSI, API-1, GSI + API-1) were used to set accepted tones for MHC (red)
and DAPI (blue). The set color range was then subsequently applied to all images in order
to obtain measures for total myotube area, area per myotube, and myotube area per fused
nuclei. For myotube size, ImageJ software was used to measure the narrowest diameter
along the myotube (400 myotubes per condition) [32,34].

2.4. Protein Synthesis

For assessment of protein synthesis, myotubes were treated with 1 µM puromycin
(P-1033, A.G. Scientific, San Diego, CA, USA) 30 min prior to cell collection, as previously
described [25,35,36]. Puromycin incorporation was subsequently analyzed via western
blot, as detailed below.

2.5. Western Blot

To extract protein from C2C12 myotubes, well surfaces were washed two times with
cold PBS, mechanically lysed in chilled Radioimmunoprecipitation assay (RIPA) buffer
(sc-24948; Santa Cruz Biotechnology, Dallas, TX, USA) containing 1% Triton-x, 2% SDS and
protease cocktail inhibitors, as performed previously [25], and centrifuged for 20 min at
20,000× g (4 ◦C). Following centrifugation (20,000× g, 20 min, 4 ◦C), the supernatant was
saved and assessed for protein concentration by the BCA protein assay method (23225;
ThermoFisher, Waltham, MA, USA). Samples (20 µg) were loaded and electrophoresed on
a 4–12% Bis-Tris gel (3450125; Bio-Rad, Hercules, CA, USA) at 125 V for 2 h, as performed
previously [25]. Proteins were then transferred (Towbin Buffer; 10% methanol) onto a
0.22 µM Polyvinylidene difluoride (PVDF) membrane for 1 h at 100 V. Membranes were
washed in Tris-buffered saline (TBS), blocked for 1 h in Odyssey blocking buffer (1:1 TBS),
and incubated overnight in primary antibodies. Following primary antibody incubation,
membranes were serially washed in TBST (TBS: 0.1% Tween 20) and incubated in secondary
antibodies (1:10,000 in TBST) for 1 h. Membranes were again serially washed in TBST,
and proteins were then visualized and quantified using the Odyssey® Licor CLx System.
Antibodies used were as follows: pAKT Thr308 (#13038; 1:500), pAKT Ser473 (#4060;
1:500), AKT (#2920; 1:1000), pmTOR Ser2448 (#5536; 1:500), mTOR (#4517, 1:1000), p4EBP1
Thr37/46 (#2855; 1:500), 4EBP1 (#9644; 1:1000), pp70S6K Thr389 (#9234; 1:500), p70S6K
(#2708; 1:1000), peEF2 Thr56 (#2331; 1:500), eEF2 (#2332; 1:1000), pGSK3β Ser9 (#8566;
1:500), GSK3β (#5676; 1:1000), and ABC (#8814; 1:1000) from Cell Signaling; Puromycin
(#MABE343; 1:5000) from EMD Millipore; and β-Actin (#A2228; 1:10,000) from Sigma
Aldrich, St. Louis, MI, USA.

2.6. Statistical Analysis

One-way analysis of variance (ANOVA) tests were performed to determine differences
between experimental groups (1) GSI, RAP, GSI + RAP, or Con. 2) GSI, API-1, GSI + API-1,
or Con. 3) GSI, RAP + API-1, GSI + RAP + API-1, or Con). Post-hoc comparisons were
accomplished via a Tukey’s test, with statistical significance set apriori at p ≤ 0.05. All
statistical analyses and graphs were made using Graphpad Prism 7.03 (GraphPad, San
Diego, CA, USA). All data are presented as means ± SD.
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3. Results
3.1. Rapamycin Ablates GSI-Mediated Elevations in Myotube Formation

Since our work previously demonstrated that Notch inhibition via GSI treatment
was sufficient to increase myotube formation as well as mTOR signaling, we wanted to
determine whether GSI-mediated effects on myogenesis were dependent on mTOR [25].
Thus, we treated differentiating C2C12 myotubes with GSI and the commonly used mTOR
inhibitor, rapamycin, for 96 h. Similar to our previous reported results, GSI treatment
significantly increased several indices of myotube formation compared to all groups,
including fused nuclei per field, nuclei per myotube per field, and fusion index per field
(Figure 1). GSI treatment also resulted in significantly reduced non-fused nuclei compared
to all other groups (Figure 1). Interestingly, RAP significantly reduced fused nuclei, nuclei
per myotube, and fusion index compared to Con, but did not differ from GSI + RAP in
any of these measures, suggesting that GSI-mediated increases in fusion are dependent
on mTOR (Figure 1). Moreover, both RAP and GSI + RAP had significantly elevated
non-fused nuclei compared to Con, while also increasing total nuclei per field compared
to Con and GSI, yet did not differ from each other (Figure 1). The myotube number
was also significantly reduced in RAP and GSI + RAP compared to both Con and GSI
(Figure 1). With respect to area measures, GSI treatment increased total myotube area,
area per myotube, and myotube area per fused nuclei (Figure 1). Meanwhile, RAP and
GSI + RAP both reduced myotube area, area per myotube, and myotube area per fused
nuclei compared to Con, further suggesting that GSI-mediated increases in myotube
formation are dependent on mTOR (Figure 1).
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Graph order, top left to right: Fused nuclei per field, Non-fused nuclei per field, and Total nuclei per field. Graph order,
middle left to right: Myotube number per field, Nuclei per myotube per field, Fusion index per field. Graph order, bottom
left to right: Myotube area (µm) per field, Area (µm) per myotube per field, Myotube area (µm) per nuclei per field.
(B) Representative image of 96-h myotubes co-stained with myosin heavy chain (MHC:red) and DAPI:blue. Images were
taken at 20×magnification and the scale bar = 50 µm. At the onset of differentiation C2C12 cells were treated every 12 h
with either control (Con), 4 µM γ-secretase inhibitor (GSI), 100 nM rapamycin (RAP), or GSI + RAP co-treatment. All data
were analyzed using a one-way ANOVA followed by Tukey’s multiple comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 vs. Con; #### p < 0.0001 vs. GSI (n = 3 experiments). Data are mean ± SD.
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3.2. GSI Treatment Preserves Protein Synthesis in the Presence of Rapamycin

We previously demonstrated that GSI treatment increased MPS in differentiating and
differentiated C2C12 myotubes [25]. As the present data demonstrated that the use of
rapamycin ablated GSI-augmented fusion, we wanted to determine whether the effects of
GSI on MPS were also reliant on mTOR. To do this we differentiated C2C12 myotubes for
72 h and then exposed them to GSI and RAP for 24 h. Confirming our published work, GSI
treatment increased protein synthesis compared to all other groups, while RAP exhibited
reduced protein synthesis compared to Con (Figure 2A). Interestingly, GSI treatment
protected protein synthesis rates and myotube size in the presence of RAP (Figure 2A and
Figure S1). In addition, in line with our prior work, GSI treatment increased phosphorylated
(p)-mTOR at Ser2448 compared to all other groups, while p-mTOR was reduced compared
to Con in both RAP and GSI + RAP treated myotubes, suggesting that GSI preservation
of MPS is not dependent on mTOR (Figure 2B). Moreover, despite increasing p-mTOR,
GSI treatment did not exert effects directly downstream of mTOR (p-4EBP1, p-p70S6K,
p-eEF2), which is comparable to our prior findings (Figure 2C–E) [25]. Meanwhile, RAP
and GSI + RAP did not differ in any downstream target of mTOR, showing reduced 4EBP1,
reduced p-p70S6K, and increased p-eEF2 (Figure 2B–D). These results suggest that GSI
treatment may protect MPS levels in the presence of rapamycin and thus may modulate
MPS in mechanisms other than mTOR.
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Figure 2. GSI treatment rescues protein synthesis in the presence of rapamycin. Representative western blotting and
quantification (expressed as fold change vs. control (Con) for (A) Puromycin/β-Actin (B) Phospho (p)-mTOR Ser2448/Total
mTOR; (C) p-4EBP1 Thr37/46/Total 4EBP1; (D) p70S6K Thr389/Total p70S6K; and (E) p-eEF2 Thr56/Total eEF2. Next,
72 h post-differentiation, C2C12 cells were treated every 12 h with either Con, 4 µM γ-secretase inhibitor (GSI), 100 nM
rapamycin (RAP), or GSI + RAP co-treatment until 96 h post-differentiation. Then, 30 min prior to collection, all cells were
treated with 1 µM puromycin. All data were analyzed using a one-way ANOVA followed by Tukey’s multiple comparison
test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. Con; # p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001 vs. GSI;
$ p < 0.05 vs. RAP (n = 3 experiments). Data are mean ± SD.
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3.3. API-1 Ablates GSI-Mediated Elevations in Myotube Formation

To expand upon our prior findings that GSI treatment promotes fusion as well as
increased AKT signaling in C2C12s, we also decided to investigate if AKT was necessary
for GSI-mediated effects on myotube formation [25]. To do this we treated differentiating
C2C12s with GSI and an AKT inhibitor, API-1. In concert with previous experiments,
GSI treatment increased all measured markers of myotube formation and fusion. GSI
treatment increased fused nuclei, nuclei per myotube, and fusion index compared to all
other groups (Figure 3). API-1 and GSI + API-1 treatment induced lower fused nuclei,
nuclei per myotube, and fusion index compared to Con, but did not differ from each other
in any parameter (Figure 3). GSI treatment also reduced non-fused nuclei compared to Con;
however, there were no differences between the other groups (Con; API-1; GSI + API-1)
(Figure 3). The lack of difference in non-fused nuclei between groups is likely due to the
significant reduction seen in total nuclei with API-1 and GSI + API-1 treatment (Figure 3).
Similar to reductions in total nuclei per field, the myotube number was also reduced in
API-1 and GSI + API-1 compared to Con and GSI (Figure 3). Regarding area measures, total
myotube area, area per myotube, and myotube area per fused nuclei were increased with
GSI treatment compared to all groups (Figure 3). Further suggesting that API-1 treatment
ablates myotube formation induced by GSI treatment, API-1 and GSI + API-1 had reduced
total myotube area, area per myotube, and myotube area per fused nuclei compared to
Con, but did not differ from each other in any parameter (Figure 3).
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Figure 3. API-1 ablates GSI-mediated elevations in myotube formation. (A) Indices of myotube fusion and area. Graph order,
top left to right: Fused nuclei per field, Non-fused nuclei per field, and Total nuclei per field. Graph order, middle left to right:
Myotube number per field, Nuclei per myotube per field, Fusion index per field. Graph order, bottom left to right: Myotube
area (µm) per field, Area (µm) per myotube per field, Myotube area (µm) per nuclei per field. (B) Representative image of
96-h myotubes co-stained with myosin heavy chain (MHC:red) and DAPI:blue. Images were taken at 20×magnification
and the scale bar = 50 µm. At the onset of differentiation C2C12 cells were treated every 12 h with either control (Con), 4 µM
γ-secretase inhibitor (GSI), 10 µM 4-Amino-5,8-dihydro-5-oxo-8-β-D-ribofuranosyl-pyrido[2,3-d]pyrimidine-6-carboxamide
(API-1), or GSI + API-1 co-treatment. All data were analyzed using a one-way ANOVA followed by Tukey’s multiple
comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. Con; #### p < 0.0001 vs. GSI (n = 3 experiments). Data
are mean ± SD.
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3.4. GSI Treatment Preserves Protein Synthesis in the Presence of API-1 and Rapamycin

Given our prior findings that GSI-treated myotubes have increased AKT signaling
along with increased MPS and our present findings that GSI treatment protected MPS
in the presence of rapamycin, we wanted to determine whether GSI-mediated effects on
MPS are dependent on AKT (Figure 2) [25]. This was also of interest as AKT can mediate
MPS independently of mTOR by way of GSK3β [26–28]. In line with our prior findings,
GSI treatment increased MPS and myotube size compared to all groups; however, the use
of API-1 was not sufficient to reduce MPS compared to Con (Figure 4A and Figure S2).
In addition, MPS with GSI + API-1 was no different than API-1 alone, suggesting that
GSI-mediated effects on MPS may be dependent on AKT (Figure 4A). However, despite
not reducing MPS, API-1 was sufficient to reduce myotube size, while introduction of GSI
in the presence of API-1 preserved the myotube size (Figure S2). Interestingly, though GSI
treatment increased phosphorylation of AKT on both Thr308 and Ser473, the use of API-1
was only sufficient to reduce pAKT Ser473 (Figure 4B,C), and GSI + API-1 did not differ
from API-1 at either phosphorylation site (Figure 4B,C). Downstream of AKT, GSI treatment
significantly elevated pmTORSer2448 compared to all groups (Figure 4D). Intriguingly, and
similar to pAKT Thr308, API-1 and GSI + API-1 did not reduce pmTORSer2448 compared
to Con, nor were they different from each other, suggesting that GSI treatments elevation
of mTOR may be dependent on AKT. In addition, the fact that pmTOR did not reduce with
API-1 treatment may also explain the lack of reduction in MPS.
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Figure 4. GSI treatment rescues protein synthesis in the presence of API-1 and rapamycin. Rep-
resentative western blotting and quantification (expressed as fold change vs. control (Con) for
(A) Puromycin/β-Actin; (B) Phospho (p)-AKT Thr308/Total AKT; (C) p-AKT Ser473/Total AKT;
(D) p-mTOR Ser2448/Total mTOR; (E) p-GSK3β Ser9/Total GSK3β; (F) Active β-Catenin/β-Actin.
Then, 72 h post-differentiation, C2C12 cells were treated every 12 h with either Con, 4 µM γ-secretase
inhibitor (GSI), 10 µM 4-Amino-5,8-dihydro-5-oxo-8-β-D-ribofuranosyl-pyrido[2,3-d]pyrimidine-6-
carboxamide (API-1), or GSI + API-1 co-treatment until 96 h post-differentiation. All cells were treated
with 1 µM puromycin 30 min prior to collection. Representative western blotting and quantification
for (G) Puromycin/β-Actin. Next, 72 h post-differentiation, C2C12 cells were treated every 12 h with
either Con, 4 µM GSI, 100 nM rapamycin (RAP) + 10 µM API-1, or GSI + RAP + API-1 co-treatment
until 96 h post-differentiation. All cells were treated with 1 µM puromycin 30 min prior to collection.
All data were analyzed using a one-way ANOVA followed by Tukey’s multiple comparison test.
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* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. Con; # p < 0.05, ## p < 0.01, ### p < 0.001,
#### p < 0.0001 vs. GSI; $ p < 0.05, $$ p < 0.01 vs. API-1 (D,E); $$ p < 0.01 vs. RAP + API-1 (G) (n = 3
experiments). Data are mean ± SD.

Since AKT also mediates protein synthesis independently of mTOR by phosphorylat-
ing GSK3β, we wanted to assess if this signaling was changed with GSI and with API-1
treatments. GSI-treated C2C12s demonstrated elevations in pGSK3βSer9 (Figure 4E), and
while API-1 did not cause reductions in mTOR, it did reduce pGSK3βSer9 compared to
Con (Figure 4E). Intriguingly, pGSK3βSer9 was elevated in GSI + API-1 compared to API-1
and did not differ from Con. Moreover, GSI treatment increased active β-catenin (ABC)
compared to all groups and GSI + API-1 was sufficient to preserve ABC compared to API-1
alone (Figure 4F). The preservation of pGSK3βSer9 with GSI treatment in combination with
API-1 convinced us to observe protein synthesis conditions in which MPS would surely be
reduced. Thus, we conducted an additional experiment set utilizing GSI + RAP + API-1.
Again, GSI treatment increased MPS compared to all other groups (Figure 4G). Treatment
of C2C12s with RAP + API-1 significantly reduced MPS and myotube size compared to
Con, while the introduction of GSI in the presence of RAP + API-1 preserved both MPS
and myotube size (Figure 4G and Figure S3).

4. Discussion

Our lab recently demonstrated that Notch inhibition via GSI treatment elevates protein
synthesis in C2C12 muscle cells, possibly through modulation of the AKT/mTOR signaling
cascade [25]. In the present study, we expand upon our prior findings and demonstrate that
GSI treatment may be able to augment MPS independent of AKT/mTOR, as GSI treatment
in the presence of mTOR and AKT inhibition was able to provide protection of protein
synthesis in C2C12 myotubes.

One goal of the present study was to determine if the GSI-mediated elevations in
myotube formation and growth was dependent on mTOR, as mTOR is a pivotal regulator
of myogenesis [37–39]. Here, we show that GSI treatment significantly elevates a myriad
of fusion and hypertrophy indices (fusion index, area/myotube, and myotube area/fused
nuclei) in differentiating C2C12 myotubes and that these elevations are completely ablated
by the introduction of rapamycin. This is in full support of the notion that mTOR is
required for muscle cell differentiation and demonstrates that GSI-mediated myogenesis
enhancement is dependent on mTOR. In contrast, we demonstrated that GSI treatment
protects MPS and myotube size in differentiated C2C12s exposed to rapamycin, suggesting
that GSI may modulate MPS in an mTOR-independent manner.

Given AKT’s ability to regulate myotube differentiation and elevate protein synthesis
independent of mTOR through regulation of GSK3β, myotubes were also exposed to the
AKT inhibitor, API-1 [26,40,41]. In a similar fashion, API-1 diminished GSI-mediated
enhancements on C2C12 differentiation, which is in concert with prior findings that AKT
is essential for the initiation of myoblast differentiation [41]. However, API-1 alone was
not sufficient to reduce mTOR or MPS in differentiated myotubes. API-1 is a novel small
molecule inhibitor that has gained research attention in recent years as a possible anti-
cancer therapeutic, and, while evidence shows reduced pAKTSer473, to our knowledge
it is unclear if both pAKTThr308 and Ser473 are reduced with API-1 treatment [31,42–44].
Here, we show that API-1 only reduced pAKTSer473 and not pAKTThr308. This may
explain why we did not observe detectable reductions in mTOR signaling or MPS with
API-1 treatment. Though it is reported that reductions in AKT can blunt protein synthesis,
other proteins may influence mTOR independent of AKT, which could explain why the
use of API-1 is not sufficient enough to reduce protein synthesis [6,7,45]. In contrast, API-1
treatment did reduce another downstream target of AKT, pGSK3βSer9 and subsequent
ABC protein expression, demonstrating that the use of API-1 does negatively influence
the AKT function. Furthermore, despite its lack of effect on MPS, API-1 treatment did
reduce myotube size. AKT is a known pro-survival signaling pathway and API-1 has
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shown to induce apoptosis, thus the atrophy observed in the present study is likely due to
heighted protein breakdown and not a suppression of MPS [46–48]. However, we did not
measure specific indices of protein catabolism in the present study and can only speculate
at this time.

An underlying premise of this study was to gain better insight into the mechanisms
by with GSI treatment elevates MPS in C2C12 myotubes, and since API-1 alone was not
sufficient to reduce protein synthesis, myotubes were exposed to API-1 and RAP together.
Intriguingly, GSI treatment was able to rescue protein synthesis rate and myotube size in
the presence of both API-1 and RAP, suggesting that GSI may mediate MPS in a mecha-
nism independent of AKT/mTOR. Our data suggests that this rescue of MPS may be via
GSK3β. When active, GSK3β phosphorylates and inactivates the translation initiation fac-
tor eIF2B [28,40]. However, when GSK3β is phosphorylated on Ser9 by AKT, eIF2B is able
to partake in translation initiation [49]. As mentioned above, pGSK3βSer9 was significantly
reduced with API-1 treatment. Interestingly, pGSK3βSer9 was rescued with GSI treatment
in the presence of API-1, suggesting that GSIs may act on GSK3β independent of AKT. In
concert with this finding, ABC was also rescued, indicating that function of GSK3βmay be
modulated by GSIs independent of AKT. This is not the first time that GSIs or Notch and
GSK3β crosstalk have been postulated. In fact, during investigations using HEK293T cells,
smooth muscle cells and fibroblasts have identified Notch as a target of GSK3β [50–52].
Interestingly, however, work within skeletal muscle has also suggested a regulatory role of
Notch on GSK3β. Brack et al. discussed GSK3β as a mediator between Notch and Wnt dur-
ing skeletal muscle regeneration, demonstrating GSI-mediated elevations in pGSK3βSer9
similar to our present findings [16]. However, their work did not discuss GSK3β as a
mediator of protein synthesis and did not investigate whether GSI treatment impacts MPS.
GSK3β is a known regulator of MPS and overexpression of its downstream target eIF2Bε
has shown to significantly increase rates of MPS and induce muscle hypertrophy [40,53].
Additionally, Notch signaling has been implicated in regulating muscle hypertrophy in
both in vivo and in vitro models [22,54–56]. To our knowledge, we are the first to address
the research paradigm of Notch as a regulator of MPS and have shown for the first time
that GSI treatment may modulate MPS independently of mTOR/AKT. An interesting yet
puzzling finding from our lab’s prior work was that 4EBP1 was the only downstream target
of mTOR that was altered in a protein synthesis positive fashion with GSI treatment. This
may actually support the idea that GSI-mediated elevations or rescue of MPS is through
GSK3β. In fact, recent studies within cancer cell lines have implicated GSK3β directly in
the phosphorylation of 4EBP1 [57,58]. It is also interesting that GSK3β has been implicated
in regulating PTEN stabilization [59,60]. Based on our previous published work demon-
strating alterations in the PTEN/AKT/mTOR cascade, it is plausible that GSI treatment’s
modulation of PTEN/AKT/mTOR is via GSK3β.

Though our present study reveals that GSIs may be able to rescue MPS when com-
bined with mTOR and AKT inhibitors, this study is not without limitations. Though we
have validated GSI treatment as a strategy to increase MPS in vitro, whether GSIs augment
MPS in vivo requires further investigation. It should be noted that GSI administration
did counteract muscle wasting in a setting of cachexia, but in this case MPS was not as-
sessed [22]. Additionally, though GSIs are routinely used to target Notch signaling, they are
not specific to Notch, and have several additional target substrates [61,62]. A large majority
of γ-secretase substrates are transmembrane receptors, much like the Notch receptor family,
and have known roles within skeletal muscle. For example, the insulin receptor, insulin-like
growth factor 1 receptor, and growth hormone receptor, all of which partake in anabolic
signaling, have been identified as γ-secretase substrates [62]. However, to our knowledge,
the regulation of these receptors by GSIs have not been investigated specifically within
skeletal muscle. Another γ-secretase substrate, low-density lipoprotein receptor-related
protein 6 (LRP6), is a transmembrane receptor crucial to canonical Wnt signaling [62,63].
Crosstalk between Notch and Wnt have been widely discussed for proper skeletal mus-
cle regeneration, while LRP6-mTOR signaling has been investigated in cardiomyocytes
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and hepatocytes [1,64,65]. Yet, whether LRP6-mTOR signaling occurs in skeletal muscle
or whether LRP6 is responsible for changes in MPS is unknown. Recent work has also
demonstrated that inhibition of the receptor for advanced glycation end products (RAGE),
a γ-secretase substrate, can partially protect against age-associated muscle atrophy [66].
Further, a proteomics approach following GSI treatment in chick myogenic cells identified
sonic hedgehog (Shh) as one of the most altered signaling pathways. Interestingly, sepa-
rate studies have shown that Shh promotes myoblast proliferation, while also increasing
myoblast fusion [67,68]. Yet, to our knowledge, the role of Shh on MPS has not been in-
vestigated. Thus, given the vast array of γ-secretase substrates, future investigations must
delineate whether Notch is the specific GSI target that is responsible for alterations in MPS
reported in the present study. Lastly, though we have demonstrated that administration of
a GSI is able to promote pGSK3βSer9 in the presence of API-1, and thus are speculating
that GSI-mediated rescue of MPS is via GSK3β, future work will be required to confirm
this mechanism of action.

5. Conclusions

This study provided additional validation for the use of GSIs to promote or rescue
MPS. We demonstrated that GSI treatment can rescue MPS independently of AKT and
mTOR, possibly through regulation of GSK3β. These findings warrant further investigation
on the role of GSIs in muscle-wasting conditions, in particular instances in which tumor-
suppressing drugs (Rapamycin, API-1) are used, or where MPS rates are reduced, as GSIs
may elevate MPS and help to sustain skeletal muscle mass.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10071786/s1, Figure S1: GSI preserves myotube size in the presence of rapamycin,
Figure S2: GSI preserves myotube size in the presence of API-1, Figure S3: GSI preserves myotube
size in the presence of rapamycin and API-1.
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Abstract: Dihydroartemisinin (DHA), an anti-malarial drug, has been shown to possess potent anti-
cancer activity, partly by inhibiting the mammalian target of rapamycin (mTOR) complex 1 (mTORC1)
signaling. However, how DHA inhibits mTORC1 is still unknown. Here, using rhabdomyosarcoma
(RMS) as a model, we found that DHA reduced cell proliferation and viability in RMS cells, but
not those in normal cells, which was associated with inhibition of mTORC1. Mechanistically, DHA
did not bind to mTOR or FK506 binding protein 12 (FKBP12). In addition, DHA neither inhibited
insulin-like growth factor-1 receptor (IGF-1R), phosphoinositide 3-kinase (PI3K), and extracellular
signal-regulated kinase 1

2 (Erk1/2), nor activated phosphatase and tensin homolog (PTEN) in the
cells. Rather, DHA activated AMP-activated protein kinase (AMPK). Pharmacological inhibition of
AMPK, ectopic expression dominant negative or kinase-dead AMPK, or knockdown of AMPKα at-
tenuated the inhibitory effect of DHA on mTORC1 in the cells. Additionally, DHA was able to induce
dissociation of regulatory-associated protein of mTOR (raptor) from mTOR and inhibit mTORC1
activity. Moreover, treatment with artesunate, a prodrug of DHA, dose-dependently inhibited tumor
growth and concurrently activated AMPK and suppressed mTORC1 in RMS xenografts. The results
indicated that DHA inhibits mTORC1 by activating AMPK in tumor cells. Our finding supports that
DHA or artesunate has a great potential to be repositioned for treatment of RMS.

Keywords: dihydroartemisinin; rhabdomyosarcoma; mTOR; AMPK; PTEN; raptor

1. Introduction

Rhabdomyosarcoma (RMS) is the most common soft-tissue sarcoma, which often
occurs in the head, neck, bladder, vagina, uterus, arms, legs, and trunk [1]. Approximately
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80% of RMS patients are younger than 15 years old [1]. Histologically, RMS manifests
in two major types, embryonal (ERMS) and alveolar (ARMS) [2]. Morphologically, the
embryonic type resembles to the embryonic muscle cell precursor, whereas the alveolar
type has clusters of round cells similar to lung alveoli [1,2]. Approximately 80% of ARMS
tumors are characterized with the translocations or expression of the PAX3/7–FOXO1 fusion
transcript, resulting in overexpression of receptor tyrosine kinases such as fibroblast growth
factor receptor 4 (FGFR4), hepatocyte growth factor receptor (HGFR, also named MET), and
insulin-like growth factor 1 receptor (IGF-1R) [1,2]. In addition, insulin-like growth factor 2
(IGF-2) is upregulated by PAX3-FOXO1 in RMS, activating the IGF-1R pathway [2]. Hence,
the mammalian target of rapamycin (mTOR) pathway is frequently and constitutively
activated in ARMS tumors, which have higher propensity for metastasis [1,2].

RMS is generally treated with surgery, radiation therapy, and chemotherapy [1,3]. The
5-year survival rate for children having low-to-intermediate-risk RMS ranges from 50%
to 90%, while for high-risk patients (having metastatic or recurrent disease), the 5-year
survival rate is less than 30% [1,2]. The standard chemotherapy regimen for RMS is the
combination of vincristine, actinomycin D, and cyclophosphamide [1,3]. However, these
chemotherapeutic treatments for children have long-term side effects, such as secondary
cancers and infertility [1,3]. In recent clinical trials, targeted therapies and immunotherapies
have shown improvements in the outcomes in patients with RMS, but the clinical benefit
is still limited [4]. Therefore, there is a great need to develop novel systemic treatments,
which have better efficacy with long-term safety, for RMS patients.

mTOR is a central controller for protein synthesis, cell growth, proliferation, and
survival [5,6]. The dysregulation of the mTOR pathway correlates to tumor development
and progression, so mTOR has become a hot target for cancer therapy [5,6]. mTOR functions
as two complexes (mTORC1 and mTORC2) in mammalian cells [5,6]. mTORC1 consists
of mTOR, mLST8 (mammalian lethal with sec-13 protein 8), raptor (regulatory-associated
protein of mTOR), PRAS40 (proline-rich Akt substrate 40), and DEPTOR, whereas mTORC2
is composed of mTOR, mLST8, mSin1, rictor (rapamycin-insensitive companion of mTOR),
mSin1 (mammalian stress-activated protein kinase-interacting protein 1), protor (protein
observed with rictor), and DEPTOR [5,6]. Of note, raptor is essential for the assembly
of mTORC1 and for recruiting mTOR substrates [7]. mTORC1 senses growth factors,
nutrients (amino acids), energy, oxygen, and DNA damage, while mTORC2 primarily
senses growth factors [5,6]. Both mTORC1 and mTORC2 can be positively regulated by the
IGF-IR-phosphatidylinositol-3 kinase (PI3K), which is antagonized by phosphatase and
tensin homolog (PTEN) [5,6]. mTORC1 can also be positively regulated by the Ras-Raf-
MEK-Erk pathway [5,6]. In addition, mTORC1 is negatively regulated by AMP-activated
protein kinase (AMPK) [8]. In response to low energy levels, AMPK is activated, which
can phosphorylate tuberous sclerosis complex 2 (TSC2) at multiple sites (including S1387),
promoting the formation and activation of TSCs [8], which antagonizes Rheb (Ras homolog
enriched in the brain) by hydrolyzing GTP-Rheb to GDP-Rheb, thereby inhibiting Rheb-
mediated mTORC1 [5,6]. Besides, activated AMPK can also phosphorylate raptor (S792),
resulting in the inhibition of mTORC1 [9]. While p70 S6 kinase 1 (S6K1) and eukaryotic
initiation factor 4E (eIF4E) binding protein 1 (4E-BP1) are two well-known substrates of
mTORC1, Akt (S473) is the best characterized substrate of mTORC2 [5,6].

Rapamycin and its analogs (e.g., temsirolimus and everolimus) (termed rapalogs) were
developed as the first generation of mTOR inhibitors [5,6]. Mechanistically, rapalogs do
not impair mTOR’s kinase activity per se but first form a complex with the FK506 binding
protein 12 (FKBP12) and then bind the FKBP12-rapamycin-binding (FRB) domain of mTOR,
disrupting mTORC1 assembly and thus inhibiting mTORC1 [5,6]. However, rapalogs alone
lack efficacy in treating most types of cancer, including RMS [5,6,10,11]. This is possibly
due to the fact that the phosphorylation of 4E-BP1 (cap-dependent translation) is largely
insensitive to rapalogs, and Akt (pro-survival) can be activated by rapalogs via a nega-
tive feedback mechanism [5,12–14]. Recently, mTOR kinase inhibitors (e.g., AZD8055 and
INK128), called the second generation of mTOR inhibitors, have emerged, which compete

182



Cells 2021, 10, 1363

with ATP in the catalytic site of mTOR and inhibit both mTORC1 and mTORC2 [5,6]. How-
ever, prolonged treatment with these inhibitors can also result in re-activation of Akt [15],
highlighting resistance as a key problem that must be tackled by the new generation of
mTOR inhibitors [5].

Dihydroartemisinin (DHA) is a derivative of artemisinin originally isolated from the
plant Artemisia annua [16]. DHA is also the active metabolite of artemisinins, such as
artemisinin, artesunate, and artemether [16,17]. Artemisinins have been widely used to
treat malaria in children and adults showing high efficacy and safety [16–19]. Increasing
evidence has demonstrated that artemisinins also possess potent anticancer effects on
diverse tumor cell lines [19]. Artesunate, a water-soluble artemisinin derivative, has been
in clinical trials for treatments of lung, cervical, breast, and colon cancers [19]. Multiple
anticancer action modes of artemisinins have been described, including the induction of cell
cycle arrest, apoptosis, autophagy, as well as the inhibition of cell invasion/motility and an-
giogenesis [19]. Correspondingly, DHA has been shown to alter the expression/activity of
a variety of signaling molecules, such as MYC, cyclin-dependent kinases (CDKs), vascular
endothelial growth factor receptor (VEGF), focal adhesion kinase (FAK), and hypoxia-
inducible factor 1-alpha (HIF-1α) [19]. Recently, we and others have demonstrated that
DHA inhibits mTOR [20–34]. Since many of those molecules (e.g., MYC, CDKs, VEGF, FAK,
and HIF-1α) targeted by DHA are also directly or indirectly regulated by mTORC1 [5,6],
we proposed that mTORC1 may be a major target of DHA for its anticancer activity, and
DHA is a new inhibitor of mTORC1.

To the best of our knowledge, no study has determined how DHA inhibits mTORC1.
In this study, we evaluated the anticancer activity of DHA in RMS cells in cell culture and
in xenografts in mice. Using RMS as a model, we focused on determining the molecular
mechanism by which DHA inhibits mTORC1 in tumor cells.

2. Materials and Methods
2.1. Materials

DHA (purity: >98% by HPLC; TCI America, Portland, OR, USA) was dissolved in
dimethyl sulfoxide (DMSO) to prepare a stock solution (10 mM), aliquoted and stored
at −20 ◦C. [10−3H]-dihydroartemisinin (specificity activity: 2.5 Ci/mmol; concentration:
1.0 mCi/mL in a hexane:ethanol (v:v, 7:3) solution; radiochemical purity: 98.5%) was
obtained from Moravek Biochemical (Brea, CA, USA). Compound C (EMD Millipore,
Burlington, MA, USA) was dissolved in DMSO to prepare a 10 mM stock solution and
stored at−20 ◦C. RPMI 1640, Dulbecco’s modified Eagle’s medium (DMEM) (high glucose),
DMEM/F12, 0.05% trypsin-EDTA, and Matrigel membrane matrix were obtained from
Corning (Corning, NY, USA), and fetal bovine serum (FBS) was from R&D Systems (Min-
neapolis, MN, USA). For Western blotting or immunoprecipitation, the following antibodies
were used: Erk2, c-Jun, p-c-Jun (Ser63), HIF-1α, REDD1, IGF-1Rβ, p-IGF-1Rβ (Tyr1161),
mTOR, S6K1, S6, PI3K, Akt, β-actin, c-Myc, GAPDH (Santa Cruz Biotechnology, Dallas, TX,
USA), p-Erk1/2 (Thr202/Tyr204), p38, p-p38 (Thr180/Tyr182), p-S6K1 (Thr389), p-AMPKα

(Thr172), AMPKα, p-ACC (Ser79), ACC, p-S6 (Ser235/236), 4E-BP1, p-4E-BP1 (Thr37/46),
p-4E-BP1 (Thr70), PDK1, p-PDK1 (Ser241), PTEN, p-PTEN (Ser380/Thr382/383), p-PI3K
p85 (Tyr458)/p55 (Tyr199), p-Akt (Ser473), mLST8 (GβL) (Cell Signaling Technology, Dan-
vers, MA, USA), raptor, rictor (Bethyl Laboratories, Montgomery, TX, USA), β-tubulin
(Sigma-Aldrich, St. Louis, MO, USA), goat anti-mouse IgG-horseradish peroxidase, and
goat anti-rabbit IgG-horseradish peroxidase (Pierce, Rockford, IL, USA). All other chemicals
were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless specified elsewhere.

2.2. Cell Lines and Culture

Human RMS (Rh30, RD, Rh18, Rh28, Rh36, and Rh41) and Ewing sarcoma cells (Rh1,
also named EW8) which were gifts from Dr. Peter J. Houghton, University of Texas Health
Science Center, San Antonio, TX, USA were grown in RMPI 1640 supplemented with
10% FBS. Human primary skeletal muscle cells (#PCS-950-010, American Type Culture
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Collection (ATCC), Manassas, VA, USA) were cultured in a Mesenchymal Stem Cell Basal
Medium (#PCS-500-030, ATCC) supplemented with Primary Skeletal Muscle Cell Growth
Kit (PCS-950-040, ATCC), while human dermal primary fibroblasts (#PCS-201-012, ATCC)
were grown in a Fibroblast Basal Medium supplemented with Fibroblast Growth Kit-Low
Serum (#PCS-201-041, ATCC); both of them were used within 6 passages. Mouse muscle
myoblasts (C2C12 and ATCC), raptor, rictor-inducible knockout (KO) mouse embryonic
fibroblasts (MEFs, SV40 large T-antigen-immortalized and expressing the Cre/LoxP system)
(gifts from Dr. Michael Hall, University of Basel, Switzerland), and 293A cells (Invitrogen,
Calsbad, CA, USA) were cultured in DMEM supplemented with 10% FBS. To induce the KO
of raptor or rictor, the MEFs were treated with 1 µM 4-hydroxytamoxifen (Sigma-Aldrich)
for 3 days [35]. All cell lines were cultured in a humid incubator (37 ◦C and 5% CO2) and
trypsinized with a 0.05% trypsin–EDTA solution for subculture or experiments.

2.3. Cell Proliferation and Viability Assays

Cell proliferation and viability were evaluated by cell counting and MTS assay, as
described previously [36]. Treatment with DMSO (vehicle) served as a control.

2.4. [3H]-DHA Labeling In Vivo

Rh30 cells were seeded in 100 mm culture dishes (3 × 106 cells/dish) for culture. The
next day, the cells were labeled with 10 µCi [3H]-DHA for 21 h. Subsequently, the cells
were briefly washed with PBS and lysed in an ice-cold CHAPS lysis buffer (40 mM HEPES,
pH 7.4, 120 mM NaCl, 1 mM EDTA, 10 mM pyrophosphate, 10 mM glycerophosphate,
50 mM NaF, 1.5 mM Na3VO4, 0.3% (w/v) CHAPS, and a cocktail of protease inhibitors
(dilution, 1:1000; Sigma-Aldrich). The cell lysates were sonicated for 20 s and centrifuged
at 13,000 rpm and at 4 ◦C for 3 min. The supernatants were transferred to fresh Eppendorf
tubes. The protein concentration in the supernatants was determined using a BCA kit
(Pierce). Supernatants with an equal amount (700 µg) of crude protein were incubated with
30 µL of protein A/G agarose beads and 3 µg of antibodies to goat anti-mTOR antibody
or normal goat IgG on a rotator overnight at 4 ◦C. The agarose beads were collected by
centrifugation at 3500 rpm and at 4 ◦C for 3 min and washed once with 1 mL of an ice-cold
CHAPS buffer and three additional washes with ice-cold PBS. The relative radioactivity
(cpm) of immunoprecipitated products was measured on a Beckman LS6500 scintillation
counter (Beckman Coulter, Fullerton, CA, USA).

2.5. Recombinant Adenoviruses, Lentiviral shRNAs, and Infection of Cells

Recombinant adenoviruses expressing green fluorescent protein (GFP) and MYC-
tagged dominant negative (DN) AMPKα1 (D157A) (Ad-AMPK-DN) were described previ-
ously [37]. Recombinant adenovirus expressing MYC-tagged kinase-dead AMPKα2 (K45R)
(Ad-AMPK-KD) [38] was a gift from Dr. Nicholas J. G. Webster (University of California,
San Diego, CA). For experiments, the cells were infected with and individual adenovirus at
a multiplicity of infection (MOI) of 5 for 24 h. Subsequently, the infected cells were used for
experiments. Cells infected with Ad-GFP served as control. The expression of MYC-tagged
AMPK-DN or AMPK-KD was determined by Western blotting with antibodies to c-Myc.

Lentiviral shRNAs to human raptor, rictor, AMPKα1, and GFP were described pre-
viously [39,40]. For use, monolayer cells, when grown to about 70% confluence, were
infected with an individual lentivirus in the presence of 8 µg/mL polybrene for 12 h twice
at an interval of 6 h. Uninfected cells were eliminated by exposure to 2 µg/mL puromycin
for 48 h before use.

2.6. Western Blotting

Western blotting was performed as described [21].
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2.7. Co-Immunoprecipitation of mTOR and In Vitro mTOR Kinase Assay

Rh30 cells were seeded in 100 mm culture dishes (3 × 106 cells/dish) and grown
overnight. The cells were then treated with DHA (0–30 µM) for 24 h. After aspirating the
used medium, the cells were briefly washed with PBS and lysed in an ice-cold CHAPS lysis
buffer, followed by immunoprecipitation with goat anti-mTOR antibody or normal goat
IgG (as a control). Finally, to detect the interaction of mTOR with raptor, rictor, and mLST8,
the immunoprecipitants were subjected to immunoblotting with antibodies to mTOR,
raptor, rictor, and mLST8, as described [41]. To detect the mTORC1 activity, the above
immunoprecipitants were utilized for the in vitro mTOR kinase assay, as described [41].

2.8. Molecular Docking

The molecular docking studies were performed using Genetic Optimization of Ligand
Docking (GOLD) 5.0 and LibDock [42,43]. The 3-D structures of mTOR and the protein
complex of FKBP12 and the FRB domain of mTOR were taken from the PDB database with
the PDB entries being 4JT5 and 3FAP, respectively [44,45], while the 3-D structure of the
protein complex of AMPK and A-769662 was taken from the PDB database (PDB entry:
4CFF) [46]. Discovery Studio 3.1 (Accelrys, San Diego, CA, USA) software package was
used to prepare the protein structures including adding hydrogen atoms to the protein,
removing water molecules, and assigning force fields (here the CHARMM force field was
adopted). The binding site was defined as a sphere containing residues that remained
within 9 Å (for mTOR) or 10 Å (for AMPK) of the ligand, an area large enough to cover the
ligand-binding region at the domain of proteins. The binding affinity was estimated using
LibDock score and/or GOLD score.

2.9. Study in Rhabdomyosarcoma Xenografts

To study the inhibitory effect of DHA on tumor growth in vivo, artesunate (ART), a
pro-drug of DHA, was used. CB17SC scid−/− female mice (Taconic Farms, Germantown,
NY) were maintained under barrier conditions, and experiments were conducted using
the protocols approved by the institutional animal care and use committee (ethical code
number: LSUHSC-S #P20-003; the date of approval: 30 August 2019). Human Rh30 cells
(6 × 106 cells resuspended in 100 µL of a 1:1 (v:v) solution of serum-free DMEM/matrigel)
were injected into the right flank of each mouse. Seven days later, the animals were
randomized into 5 groups (10 mice/group). Then, the mice were intraperitoneally (i.p.)
injected once daily with artesunate (dissolved in 5% Na2CO3 and diluted in 0.9% NaCl) at
doses of 25, 50, 100, or 150 mg/kg body weight) or with vehicle control, as described [47].
Tumor volume (calculated as: length × width2/2) was determined with a digital caliper
every 2–3 days. At the end of the experiment, all animals were sacrificed, and the tumors
were collected and analyzed.

To study the in vivo effect of DHA on AMPK and mTORC1, female C.B.17SC scid−/−

mice (5–6 weeks old) bearing Rh65 xenografts were treated i.p. with DHA (100 mg/kg
body weight). Following treatment for 2, 4, 8, and 24 h, the mice (3 mice per time point)
were sacrificed, and the tumor tissues were collected, frozen in liquid nitrogen and stored
at –80 ◦C for further analysis. Non-treatment with DHA served as a control. Tumor lysates
were analyzed by Western blotting with indicated antibodies.

2.10. Statistical Analysis

All data were expressed as mean values ± SD. Data were analyzed using Graph-
Pad Prism 6 software (GraphPad Software, La Jolla, CA, USA). Group variability and
interaction were compared using Student’s t-test or one-way ANOVA followed by Bon-
ferroni’s post-tests to compare replicate means. A level of p < 0.05 was considered to be
statistically significant.
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3. Results
3.1. DHA Inhibits Cell Proliferation and mTORC1 Signaling in RMS Cells

To reposition DHA for treatment of RMS, six RMS cell lines (Rh30, RD, Rh18, Rh28,
Rh36, and Rh41) were employed for the growth inhibition assay. As RMS develops
primarily from skeletal muscle cells, normal human primary skeletal muscle cells (HSMCs)
and mouse skeletal muscle cells (C2C12) were used as normal controls. As shown in
Figure 1A, RMS cell lines tested were sensitive to DHA, with the half maximal inhibitory
concentrations (IC50) = 1.89−4.02 µM. In contrast, normal skeletal muscle cells (HSMCs
and C2C12) were resistant to DHA (IC50 > 10 µM). Similar results were observed in
normal human primary dermal fibroblasts (HDFs). The results suggested that DHA, at
pharmacological concentrations (<10 µM), has little effects on normal cell growth and can
selectively target RMS tumor cells.
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indicating the loss of mTORC1 and mTORC2 in these MEFs, respectively. Following 72 h 
treatment with DHA, raptor-WT (wild-type), rictor-WT, and rictor-KO MEFs were sensi-
tive to DHA (IC50 = 3.71–4.02 μM), whereas raptor KO MEFs were highly resistant to DHA 
(IC50 > 20 μM) (Figure 2C). Collectively, these observations support our hypothesis that 
DHA may execute its anticancer action primarily by targeting mTORC1 signaling. 

Figure 1. Dihydroartemisinin (DHA) inhibits the proliferation of rhabdomyosarcoma (RMS) cells.
(A) Indicated cell lines were exposed to DHA (0−10 µM) for 6 days, followed by cell counting using
a Beckmann Coulter counter. The results are shown as mean values (n = 3). NS, not significant;
* p < 0.05; *** p < 0.001; difference versus vehicle control group. (B,C) Indicated cells were treated with
DHA at indicated concentrations for 24 h, followed by Western blotting with indicated antibodies.

mTOR is a central controller of cell growth, proliferation, and survival [5,6]. Next,
we wondered whether DHA reduction of cell proliferation is related to the inhibition
of mTOR. For this, Rh30 cells and HSMCs were treated with DHA (0–30 µM) for 24 h,
followed by Western blotting. In line with the above growth inhibitory effect (Figure 1A),
the treatment with DHA inhibited mTORC1-mediated phosphorylation of S6K1 and 4E-BP1
in a concentration-dependent manner in RMS (Rh30) cells, but not in normal cells (HMSCs)
(Figure 1B). Consistent with our previous findings in Rh1 and C2C12 cells [21], DHA
treatment did not impact mTORC2-mediated phosphorylation of Akt (S473) in both Rh30
cells and HSMCs (Figure 1B). Similar results were observed in other RMS cells (Rh18, Rh28,
Rh36, Rh41, and RD) (Figure 1C). Of note, the basal phosphorylation levels of S6K1 and
Akt were much higher in RMS cells than in normal cells (HSMCs) (Figure 1C), suggesting
that the mTOR signaling is hyperactive in RMS cells. The results highlight that DHA is a
novel inhibitor of mTORC1.
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Raptor and rictor are essential for the activity of mTORC1 and mTORC2, respec-
tively [5,6]. Loss of mTORC1 or mTORC2 function (KO of raptor or rictor) reduces the
growth rates of cells [35]. If mTORC1 is the major target for DHA-mediated RMS cell
growth suppression, depletion of raptor should confer resistance to DHA. To this end,
lentiviral shRNAs to raptor, rictor, and GFP (control) were employed [40]. Consistent with
our previous report [40], the infection of Rh30 cells with lentiviral shRNAs to raptor and
rictor downregulated the protein levels of raptor and rictor by 90% and 85%, respectively,
in the cells compared to in controls. Similar to KO of raptor or rictor in MEFs [35], the
knockdown of raptor or rictor in RMS cells also inhibited cell proliferation (Supplementary
Figure S1). Of interest, knockdown of raptor, but not rictor, rendered high resistance to
DHA-induced cell growth inhibition in Rh30 and RD cells (Figure 2A). To validate the
finding, SV40 large T-antigen-immortalized raptor and rictor-inducible KO MEFs [35] were
utilized. As expected, the treatment with 1 µM 4-hydroxytamoxifen for 3 days resulted in
the deficiency of raptor or rictor in corresponding MEFs (Figure 2B). The KO of raptor in-
hibited p-S6K1 (T389), while the KO of rictor inhibited p-Akt (S473) in the cells (Figure 2B),
indicating the loss of mTORC1 and mTORC2 in these MEFs, respectively. Following 72 h
treatment with DHA, raptor-WT (wild-type), rictor-WT, and rictor-KO MEFs were sensitive
to DHA (IC50 = 3.71–4.02 µM), whereas raptor KO MEFs were highly resistant to DHA
(IC50 > 20 µM) (Figure 2C). Collectively, these observations support our hypothesis that
DHA may execute its anticancer action primarily by targeting mTORC1 signaling.
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Figure 2. Disruption of mammalian target of rapamycin complex 1 (mTORC1), but not mammalian target of rapamycin
complex 2 (mTORC2), confers high resistance to DHA-induced cell growth suppression. (A) Rh30 and RD cells, infected
with lentiviral shRNAs to raptor, rictor, or GFP (control), were treated with DHA (0−10 µM) for 6 days, followed by cell
counting using a Beckmann Coulter counter. (B) Raptor or rictor-inducible knockout mouse embryonic fibroblasts (MEFs)
were treated with or without 4-hydroxytamoxifen (4-OHT) (1 µM) for 3 days, to generate raptor-WT, raptor-KO, rictor-WT,
and rcitor-KO cells. Western blotting was performed with indicated antibodies. (C) Indicated cells, seeded in 96-well plates
(all at 4 × 103 cells/well), were treated with DHA (0–20 µM) for 72 h, followed by MTS assay. Shown are mean values
(n = 3). NS, not significant; * p < 0.05; ** p < 0.01; *** p < 0.001, difference versus vehicle control group (A,C).
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3.2. DHA Does Not Bind to mTOR or FKBP12

To determine how DHA inhibits mTORC1 signaling, first of all, we investigated
whether DHA binds to mTOR. For this, Rh30 cells were labeled with 10 µCi [3H]-DHA
for 21 h, followed by immunoprecipitation with mTOR antibodies or normal IgG (con-
trol). No significant amount of [3H]-DHA was detected in the immunoprecipitates of
mTOR, compared to in normal IgG (Figure 3), suggesting that DHA does not bind to
mTOR directly.

Cells 2021, 10, x FOR PEER REVIEW 9 of 21 
 

 

 
Figure 3. DHA does not directly bind to mTOR or FKBP12. Rh30 cells were pretreated with in vivo 
labeled with 10 μCi [3H]-DHA for 21 h. The cell lysates were used for immunoprecipitation with 
anti-mTOR antibodies or normal IgG (control). Shown is the relative radioactivity (cpm) of immuno-
precipitation products. 

It is known that rapamycin firstly forms a complex with FKBP12 and then binds to 
the FRB domain of mTOR, inhibiting mTORC1 [5,6]. Next, we wondered whether DHA, 
such as rapamycin, inhibits mTORC1 by forming a complex with FKBP12. For this, mo-
lecular docking was performed. We found that DHA had a possibility to bind the interface 
cavity of FKBP12 and the FRB domain of mTOR, but the interaction of DHA with the 
protein complex was much weaker than that of rapamycin (Figure 4A–D), consistent with 
the calculated scoring function values (e.g., LibDock score: 29.72 for DHA vs. 101.40 for 
rapamycin) (Table 1). Collectively, our results indicated that DHA does not bind to mTOR 
or FKBP12 directly, suggesting that DHA inhibits mTORC1 through indirect mecha-
nism(s). 
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in vivo labeled with 10 µCi [3H]-DHA for 21 h. The cell lysates were used for immunoprecipitation
with anti-mTOR antibodies or normal IgG (control). Shown is the relative radioactivity (cpm) of
immunoprecipitation products.

It is known that rapamycin firstly forms a complex with FKBP12 and then binds to the
FRB domain of mTOR, inhibiting mTORC1 [5,6]. Next, we wondered whether DHA, such
as rapamycin, inhibits mTORC1 by forming a complex with FKBP12. For this, molecular
docking was performed. We found that DHA had a possibility to bind the interface cavity
of FKBP12 and the FRB domain of mTOR, but the interaction of DHA with the protein
complex was much weaker than that of rapamycin (Figure 4A–D), consistent with the
calculated scoring function values (e.g., LibDock score: 29.72 for DHA vs. 101.40 for
rapamycin) (Table 1). Collectively, our results indicated that DHA does not bind to mTOR
or FKBP12 directly, suggesting that DHA inhibits mTORC1 through indirect mechanism(s).

Table 1. Scoring function values of dihydroartemisinin and rapamycin in molecular docking studies,
in which the agents were docked into the active pocket of FKBP12 (PDB ID: 3FAP).

Compound LibDock Score GOLD Score

Rapamycin 101.40 148.24

Dihydroartemisinin 29.72 92.98

3.3. DHA Does Not Alter the Phosphorylation of IGF-1R/PI3K/PTEN and Erk1/2

Since mTORC1 is positively regulated by the IGF-1R-PI3K-Akt and Ras-Raf-MEK-
Erk pathways but negatively regulated by PTEN [5,6], we further tested whether DHA
inhibits mTORC1 signaling indirectly by altering these upstream regulators in cells. The
treatment with DHA (0–30 µM) for 24 h did not obviously alter the phosphorylation of
IGF-1Rβ (Tyr1161), PI3K p85 (Tyr458), PDK1 (Ser241), and PTEN (Ser380/Thr382), as well
as total cellular levels of these proteins (Figure 5A) and Akt (Figure 1B). Similarly, DHA
did not apparently affect the phosphorylation or total protein level of Erk1/2 in the RMS
cells (Figure 5B). Of note, at high concentrations (10–30 µM), DHA slightly inhibited the
phosphorylation of p38 MAPK (p-p38) in Rh30 cells but moderately activated p-p38 in
RD cells (Figure 5B). In addition, DHA (30 µM) induced the phosphorylation of c-Jun
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(a substrate of JNK) in both Rh30 and RD cells (Figure 5B). Hence, these data imply that
DHA inhibits mTORC1, not by altering the phosphorylation of IGF-1R/PI3K/Akt, PTEN,
and Erk1/2.
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Figure 4. Predicted binding modes of dihydroartemisinin (A,B) and rapamycin (C,D) in the interface cavity of FKBP12 and
the FRB domain of mTOR. The 3-D structure of the protein complex of FKBP12 and the FRB domain was taken from the PDB
database (PDB ID: 3FAP). The calculated binding mode of DHA in the interface cavity of FKBP12 and the FRB domain of
mTOR is shown in (A,B). DHA, namely (3R,12aR)-octahydro-12H-3,12-epoxy[1,2]dioxepino[4,3-i] isochromen-10(3H)-one,
is sandwiched between FKBP12 and the FRB domain of mTOR. Two hydrogen bonds are formed between oxygen atoms of
DHA and residues ARG42 and TYR26 of FKBP12. The seven-membered ring and the two six-membered rings in DHA
form hydrophobic interactions with residues LYS44, PHE46, TYR194, TRP190, PHE128, THR187, and ILE90 in the protein
complex of FKBP12 and the FRB domain of mTOR. For comparison, the binding mode of rapamycin in the interface cavity
of FKBP12 and FRB domain of mTOR (C,D). Obviously, rapamycin forms a much better interaction with FKBP12 than DHA
does. Three hydrogen bonds are formed between rapamycin and FKBP12: the first one corresponds to that formed between
the carbonyl group of rapamycin and the ILE56 residue in FKBP12, and the other two are between two hydroxyl groups
of rapamycin and residues ASP37 and GLN53, respectively. Rapamycin also forms good hydrophobic interactions with
residues TRP190, TYR194, LEU120, PHE197, SER124, GLY129, PHE128, TYR82, LEU56, VAL55, TRP59, PHE39, TYR26,
PHE46, and Phe99 in mTOR. Collectively, although DHA has the possibility to bind the interface cavity of FKBP12 and the
FRB domain of mTOR, the interaction of DHA with the protein complex is much weaker than that of rapamycin, consistent
with the calculated scoring function values (see Table 1).
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Figure 5. DHA does not alter the phosphorylation of IGF-1R/PI3K/PTEN and Erk1/2 in tumor cells. (A,B) Rh30 or RD
cells were treated with DHA (0−30 µM) for 24 h, followed by Western blotting with indicated antibodies.

3.4. DHA Does Not Induce HIF-1α/REDD1 Expression, but Triggers AMPK Phosphorylation

As the HIF1-REDD1 and AMPK pathways negatively regulate mTORC1 [8,9,48,49],
next, we asked whether DHA inhibits mTORC1 signaling by activating these two pathways.
To this end, tumor cells were treated with DHA (0–30 µM) for 24 h, followed by Western
blotting. The results showed that the treatment with DHA did not induce the expression of
HIF-1α or REDD1 (regulated in development and DNA damage responses 1) in Rh30 cells
(Figure 6A). As a positive control [37], the treatment with ciclopirox olamine (CPX) induced
the robust expression of HIF-1α and REDD1. Interestingly, DHA treatment induced the
phosphorylation of the catalytic subunit of AMPK (p-AMPKα and T172) in Rh30 cells in a
dose-dependent manner (Figure 6B). Similar results were also observed in Rh1, Rh18, Rh28,
Rh36, Rh41, and RD cells (Figure 6C,E). Since DHA did not inhibit mTORC1 in normal
HSMCs (Figure 1B), we also tested whether DHA affects p-AMPKα (T172) in this cell line.
As shown in Figure 6D,E, treatment with DHA (0−30 µM) for 24 h had no evident impact
on p-AMPKα in HSMCs. The results suggest that DHA inhibits mTORC1 possibly by
activating AMPK.
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Figure 6. DHA does not induce HIF-1α/REDD1 expression, but triggers AMPK phosphorylation. (A)
Rh30 cells were treated with DHA (0–30 µM) for 24 h, followed by Western blotting with indicated
antibodies. Ciclopirox olamine (CPX) served as a positive control for the induction of HIF1α and
REDD1. (B–E) Indicated cell lines were treated with DHA at indicated concentrations for 24 h,
followed by Western blotting with indicated antibodies.
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3.5. DHA-Induced Activation of AMPK Contributes to the Inhibition of mTORC1

To investigate the relationship between the DHA-induced inhibition of mTORC1 and
the activation of AMPK, a time-course experiment was performed. When Rh1 cells were
treated with DHA (5 µM) for 0–12 h, the phosphorylation level of AMPKα increased in a
time-dependent manner. The phosphorylation of AMPKα was modestly induced at 8 h
and robustly induced at 12 h, which matched well with the inhibition pattern on mTORC1
(Figure 7A). The results suggest that DHA-induced mTORC1 inhibition may be associated
with activation of AMPK.
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24 h, followed by Western blotting with indicated antibodies. 
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function [7]. Having observed that DHA did not bind to mTOR (Figure 3), we further 
investigated whether DHA disrupts mTORC1. For this, Rh30 cells were treated with or 
without DHA (3 μM) for 24 h, or rapamycin (100 ng/mL, positive control) for 2 h, followed 
by immunoprecipitation with antibodies to mTOR or normal IgG (negative control). By 
immunoblotting, as expected, rapamycin did not obviously affect the binding of mTOR to 
mLST8 or rictor but dramatically reduced the interaction of mTOR with raptor (Figure 
8A). Interestingly, DHA acted in the same way, although 3 μM of DHA did not cause the 
dissociation of raptor from mTOR so potently as 100 ng/mL of rapamycin (Figure 8A). The 
effect of DHA on the mTOR–raptor complex (mTORC1), but not the mTOR–rictor com-

Figure 7. DHA-induced activation of AMPK contributes to inhibition of mTORC1. (A) Rh1 cells were
treated with DHA (5 µM) for indicated time, followed by Western blotting with indicated antibodies.
(B) Rh1 cells were pretreated with or without Compound C (CC) (5 µM) for 2 h, and then exposed
to with or without DHA (5 µM) for 24 h, followed by Western blotting using indicated antibodies.
(C) Rh30 cells were infected with recombinant adenovirus expressing myc-tagged dominant negative
(DN) AMPK (Ad-AMPK-DN) or GFP (Ad-GFP) for 24 h, and then treated with DHA (0−30 µM) for
another 24 h, followed by Western blotting with indicated antibodies. (D) Rh30 cells, infected with
lentiviral shRNA to human AMPKα1 or GFP, were treated with DHA (0−30 µM) for 24 h, followed
by Western blotting with indicated antibodies.

To validate whether DHA-induced activation of AMPK contributes to inhibition of
mTORC1, Rh1 cells were pre-treated with or without compound C (a selective inhibitor
of AMPK) for 2 h and then exposed to DHA (5 µM) for 24 h. As predicted, pretreatment
with compound C remarkably attenuated DHA-induced p-AMPKα (Figure 7B). Of interest,
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the inhibition of AMPK profoundly prevented DHA from inhibiting the phosphorylation
of S6K1 and S6 (Figure 7B). Similar results were observed in Rh30 cells (Supplemen-
tary Figure S2). These data support that AMPK activation is involved in DHA-induced
mTORC1 inhibition.

To corroborate the above finding, Rh30 cells were infected with a recombinant aden-
ovirus expressing DN AMPKα (Ad-AMPK-DN), kinase-dead AMPKα (Ad-AMPK-
KD) [37,38], or GFP (Ad-GFP, control) for 24 h, and then treated with DHA for another
24 h. As anticipated, ectopic expression of AMPK-DN or AMPK-KD, but not GFP, at-
tenuated DHA-induced phosphorylation of ACC (S79), a substrate of AMPK (Figure 7C;
Supplementary Figure S3), suggesting that both Ad-AMPK-DN and Ad-AMPK-KD were
working well in the cells. Importantly, expression of AMPK-DN or AMPK-KD did ren-
der high resistance to the inhibitory effect of DHA on mTORC1 in the cells (Figure 7C;
Supplementary Figure S3). Furthermore, similar results were observed in Rh30 cells when
AMPKα1 was knocked down with lentiviral shRNA to AMPKα1 (Figure 7D). Together, our
results indicate that activation of AMPK plays a critical role in DHA-induced inhibition
of mTORC1.

3.6. DHA Dissociates Raptor from mTOR and Inhibits mTORC1 Activity

Rapamycin inhibits mTORC1 through the rapamycin-FKBP12 binding to mTOR,
which results in the dissociation of raptor from mTOR, thereby inhibiting the mTORC1
function [7]. Having observed that DHA did not bind to mTOR (Figure 3), we further
investigated whether DHA disrupts mTORC1. For this, Rh30 cells were treated with
or without DHA (3 µM) for 24 h, or rapamycin (100 ng/mL, positive control) for 2 h,
followed by immunoprecipitation with antibodies to mTOR or normal IgG (negative
control). By immunoblotting, as expected, rapamycin did not obviously affect the binding
of mTOR to mLST8 or rictor but dramatically reduced the interaction of mTOR with
raptor (Figure 8A). Interestingly, DHA acted in the same way, although 3 µM of DHA did
not cause the dissociation of raptor from mTOR so potently as 100 ng/mL of rapamycin
(Figure 8A). The effect of DHA on the mTOR–raptor complex (mTORC1), but not the
mTOR–rictor complex (mTORC2), was in line with our finding that DHA inhibits mTORC1-
mediated phosphorylation of S6K1 and 4E-BP1 but does not affect mTORC2-mediated
phosphorylation of Akt (Figure 1B).

As raptor is essential for the mTORC1 function [5,6], we further assessed the effect of
DHA on the mTORC1 activity by in vitro mTOR kinase assay using recombinant 4E-BP1
protein as a substrate. As expected, the treatment with rapamycin (100 ng/mL) for 2 h
strongly inhibited the mTORC1 activity in Rh30 cells, as the phosphorylation of 4E-BP1 on
T37/46 and T70 was inhibited by approximately 40% and 70%, respectively (Figure 8B,C).
Of interest, the treatment with DHA (3 µM) for 24 h inhibited the mTORC1 activity as
potently as rapamycin (Figure 8B,C).

3.7. Artesunate Inhibits Tumor Growth, Suppresses mTORC1 and Activates AMPK in
RMS Xenografts

Artesunate, a pro-drug of DHA, has been in clinical trials for treatments of lung, colon,
breast, and cervical cancer in adults [19]. To assess the potential of DHA for treatments
of RMS, we evaluated the anticancer activity of artesunate in Rh30 xenografts in SCID
mice. The results showed that treatments with artesunate (i.p. once daily at 25, 50, 100,
and 150 mg/kg body weight) for 32 days in a dose-dependent manner inhibited the tumor
growth (volume) of Rh30 xenografts in mice, by 23.6, 50.8%, 70.7%, and 80.3%, respectively,
compared to the vehicle treatment (Figure 9A; Supplementary Figure S4). Artesunate
treatments displayed similar inhibitory effects on the tumor weight (Figure 9B). Of note, no
obvious toxicity was observed in all the treated groups except for the 150 mg/kg group, in
which the average body weight of mice decreased slightly but not significantly (Figure 9C).
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(C) Semi-quantitative data (mean ± SD) of three independent experiments for (B). a indicates the 
difference with the control group of p-4E-BP1 (T37/46) (p < 0.05); b indicates the difference with the 
control group of p-4E-BP1 (T70) (p < 0.05). 
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SCID mice. The results showed that treatments with artesunate (i.p. once daily at 25, 50, 
100, and 150 mg/kg body weight) for 32 days in a dose-dependent manner inhibited the 
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Figure 8. DHA dissociates raptor from mTOR and inhibits mTORC1 activity. (A,B) Rh30 cells were
treated with or without DHA (3 µM) for 24 h or with rapamycin (Rapa, 100 ng/mL, positive control)
for 2 h, followed by immunoprecipitation (IP) using antibodies to mTOR or normal IgG (control).
The immunoprecipitates were then subjected to immunoblotting (IB) with indicated antibodies or
were used for the in vitro mTOR kinase assay by incubating with recombinant 4E-BP1 protein (as a
substrate) at room temperature for 30 min, followed by Western blotting with indicated antibodies.
(C) Semi-quantitative data (mean ± SD) of three independent experiments for (B). a indicates the
difference with the control group of p-4E-BP1 (T37/46) (p < 0.05); b indicates the difference with the
control group of p-4E-BP1 (T70) (p < 0.05).

To study the in vivo effects of DHA on AMPK and mTORC1, SCID mice bearing with
Rh65 xenografts were treated i.p. with DHA (100 mg/kg body weight). At 2, 4, 8, and
24 h of post-treatment, the mice were sacrificed, and the tumor tissues were collected. Our
Western blotting analysis revealed that treatment with DHA for 8 h remarkably inhibited
p-S6 (S235/236) and p-4E-BP1 (T70) but did not apparently affect p-Akt (S473) in the tumors
(Figure 9D), in line with our in vitro results (Figure 1B). Interestingly, DHA treatment also
time-dependently induced p-AMPK (T172) in vivo (Figure 9D), also consistent with the
in vitro data (Figure 7). The results underline that artesunate or DHA has a great potential
for RMS therapy.
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by rapalogs or directly by mTOR kinase inhibitors, e.g., INK128 and AZD8055) [5,6]. In 

Figure 9. Artesunate inhibits tumor growth, suppresses mTORC1 and activates AMPK in RMS xenografts. (A–C) C.B.17SC
scid−/− female mice (5–6 weeks old) bearing Rh30 xenografts were treated intraperitoneally (i.p.) with artesunate at the
indicated doses or vehicle (0.9% NaCl) once daily. Tumor volume (A) and body weight (C) were measured at the indicated
time. At the end of the experiment, the mice were sacrificed, and the tumor tissues were dissected and weighed (B). The
data are expressed as the mean ± SD (8–9 mice per group). NS, not significant; a p < 0.05; b p < 0.05; c p < 0.001, difference
with the control group (0 mg/kg of artesunate). (D) C.B.17SC scid−/− female mice (5–6 weeks old) bearing Rh65 xenografts
were treated i.p. with DHA (100 mg/kg). After the treatment for the indicated time, the mice were sacrificed, and the tumor
tissues were collected and frozen in liquid N2. Western blotting was performed with indicated antibodies. Control means
non-treatment with DHA; T1, T2, and T3 represent tumors #1, #2, and #3, respectively.

4. Discussion

Increasing evidence suggests that DHA exerts its anticancer activity primarily by
inhibiting mTORC1 signaling in tumor cells [20–24]. However, how DHA inhibits mTORC1
is unknown. mTOR can be inhibited due to the binding of compounds (either allosterically
by rapalogs or directly by mTOR kinase inhibitors, e.g., INK128 and AZD8055) [5,6].
In addition, mTOR can be inhibited indirectly via multiple mechanisms, including the
inhibition of the IGF-1R-PI3K-Akt and Ras-Raf-MEK-Erk pathways and the activation of
the HIF1-REDD1 and AMPK pathways [5,6]. Recently, Du et al. has shown that DHA
induces autophagy of leukemia cells partly by inhibiting p-mTOR, p-S6K1, and p-S6 and
activating p-AMPK in leukemia (HL60 and THP-1) cells [26], but whether DHA-induced
mTORC1 inhibition is a consequence of AMPK activation has not been resolved. Here, for
the first time, we present evidence that DHA inhibits mTORC1 neither by directly binding
to mTOR or FKBP12 nor by indirectly inhibiting the IGF-1R-PI3K-Akt and Erk pathways
or activating PTEN, HIF-1α, and REDD1. Instead, DHA inhibits mTORC1 by activating
the AMPK pathway in tumor cells. Furthermore, DHA is able to induce the dissociation of
raptor from mTOR and inhibit the activity of mTORC1.

Current chemotherapeutic treatments for pediatric RMS may cause long-term side
effects, such as secondary cancers and infertility [1,3]. Artemisinins have been widely used
for treatment of malaria in children and adults for decades, and their safety is clinically
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proven [16–18]. Especially, artesunate, a pro-drug of DHA, has been in clinical trials for
treatment of lung, colon, breast, and cervical cancer in adults [19]. Therefore, we explored
whether DHA can be repositioned for treatment of RMS. Here, our in vitro and in vivo data
indicate that DHA is able to potently inhibit the growth of RMS by inhibiting mTORC1
signaling. Our findings support that DHA has a great potential for treatment of RMS.

Here, we found that DHA preferably targets RMS tumor cells, but not normal cells
(Figure 1A). The possible reasons are discussed here. One the one hand, it has been
documented that the PAX3/7–FOXO1 fusion in RMS tumor cells results in constitutively
active mTOR signaling [1–3]. RMS cells, unlike normal cells (normal HSMCs), mouse
skeletal muscle cells (C2C12), and normal HDFs, had hyperactive mTOR signaling (see
Figure 1C), so they are apparently addictive to mTOR signaling for growth, proliferation,
and survival. This may be one of the major reasons why DHA preferably targets RMS
cells but not normal cells. On the other hand, as shown in Figure 6, in response to DHA,
AMPK can be activated in RMS cells, but not in normal cells. This may be partly related
to the differential effects of DHA on the cellular levels of ATP in RMS cells and normal
cells. It is well known that AMPK can be activated in response to energy stress [5,6]. In
our study, we observed that treatment with DHA for 18 h reduced the cellular ATP level
in Rh30 cells (Supplementary Figure S5C). Of note, the 24 h treatment with 30 µM of
DHA reduced the intracellular ATP level by 80% (compared to the control) in tumor cells
(Rh30), whereas the same treatment only reduced the ATP level by ~30% in normal cells
(C2C12) (Supplementary Figure S5D), in line with tumor-selective effects of DHA on cell
proliferation/viability and mTORC1. At this stage, we could not rule out other possibilities,
such as differential expression levels of drug efflux transporters (e.g., P-glycoprotein and
multidrug resistance proteins).

In this study, we noticed that the treatment with artesunate dose-dependently inhib-
ited the tumor growth of Rh30 xenografts in mice. The treatment with artesunate (50 and
100 mg/kg) potently inhibited the tumor growth (by 58% and 65%, respectively; p < 0.01),
but had no marked effect on the body weight of the animals, reinforcing the good safety of
artesunate. However, we have to acknowledge that single treatment with artesunate, even
at 150 mg/kg, failed to result in tumor regression (Figure 9), implying that combination
treatments are necessary. Given that the standard chemotherapy for RMS is the combi-
nation of vincristine, actinomycin D, and cyclophosphamide [1,3], it is worthy to further
study whether artesunate synergizes with these chemotherapeutic agents in RMS.

Here, we found that DHA (0−30 µM) did not influence the phosphorylation of Akt
(S473) in RMS (Rh18, Rh28, Rh36, Rh30, Rh41, and RD) cells (Figure 1), which is consistent
with our previous observation in Ewing sarcoma (Rh1) cells [21]. Rapamycin has been
shown to inhibit mTORC1 but induces p-Akt (S473) in RMS cells [40]. These findings
suggest that the effect of DHA on p-Akt is different from that of rapamycin. It is known
that rapalogs inhibit mTORC1 but activate Akt through the S6K1-IRS1 negative feedback
mechanism [12–14]. Rapalogs-activated Akt is regarded as a major drawback contributing
to their mild anticancer activity in most clinical settings, as activated Akt can promote
cancer cell survival [5,6]. A number of clinical trials of artesunate are ongoing for treatments
of various cancers [19]. Since rapalogs alone lack efficacy in treatments of most types of
cancer, including RMS [5,6,10,11], it would be interesting to determine whether DHA or
artesunate, as an anti-cancer agent, is clinically superior to rapalogs.

Of note, a recent report has shown that a treatment with 40 µM of DHA reduces the
protein levels of HIF-1α and p-Akt (S473) in prostate LNCaP cells [30]. This is in contrast
to our results that a treatment with 0.3–30 µM of DHA did not alter the levels of HIF-1α
(Figure 5A) and p-Akt in both Rh30 (Figure 1B) and Rh1 cells [21]. Whether the discrepancy
is due to different concentrations of DHA used remains to be determined. We have noticed
that curcumin at high concentrations (>20 µM), which is clinically irrelevant, is able to
inhibit both mTORC1 and mTORC2 [41].

It has been described that AMPK activation induces phosphorylation of p53 on serine
15 [50] and p53 activation can inhibit mTORC1 [51]. In the present study, we found that
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DHA was able to inhibit mTORC1 in multiple cell lines, of which Rh30, RD and Rh1 cells
expressed mutant p53 alleles (Rh30 Arg273→Cys; RD Arg248→Trp; Rh1: Tyr220→Cys),
losing the function of p53 [21]. Thus, our results suggest that the AMPK-p53 pathway
is dispensable for DHA-induced mTORC1 inhibition. Since activated AMPK can also
inhibit mTORC1 by activating the formation of TSC1/2 complex and/or phosphorylating
raptor (S792) [8,9], to better understand how DHA inhibits mTORC1, further research is
required to define whether the AMPK-TSC and AMPK-raptor pathways are involved in
DHA-induced mTORC1 inhibition.

A new question is that how DHA activates AMPK. Our molecular docking indicates
that although DHA has the possibility to bind the interface cavity of the carbohydrate-
binding module (CBM, also known as the glycogen-binding domain) and the kinase
domain of AMPK, the interactions of DHA with the protein complex are much weaker than
those of A-769662 (a known AMPK activator) [46], consistent with the calculated scoring
function (GOLD scores: 44.73 for DHA vs. 75.77 for A-769662). Further research is needed
to confirm whether DHA is able to bind to α, β, or γ subunit of AMPK or not.

AMPKα (T172) can be activated by liver kinase B1 (LKB1) in response to low levels of
energy (ATP), by transforming growth factor β-activated kinase 1 (TAK1) due to increased
cytokines and/or by calmodulin-dependent kinase kinase β (CaMKKβ) upon elevated
intracellular Ca2+ levels [52–54]. Besides, in response to various stimuli (e.g., oxidative
stress, glucose, tumor necrosis factor-α, and palmitate), AMPKα (T172) can be dephos-
phorylated and inactivated by protein phosphatase 1 (PP1) [55], protein phosphatase 2A
(PP2A) [56–58], protein phosphatase 2B (PP2B, also calcineurin) [59], protein phosphatase
2C (PP2C) [58], and protein phosphatase 5 (PP5) [60]. In our study, we noticed that the
treatment with DHA (0–30 µM) for 24 h did not alter intracellular Ca2+ levels in Rh30
and RD cells. Of interest, 8 h or 24 h treatments with DHA (0−30 µM) induced ROS in
Rh30 cells in a dose-dependent manner (Supplementary Figure S5A,B). In addition, the
treatment with DHA (10 or 30 µM) for 18–24 h significantly reduced the cellular ATP levels
in Rh30 and RD cells (Supplementary Figure S5C,D). Therefore, it would be interesting to
figure out whether DHA-induced activation of AMPK is mediated by any of these kinases
and/or phosphatases.

In the present study, we also observed that DHA induced the dissociation of raptor
from mTOR (Figure 8A). AMPK-mediated phosphorylation of both TSCs and raptor does
not cause disassembly of mTORC1 [5,6]. It has been shown that GRp58/ERp57 is involved
in the assembly of mTORC1 and positively regulates mTORC1 signaling at the cytosol
and the cytosolic side of the ER [61]. Further research is needed to address whether DHA
disrupts mTORC1 by targeting GRp58/ERp57.

5. Conclusions

Here, we showed that DHA inhibited mTORC1 in tumor cells not through direct
binding to mTOR or FKBP12, but via indirect mechanisms. Apparently, DHA altered
neither the phosphorylation of IGF-IR/PI3K/Akt/PTEN and Erk1/2, nor the expression of
HIF1α/REDD1 in tumor cells. Instead, DHA inhibited mTORC1 by activating the AMPK
pathway (Figure 10). Additionally, DHA was able to induce dissociation of raptor from
mTOR and inhibit the activity of mTORC1. To our knowledge, this is the first study to
unveil how DHA inhibits mTORC1 in tumor cells. In addition, our in vitro and in vivo data
demonstrate that DHA has a great potential for RMS treatment. To facilitate repurposing
this anti-malaria agent for RMS treatment, further research is warranted to determine
whether artesunate (alone or in combination with other anticancer agents) is more effective
than rapalogs in mouse tumor models.
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Abstract: Autophagy is a critical regulator of cellular survival, differentiation, development, and
homeostasis, dysregulation of which is associated with diverse diseases including cancer and neurode-
generative diseases. Transcription factor EB (TFEB), a master transcriptional regulator of autophagy
and lysosome, can enhance autophagic and lysosomal biogenesis and function. TFEB has attracted
a lot of attention owing to its ability to induce the intracellular clearance of pathogenic factors in
a variety of disease models, suggesting that novel therapeutic strategies could be based on the
modulation of TFEB activity. Therefore, TFEB agonists are a promising strategy to ameliorate diseases
implicated with autophagy dysfunction. Recently, several TFEB agonists have been identified and
preclinical or clinical trials are applied. In this review, we present an overview of the latest research
on TFEB biology and TFEB agonists.

Keywords: TFEB agonists; autophagy; lysosome; rapamycin; resveratrol

1. Introduction

Autophagy occurs in all types of eukaryotic cells, which is a major cellular pathway
for degradation of long-lived proteins and cytoplasmic organelles [1]. The degradation
of proteins and organelles via autophagy plays an important role in maintaining cell
homeostasis and responding to certain environmental stresses [2]. Many diseases, such
as cancer and neurodegenerative diseases, are closely related to the failure of autophagy
regulation mechanisms.

The transcriptional factor EB (TFEB) is a member of the microphthalmia-transcription
factor (MiTF)/TFE family of leucine zipper transcription factors, a signal regulator to
promote autophagy [3]. TFEB, generally isolated from the cytoplasm, will be translocated
to the nucleus to coordinate the expression and regulation of lysosomes if activated. It is
considered the main activator of autophagy-lysosomal gene expression [4]. Hence, TFEB
agonists are emerging as novel therapeutic strategies to the treatment of diseases with
autophagy-lysosomal dysfunction. The regulation mechanism of TFEB is a very complex
process, and the research on TFEB agonists is increasing. So far, TFEB agonist, such as
rapamycin, has been approved for the treatment of cancer [5]. Many TFEB agonists are still
in preclinical trials. This review mainly elaborates on TFEB agonists and TFEB biology to
contribute to the latest TFEB research trends.

2. Autophagy and the Lysosome

Autophagy is a lysosomal-dependent degradation pathway characterized by cyto-
plasmic vacuolization. Autophagy degrades the damaged structures in the cytoplasm to
produce amino acids and free fatty acids for protein and energy synthesis, so that cells can
adapt to different environments such as hypoxia and starvation [6]. In mammalian cells,
autophagy is divided into macroautophagy, microautophagy, and chaperone-mediated
autophagy [1]. Under physiological conditions, autophagy activity is required to maintain
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the homeostasis of the system. For example, autophagy related 9 (ATG 9), the sole trans-
membrane protein, mediates lipid scrambling and plays a crucial role in the lipid transport
system that enables phagophore expansion [7,8]. Additionally, ATG 16L1 contributes
to cell survival in the nutrient depletion state [9]. Under pathophysiological conditions,
autophagy will be upregulated as a protection mechanism. For example, autophagy can
be activated by serum starvation treatment in endothelial cells. During early starvation,
autophagy could protect endothelial cell barrier from breakdown by inhibiting the reactive
oxygen species (ROS) production [10].

The survival or death of cells is determined by the degree of autophagy. Physiological
levels of autophagy, generally at a relatively low level, promote survival, whereas insuffi-
cient or excessive levels of autophagy promote death [11]. Hence, regulating the level of
autophagy has been a therapeutic method for diseases related to autophagy. Autophagy
can be activated as autophagosomes in HepG2 cells treated with 1.0mg/mL matrine. Ma-
trine can inhibit the proliferation of HepG2 cells in a dose-and time-dependent manner [12].
Apoptosis and autophagy in T-cell acute lymphoblastic leukemia cells can be induced
by resveratrol [13]. Puerarin can inhibit hyperglycemia-induced NLRP3 inflammasome
activation in endothelial cells via regulating autophagy processes [14]. Apoptosis induced
by cisplatin can be enhanced by insulin in human esophageal squamous cell carcinoma
EC9706 cells, which is related to the inhibition of autophagy [15].

Autophagy is a defense mechanism of cells against adverse environment stressors,
but the failure of regulation mechanisms is closely related to many diseases. Autophagy
in cancer cells shows a dual effect, which simultaneously inhibits effect and promotes
cancer development. For instance, an ATG 9A dependent autophagic pathway also plays
an important role in Beclin 2 negatively regulating tumor development [16]. But starvation-
induced autophagy can promote the invasion and migration of bladder cancer cells [17].
Autophagy also sustains pancreatic cancer growth and promotes the survival of dormant
breast cancer cells [18,19]. Therefore, reagents that may induce autophagy are immediate
areas of cancer treatment research.

Autophagy participates in the degradation of abnormal proteins to prevent the accu-
mulation in neurons. Hence, the occurrence of some neurodegenerative diseases, charac-
terized by the change of intracellular protein degradation system, is related to autophagy.
For example, the accumulation of synuclein proteins in Parkinson’s disease is related to
the decrease of autophagy activity. Autophagy plays an important role in nutritional
metabolism, blocking the process will lead to a series of metabolic diseases. For example,
autophagy is necessary to maintain the structure, number, and function of islet β cells and
plays a protective role under stress conditions [20,21]. Autophagy dysfunction will lead to
decreased islet function [22]. For lipid metabolism, autophagy disorders can lead to the
accumulation of cellular lipids, resulting in obesity, dyslipidemia, fatty liver, and other
diseases [23].

Lysosomes, the cell’s recycling center, are acidic compartments filled with more than
60 different types of hydrolases in mammalian cells. Lysosomes are mainly responsible
for breaking down endocytosis and autophagy substrates, such as membranes, proteins,
and lipids, into their basic components. The digested products are transported out of
lysosomes via specific catabolic derivatives or vesicles [24]. Lysosome-mediated signal
pathways and transcriptional procedures can sense the state of cell metabolism and control
the switch between anabolism and catabolism by regulating lysosomal biogenesis and
autophagy [25]. Lysosomes also play a role in cellular metabolism, immunity, regulation of
hormone secretion, and so on. For example, melanin secretion of melanocytes, bone tissue
reabsorption by osteoclasts, proteolytic enzyme secretion of natural killer cells, regulation
of cell membrane repair by calcium ions, antigen presentation by macrophages, and B
lymphocytes are all related to the activity of lysosomes [26,27].

Pieces of evidence show that lysosomal dysfunction is related to a variety of human
diseases. Lysosomal storage disease (LSD) is a group of metabolic diseases caused by lysoso-
mal hydrolase gene mutations, lysosomal membrane protein mutations, or non-lysosomal

202



Cells 2021, 10, 333

protein mutations. These mutations affect catabolism, catabolic output or membrane trans-
port, and lysosome function indirectly, respectively. A prominent feature of LSD is the
primary and secondary excessive accumulation of undigested lipids in lysosomes, leading
to lysosomal dysfunction and cell death, ultimately resulting in pathological symptoms of
various tissues and organs [28]. Fabry disease, an inherited lysosomal storage disorder, is
caused by a mutation in the GLA gene, which results in a deficiency of the α-galactosidase
that is a lysosomal acid hydrolase. This deficiency causes multi-organ pathology with
high morbidity and a reduced life expectancy [29]. Neuronal ceroid lipofuscinoses, char-
acterized by a heterogeneous origin of the storage material, are caused by mutations in
the CLN3 gene, which encodes a multi-pass lysosomal membrane protein involved in
lysosome homeostasis [30]. Other studies have shown that lysosomes are also associated
with diseases such as gout, Gaucher’s disease, Parkinson’s disease, and cancer [31–33].

3. TFEB as a Drug Target
3.1. The Structure of TFEB

TFEB was first cloned from a human B-cell cDNA due to its capacity of binding
the adenoviral major late promoter [34]. TFEB is a protein composed of 476 amino acid
residues, mainly including glutamine-rich, helix-loop-helix, leucine-zipper, and proline-
rich domains. TFEB pertains to the MiTF/TFE family of basic helix-loop-helix-leucine
zipper transcription factors [35].

3.2. TFEB Function

Lysosomes undergo nutrient-sensitive adaptive changes in function and biogene-
sis [36]. Nearly all receptors serving lysosome biogenesis are under the transcriptional
control of TFEB, a master regulator of the lysosomal system. It is discovered that there
is a consensus DNA sequence in the promoters of 96 lysosomal genes, which is termed
the coordinated lysosomal expression and regulation motif. It has been proved that TFEB
specifically targets the Coordinated Lysosomal Expression and Regulation motif to up-
regulate genes for lysosomal biogenesis and function [37]. TFEB coordinates the expression
of lysosomal hydrolases, lysosomal membrane proteins, and autophagy proteins in re-
sponse to pathways sensing lysosomal stress and the nutritional conditions of the cell
among other stimuli [38]. TEFB also plays an important role in regulating lysosomal exocy-
tosis [39]. Lysosomal exocytosis is a process by which lysosomal membrane fuses with the
plasma membrane and the content of the lysosome is excluded from the cell. And the exo-
cytosis of conventional lysosomes is regulated by Ca2+. Mucolipin 1 (MCOLN1)/TRPML1
is the principal Ca2+ release channel on the lysosomal membrane [36]. TFEB activates
the calcium channel protein MCOLN1, which promotes calcium influx and the fusion of
lysosome and plasma membrane [40].

TFEB is of great importance in various cellular physiological processes. The role of
TFEB in regulating autophagy is dependent on the cellular localization of TFEB, which
is controlled by its phosphorylation status. In nutrient-rich conditions, TFEB is phospho-
rylated and retained in cytoplasm. Upon starvation or under conditions of lysosomal
dysfunction, TFEB is dephosphorylated and translocated from cytoplasm to the nucleus,
where it is active to regulate the expression of target genes for cargo recognition, au-
tophagosome formation, vesicle fusion, and substrate degradation. For example, TFEB
overexpression activates the biogenesis of autophagosomes [41]. Also, it has been dis-
covered that post-modification of TFEB contributes to its transcriptional activity. TFEB
transcription activity is enhanced with histone deacetylase inhibitor suberoylanilide hy-
droxamic acid, which results in the activation of lysosomal function in human cancer
cells [42]. MiTF has been proved to be subject to small ubiquitin-like-modifier modification,
as were the related family members TFEB. Sumoylation affects TFEB transcriptional activity
in a manner dependent on the promoter elements present in the target genes [43].

A series of in vivo roles of TFEB has been identified. TFEB regulates lipid breakdown
in the liver via peroxisome proliferator-activated receptor γ coactivator 1 α (PGC-1α)
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and peroxisome proliferator activated receptor α (PPAR-α). TFEB and proper lysosomal
function are necessary to endoderm differentiation [44]. There is a RANKL-dependent
signaling pathway taking place in differentiated osteoclasts. It culminates in the activation
of TFEB to enhance lysosomal biogenesis which is necessary for proper bone resorption [45].
Endothelial TFEB promotes glucose metabolism via upregulation of Insulin Receptor
Substrate 1 and Insulin Receptor Substrate 2 [46]. TFEB plays an important role in resisting
intestinal epithelial cell injury in vivo, potentially mediated by APOA1 [47].

4. Mechanisms of TFEB Activation

4.1. Ca2+-Dependent Mechanism

There is a calcium signaling mechanism that begins with lysosomes and controls
autophagy through calcineurin-mediated TFEB induction. Figure 1 shows a model that
TFEB is regulated by mTOR- or calcineurin-related pathways under starvation or physical
exercise. The lysosomal calcium channels on the lysosome membrane are involved in basic
cellular processes. Recent discovery suggests that calcium microdomains probably locate
on the surface of lysosomes. Calcium microdomains mediate local calcium signaling in
several intracellular compartments, such as mitochondria [48].

Figure 1. Schematic of mechanisms of TFEB agonists. The schematic shows the model of Ca2+ mediated regulation of
TFEB, the model of lysosomal sensing and lysosome-to-nucleus signaling by TFEB and mTOR as well as the model of
PP2A stimulating regulation of TFEB. AKT, loss of FLCN modulates the autophagy-lysosomal pathway via TFEB. PPAR-
α-RXRα-PGC-1α complex and knocking down TDP-43 can promote the transcriptional activation of TFEB. Abbreviation:
CaN, Calcineurin; AKT, protein kinase B.

The Ca2+ signaling mechanism of lysosome controls the activity of calcineurin phos-
phatase and TFEB. MCOLN1 is a direct transcriptional target of TFEB. There is a positive
feedback loop in TFEB that promotes TFEB activity through Ca2+-mediated calcineurin
activation by regulating MCOLN1 expression. After the release of lysosome Ca2+ through
MCOLN1, the establishment of Ca2+ microdomains leads to a decrease in TFEB phospho-
rylation rate as mTORC1 is inhibited. TFEB dephosphorylation is induced by calcineurin,
resulting in nuclear translocation of TFEB. Dephosphorylated TFEB is no longer able to
bind 14-3-3 proteins and can freely move to the nucleus where it transcriptionally activates
the lysosomal and autophagy pathway [49].

Furthermore, various oxidants including chloramine T, H2O2, and m-
chlorophenylhydrazone can activate the MCOLN1/TRPML1, the major Ca2+ release chan-
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nel on the lysosome membrane [36]. Additionally, the use of MCOLN1-specific agonist,
SF51 can promote TFEB nuclear translocation in a calcineurin-dependent manner [49].

4.2. AKT

The serine and threonine kinase AKT, also known as protein kinase B integrates inputs
from growth factors and metabolic effectors to control key multifunctional signaling hubs
through direct phosphorylation of substrates that control cell growth, proliferation, and
survival signal hub.

In the AKT-mediated autophagy-lysosomal pathway, AKT phosphorylates TFEB on
S467, which is an evolutionarily conserved serine among vertebrate species and a close
homolog of MiTF family. The TFEB phosphate mutant (TFEB S467A), in which the AKT
phosphate receptor site is replaced by alanine to prevent AKT-mediated phosphorylation,
increases nuclear localization and stability, and enhances the ability to activate TFEB
downstream target genes. The use of pharmacological inhibitors or trehalose that inhibits
AKT activity can promote nuclear translocation of TFEB and activation of the autophagy-
lysosomal pathway, and enhance autophagy and lysosomal substrate clearance [50].

4.3. mTOR

The pathway regulating autophagy is mediated by calcium ion dependent phos-
phatase calcineurin. Figure 1 shows a model of TFEB regulated by mTOR or calcineurin-
related pathways in the context of starvation and physical exercise. MTORC1 is a major
kinase complex that plays an active role on the lysosome surface in mediating TFEB phos-
phorylation, positively regulating cell growth, and negatively regulating autophagy. MTOR
mediated phosphorylation of TFEB-serine residues S142 and S211 promotes the interaction
between TFEB and 14-3-3 protein, leading to cytoplasmic localization [51]. In contrast,
conditions that lead to mTOR inhibition, such as starvation and lysosomal stress, promote
TFEB nuclear translocation and transcriptional activation of lysosomal and autophagy
genes.

The phosphorylation status of TFEB and its subcellular localization are entirely de-
termined by the activation state of the Rag GTPases, which regulate mTORC1 activity
downstream of amino acids. At any given time, some of TFEB rapidly and transiently
binds to the surface of lysosomes, where phosphorylated and kept in the cytoplasm by
mTORC1. When there are full nutrients without stress of lysosomal, the complex formed
by V-ATPase, Regulator, and Rag GTPases is in the active state and recruits mTORC1 to
the lysosomal surface, where mTORC1 is activated. At the lysosome, mTORC1 binds to
and phosphorylates TFEB. TFEB then cycles between the cytoplasm and the surface of
the lysosome. Under the phosphorylation conducted by mTORC1, TFEB remains in the
cytoplasm and is prevented from being translocated to the nucleus. Starvation, v-ATPase
inhibition, or lysosomal stress switches the Rags off, making mTORC1 depart from the
lysosome and leading it to inactivation [52]. Hence, TFEB can be activated by Torin1,
Rapamycin, and other inhibitors of mTOR.

4.4. PPAR-α Activation

Nuclear receptor peroxisome proliferator-activated receptor alpha (PPAR-α) is a PPAR
subtype, a transcription factor that interacts with cis-acting DNA elements. PPAR-α
agonists can induce the recruitment of the PPAR-α-RXRα-PGC-1α complex on the TFEB
promoter and regulate the TFEB promoter region to enhance the transcriptional activation
of TFEB, upregulating lysosomal biogenesis. After treating mouse primary astrocytes and
neurons with gemfibrozil and ATRA in serum-free medium for 24 h, the overall level of
TFEB is increased by 4 times, while the localization of TFEB in the nucleus is increased
5–6 times [53].
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4.5. TDP-43 Loss of Function

TAR DNA-binding protein 43 (TDP-43) is considered a major component of the
pathogenesis of ALS, FTLD, and other neurodegenerative diseases. TDP-43 regulates
the localization of TFEB by targeting raptor, but not Rag GTPases. In TDP-43 knock-
down cells, TFEB is translocated from the cytosol to the nucleus and formed lysosomal
puncta in cytoplasm, whereas mTOR had a diffusively cytoplasmic distribution, suggest-
ing involvement of mTORC1 in TDP-43-mediated TFEB nuclear translocation. Moreover,
TDP-43-induced redistribution of TFEB and mTOR depends on raptor [54]. This regula-
tion in turn enhances overall gene expression in the autophagy-lysosomal pathway (ALP)
and increases autophagosome and lysosome biogenesis. However, the loss of TDP-43
also impaired the fusion of autophagosomes and lysosomes through the down-regulation
of dynein 1, resulting in immature autophagic vesicle accumulation and overwhelming
ALP function. Fluphenazine, methotrimeprazine, and 10-(4′-(N-diethylamino)butyl)-2-
chlorophenoxazine (DBCP) have been proved to decrease TDP-43 protein level and activate
autophagy in a live cell autophagic flux assay [55].

4.6. AMPK, FLCN, ERK

AMP-activated protein kinase (AMPK), a heterotrimeric enzyme, is an evolutionarily
conserved energy sensor that functions to maintain energy homeostasis through coordinat-
ing effective metabolic responses to reduced energy availability [56,57]. AMPK not only
elicits acute metabolic responses but also promotes metabolic reprogramming and adapta-
tions through regulation of specific transcription factors and coactivators [56]. Folliculin
(FLCN) is a binding partner negatively regulating AMPK. The interaction of FLCN with
AMPK was regulated by two homologous FLCN-binding proteins FNIP1 and FNIP2. The
ablation of FLCN expression or loss of the interaction of FLCN to AMPK causes constitutive
AMPK activation, which is associated with metabolic transformation [56]. AMPK plays
a pivotal role in regulating TFEB. Pharmacological activation of AMPK promotes TFEB
localization, while phosphorylation status of mTOR shows no significant changes. The
regulation of TFEB/TFE3 by FLCN is evolutionarily conserved and independent of mTOR
pathway [57].

It has been shown that drugs including metformin and resveratrol activate AMPK
indirectly by increasing cellular AMP and ADP through inhibiting mitochondrial ATP
synthesis [58]. AMPK can also regulate extracellular signal-regulated kinase (ERK) levels,
and cells with reduced phospho-ERK levels have elevated phospho-AMPK. Therefore,
it can be concluded that inhibition of ERK can up-regulate TFEB [59].

4.7. PP2A Stimulation

Protein phosphatase 2A (PP2A) is a heterotrimeric enzyme with a scaffolding subunit
“A”, regulatory subunit “B”, and catalytic subunit “C”. It is a major serine/threonine
phosphatase that functions in regulation of many cellular processes including cell cycle,
growth, metabolism, and apoptosis. Thus, PP2A is involved in many diseases including
neurodegenerative disorders, cardiovascular pathologies, and cancer [60]. PP2A can
dephosphorylate TFEB at several residues, including S109, S114, S122, and S211 in response
to oxidative stress. This is a mTOR-independent pathway. Depletion of either PP2A
catalytic subunits or the regulatory subunit, alone or in combination with the catalytic
subunits, reduces TFEB-S211 dephosphorylation significantly. Ceramide or FTY720 can
cause TFEB nuclear translocation through PP2A activation [61].

5. TFEB and Diseases

The current enzyme replacement therapy (ERT) for LSD has been proved successful in
reversing cardiac abnormalities but has a limitation in skeletal muscle abnormalities [62].
Besides, the replacement enzymes are not easily accessible to target tissues. Compared to
ERT, modulation of TFEB exploits lysosomal exocytosis to expel the storage material into
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the extracellular space, which solves the problem of enzyme delivery efficiency. TFEB is
also proved to promote autophagosome-lysosomal fusion [40].

Pompe disease (PD) is a metabolic myopathy, characterized by the deficiency of acid
alpha-glucosidase, which results in the excessive lysosomal glycogen storage. PD is also
characterized by the secondary accumulation of autophagic debris. Overexpression of TFEB
can stimulate fusion between lysosomes and autophagosomes, resulting in the formation
of autolysosomes and increased exocytosis in muscle cells, in isolated live muscle fibers in
PD mice [63,64].

Huntington’s disease (HD) is characterized by an expanded polyglutamine (PolyQ)
chain in the HTT proteins, which is caused by the repeat expansion of CAG trinucleotide
in the first exon of the HTT gene. PolyQ-expanded proteins misfold forming aggregates.
Enhancing the autophagy-lysosomal pathway through TFEB overexpression can reduce
HTT protein aggregation in cells. In a mouse model of HD, TFEB can improve neurological
function when overexpressed [65,66].

Parkinson’s disease (PD) without fully defined pathogenesis has major pathological
changes including the progressive death of nigral dopamine neurons and the accumu-
lations of the pathogenic protein SNCA/α-synuclein [67]. The accumulation of SNCA
invalidates the autophagy pathway, further leading to pathogenic protein aggregation [68].
In general, enhancing autophagy-mediated degradation of SNCA through TFEB regulation
is a promising strategy for PD prevention and treatment.

Alzheimer’s disease (AD) is a neurodegenerative disease with main pathological
features of β-amyloid peptides (Aβ) deposition in the brain and intracellular neurofibrillary
tangle formation. In AD, the maturation of autophagosome-lysosome and retrograde
transport are blocked, resulting in large swellings along dystrophic and degenerating
neurites. The activated autophagy-lysosomal pathway is a key degradative pathway that
can partially protect neurons from pathogenic protein aggregation [69].

6. Methods to Screen TFEB Agonists

There are plenty of methods to identify TFEB agonists. But there are no absolute
criteria for determining autophagic status for each biological or experimental context. It is
because some assays are inappropriate, problematic or may not work at all in particular
cells, tissues, or organisms [70]. Table 1 shows the different methods to screen TFEB ago-
nists. TFEB activation can be reflected by its subcellular localization. TFEB localization [71]
can be directly revealed by experiments such as immunofluorescence. Real-time fluorescent
quantitative PCR [72] shows that the expression of TFEB and TFEB downstream targets are
up regulated after TFEB agonist treatment with high dynamic and accuracy. TFEB agonists
can also be determined by the TFEB- promoter binding activity [53]. TFEB agonists are
supposed to activate autophagy, and the change of autophagic flow can be detected by
electron microscopy [73,74]. Therefore, the activity of TFEB agonists can be determined.
When TFEB is activated, the protein expression of TFEB targets is upregulated, which can
be assessed by Western Blot [75]. The electrophysiology technique [76] can measure the
transmembrane current on phospholipid membranes to verify the effect of TFEB agonists
as well. A nanotechnology-enabled high-throughput screen (HTS) [77] to identify small-
molecule agonists of TFEB has been reported. It is an experimental method based on both
cellular and molecular levels, so it has the characteristics of trace, rapid, sensitive, and
accurate.
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Table 1. Methods to screen TFEB agonists.

Method Function Detection Indicator Reference

Nuclear translocation

When TFEB is activated, it is displaced into
the nucleus, so it is possible to determine

whether TFEB is activated by observing the
nucleus translocation.

DAPI, GFP, FITC, EB Najibi, et al., 2016 [71]

Gene expression (qPCR)
Fluorescence chemicals were used to

measure the total amount of products after
each PCR cycle

CT value Bao, et al., 2016 [72]

Promoter activation
The initiation of transcription is the key stage
of gene expression, and promoter activation

increases the level of gene expression.
Target protein Ghosh, et al., 2015 [53]

Autophagy flux

Observing the accumulation of
autophagosomes can reflect the induction of

autophagosomes and the reduction of
autophagosome consumption

mRFP-GFP-LC3, LC3-I,
LC3-II

Castillo, et al., 2013 [73]
Wang, et al., 2009 [74]

Protein expression (WB) TFEB is activated and the amount of target
protein produced increases. Target protein Dai, et al., 2020 [75]

Electrophysiology

Membrane potential changes as substances
cross cell membranes, and TFEB changes are
observed by recording the electrical activity

of cells in the body.

Transmembrane current,
Action potential Kosacka, et al., 2013 [76]

A UPS-enabled
high-throughput screen

Trace, fast, sensitive, and accurate screening
the TFEB agonists. PH, LAMP1 Wang, et al., 2017 [77]

7. TFEB Agonists

TFEB agonists that have been discovered so far are shown in Table 2.

Table 2. TFEB agonists.

TFEB Agonists Structure Mechanism Clinical Trials and
Preclinical Trials Reference

Resveratrol
(D)

How RSV regulates
autophagy has not been

discovered.
Clinical trials Zhou, et al., 2019 [78]

Elnaz, et al., 2020 [79]

Curcumin analog
C1
(D)

C1 binds specifically to
TFEB, facilitating TFEB
entry into the nucleus.

Preclinical trials Song, et al., 2016 [80]
Song, et al., 2020 [81]

Progestin R5020
(D)

The interaction between
PRB and TFEB increased

autophagy in McF-7 breast
cancer cells.

Preclinical trials Tan, et al., 2019 [82]

Potential TFEB
agonists

(D)

A class of compounds
related to Ca2+ that are

structurally diverse

Ca2+ dependent
mechanisms

Approved drug
digoxin, ikarugamycin,

alexidine
dihydrochloride

Wang, et al., 2017 [77]
Settembre, et al., 2013

[83]

Torin1
(In) Inhibits mTOR Preclinical trials

Thoreen, et al.,
2009 [84]

Cheng, et al., 2016 [85]
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Table 2. Cont.

TFEB Agonists Structure Mechanism Clinical Trials and
Preclinical Trials Reference

3,4-Dimet-
hoxychalc-one

(In)
Inhibits mTOR Preclinical trials Chen, et al., 2019 [86]

Fisetin
(In)

Inhibits mTOR and is
related to ALP Preclinical trials Kim, et al., 2016 [87]

Rapamycin
(In) Inhibits mTOR Approved drug:

Sirolimus
Abe, et al., 2019 [88]
Cui, et al., 2020 [89]

D = Direct TFEB agonists; In = Indirect TFEB agonists.

7.1. Direct TFEB Agonists
7.1.1. Resveratrol

Resveratrol (3,4′,5-trihydroxystilbene, RSV) is a natural polyphenolic compound
commonly extracted from grapes. In the study, RSV pretreatment in PA-treated human um-
bilical vein endothelial cells efficiently up-regulates LC3-II expression and down-regulates
p62 expression, which indicates that RSV activates autophagy. It is proved that TFEB is
partly a target of RSV. RSV promotes TFEB translocation into nucleus, evaluates TFEB and
TFEB-downstream gene expression and thus promotes autophagy. It is clear that the ex-
pression of TFEB, lysosomal associated membrane protein 1 (LAMP1), and downregulating
of p62 were significantly inhibited by siTFEB transfection in PA-treated human umbilical
vein endothelial cells [78].

7.1.2. Curcumin Analog C1

A synthesized curcumin derivative termed C1 has been proved as a new direct TFEB
agonist. C1 specifically binds to TFEB and promotes the TFEB’s entry to the nucleus.
Interestingly, TFEB promotes phosphorylation of RPS6KB1 and mTOR, which confirms
that C1 activates TFEB without inhibiting mTOR pathway. At the same time, it is found that
C1 has almost no effects on the activity of mTOR related kinases, which play fundamental
roles in regulating autophagy. It has been proved that TFEB is especially required when
C1 promotes autophagy through the experiments in which key autophagy genes Atg5
(autophagy related 5), Becn1 (beclin 1) and TFEB in N2a cells were knocked down. C1 is of
structural stability and good blood-brain barrier permeability, so it is a potential drug for
neurodegenerative diseases [80].

The effects of C1 on three AD animal models, which represent beta-amyloid precur-
sor protein (APP) pathology (5xFAD mice), tauopathy (P301S mice) and the APP/Tau
combined pathology (3xTg-AD mice), were investigated. And C1 efficiently promotes
autophagy and lysosomal activity through TFEB activation. Thus APP, APP C-terminal
fragments (CTF-β/α), β-amyloid peptides, and Tau aggregates are reduced [81]. The func-
tion of C1 in AD models indicates that TFEB agonists can be a new therapeutic target for
such diseases.

7.1.3. Progestin R5020

Prolonged treatment with progestin R5020 upregulates autophagy in MCF-7 human
breast cancer cells via a novel interplay between progesterone receptor B and TFEB [82].
In addition, R5020 enhances the co-recruitment of progesterone receptor B and TFEB to
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mutually promote the verification of TFEB. Once in the nucleus, TFEB induces autophagy
expression and lysosomal genes, which enhances autophagy. Since R5020-induced au-
tophagy is independent of Akt-mTOR signaling, it is speculated that R5020 may affect
TFEB activation, thereby enhancing autophagy in MCF-7 cells [82]. So, progestin R5020 is
one of the TFEB agonists.

7.1.4. Potential TFEB Agonists

Starvation or calorie restriction can activate TFEB. There are three novel compounds
that promote autophagolysosomal activity, including the clinically approved drug, digoxin
(DG); the marine-derived natural product, ikarugamycin (IKA); and the synthetic com-
pound, alexidine dihydrochloride, which is known to act on a mitochondrial target. They
participate in the TFEB activation mechanism through three different Ca2+ sources and Ca2+.
And all three compounds promote autophagy flux and activate TFEB in a dose-dependent
manner.

These Ca2+ sources selectively participate in the global Ca2+-sensing CaMKKβ-AMPK
pathway or the local Ca2+-sensing MCOLN1-calcineurin pathway to release “brake” (inhibi-
tion of mTORC1 through AMPK) and/or promote TFEB activation “promoter” (activation
of TFEB phosphatase). DG-induced lysosomal calcium released through MCOLN1 de-
pends on the activity of an uncharacterized Ca2+-reactive TFEB phosphatase. Alexidine
dihydrochloride-induced TFEB activation is realized by the direct perturbation of the
mitochondrial protein PTPMT1 and the ROS-dependent MCOLN1-calcineurin pathway.
Unlike DG and alexidine dihydrochloride, IKA triggers conventional ER-mediated Ca2+

release to activate the CaMKKβ-AMPK pathway [77].
In animals, TFEB plays a key role in promoting lipid metabolism during starvation, at

least in part through global transcriptional activation of PGC-1α and PPAR-α [83]. Con-
sistent with physiologically relevant TFEB activation, DG, alexidine dihydrochloride, and
IKA significantly improves oleic acid-induced lipid accumulation in human hepatocytes.
Newly discovered small-molecule TFEB agonists reduce metabolic syndrome and prolong
lifespan of the body, addressing aging and age-related diseases.

7.2. Indirect TFEB Agonists
7.2.1. Torin1

Previous studies have shown that TFEB is regulated by mTORC1 [90]. However,
TFEB regulation by mTORC1 is complex and cell context-dependent [91]. Nutritional
deprivation leads to the inhibition of mTORC1, the reduction of TFEB phosphorylation, and
the promotion of TFEB nuclear translocation and lysosomal gene expression. It is reported
that mTORC1 phosphorylates TFEB on S211 and on S142 [52]. The phosphorylation of
S211 by mTORC1 creates a high affinity binding site for YWHA protein, which leads to the
cytoplasmic retention of TFEB. When mTORC1 was inhibited, S211 is dephosphorylated
and TFEB enters the nucleus.

Torin1 is an mTOR inhibitor [84]. When there are abundant nutrients and growth
factors, TFEB is mainly cytoplasmic. However, after treatment with Torin1, TFEB was
dephosphorylated and mainly localized in the nucleus. Hence, Torin1 treatment can
transform TFEB into a rapidly migrating form of low phosphorylation, changing the
distribution of TFEB from the whole cell diffusion mode to almost all nuclear cells. This
phenomenon has been observed in many cell types [92]. TFEB regulation via Torin1 has
been attributed to the change of S211 phosphorylation. The mutation from S211 to A
increases the TFEB nuclear translocation [93]. Intra-articular injection of Torin 1 can reduce
degeneration of articular cartilage in collagenase-induced osteoarthritis (OA), at least
partially by autophagy activation, and it actives TFEB by inhibiting mTOR [85].

7.2.2. Rapamycin

Rapamycin is an inhibitor that interferes with the inhibition of the mTOR signaling
pathway, so it is a TFEB agonist [94]. In TNF/ zVAD-treated cells, rapamycin increases
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nuclear localization of TFEB and promotes autolysosome formation in a TFEB-dependent
manner [88]. Rapamycin also suppresses TNF/zVAD-induced RIP1-S166 phosphoryla-
tion and increases phosphorylation of RIP1-S320, which is an inhibitory phosphorylation
site [88]. Since TFEB is phosphorylated before activation, when the inhibit phosphorylation
sites are suppressed, TFEB is more likely to be activated.

7.2.3. 3,4-Dimethoxychalcone

Caloric restriction mimetics (CRMs) are natural or synthetic compounds that mimic
the health-promoting and longevity-extending effects of caloric restriction. CRMs pro-
voke the deacetylation of cellular proteins coupled to an increase in autophagic flux in
the absence of toxicity [86]. 3,4-Dimethoxychalcone (3,4-DC), a member of CRM, is a
TFEB agonist. When added to several different human cell lines, 3,4-DC induces the
deacetylation of cytoplasmic proteins and stimulates autophagic flux [86]. Unlike other
well-characterized CRMs, 3,4-DC, requires TFEB- and TFE3-dependent gene transcription
and mRNA translation to trigger autophagy [86]. 3,4-DC stimulates the translocation of
TFEB and TFE3 into nuclei both in vitro and in vivo, in hepatocytes and cardiomyocytes.
GFP-TFEB transfers from cytoplasm to nucleus when treated with 3,4-DC, which can be
observed by immunofluorescence or western blotting [86]. Tuberous sclerosis complex
(TSC2) knockout, an operation that leads to structural activation of mTOR, inhibits 3,4-DC-
induced TFEB translocation. TSC2 gene knockout eliminates 3,4-DC induction of p62 and
LC3-II protein levels. Moreover, like Torin1, 3,4-DC induces dephosphorylation of TFEB
at S211, which is consistent with its ability to inhibit phosphorylation of another mTOR
substrate, P70S6K. In vitro and in vivo research identifies 3,4-DC as a novel TFEB/TFE3
agonist through mTOR inhibition [95].

7.2.4. Fisetin

Fisetin is an organic flavonoid found in a variety of fruits and vegetables, includ-
ing strawberries, mangoes and cucumbers. Initially, it was identified in a screening of
flavonoids. Fisetin activates autophagy, as well as TFEB and Nrf2 [87]. The activation of
autophagy including TFEB is likely due to fisetin-mediated mammalian target of mTORC1
inhibition since the phosphorylation levels of p70S6K and 4E-BP1 are decreased in the
presence of fisetin. Indeed, fisetin-induced phosphorylated tau degradation is attenuated
by chemical inhibitors of the autophagy-lysosomal pathway. To examine whether TFEB is
involved in fisetin-induced decrease of phosphorylated tau, cytosolic and nuclear fractions
were prepared from cortical cells treated with vehicle only 5 or 10µM of fisetin because
upon activation TFEB enters nucleus [87]. Increases in the level of TFEB were observed
in nuclear fractions of cells treated with 5 or 10µM of fisetin compared to control cells
treated with vehicle only. And mRNA levels of TFEB-downstream genes such as ATG9B
and LAMP1 were significantly increased in both cortical cells and primary neurons treated
with fisetin.

8. Clinical Trials and Preclinical Trials of TFEB Agonists

The use of animal models, both lower organisms and mammals, has been very helpful
to further elucidate TFEB function. In a mouse model of diet-induced fatty liver disease,
TFEB agonists including digoxin, ikarugamycin, and alexidine dihydrochloride have been
shown to improve lipid metabolism and overcome insulin resistance. These molecules
represent clues to the development of treatment strategies for metabolic syndrome, aging
and age-related diseases [77]. Among Akt modulators, MK2206, which is currently under-
going preclinical and phase I and clinical studies, is an effective oral inhibitor of Akt [89,96].
Intraperitoneal injection of MK2206 leads to inhibition of Akt activity and to TFEB nuclear
translocation in a mouse brain, which in turn promotes the up-regulation of lysosomal
and autophagic genes. It provides the evidence of enhanced pharmacological activation of
TFEB for autophagy-lysosomal pathway in vitro and in vivo [97].
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For the clinical trials of resveratrol, taking a dose of up to 5 g/day within a month is
safe and well tolerated. However, dose-related mild to moderate side effects occur, coupled
with resveratrol’s ability to alter the activity of drug metabolizing enzymes, which leads to
the dose limitation used in future studies to <1.0 g/day. In human, oral resveratrol can be
effectively absorbed. These effects should be further studied to help determine the optimal
dose for the next phase of clinical trials for clinical efficacy evaluation [98]. A new research
containing sixteen clinical trials shows that resveratrol supplementation significantly in-
creases Glutathione Peroxidase serum levels. Hence, further large prospective clinical trials
are needed to confirm the effect of resveratrol supplement on oxidative stress markers [79].

Curcumin analog C1 activates TFEB by directly binding to TFEB and promotes its
entry into the nucleus, without affecting TFEB phosphorylation or inhibiting mTORC1 and
MAPK1/ERK2 activity. Curcumin analog C1 works on the homozygous human P301S tau
transgenic mice and homozygous 3xTg mice, and is still in the preclinical trials [81].

Rapamycin has already been an approved drug named “Sirolimus”, which is used to
treat cancer [5]. Besides, progestin R5020, 3,4-Dimethoxychalcone, fisetin and Torin 1 are
still in the process of preclinical trials [82,84,86,87].

9. Conclusions

The identification of TFEB as a global regulation of genes involved in the lysosomal–
autophagic pathway, has provided new insights into the therapeutic role of TFEB. Owing
to the broad number of diseases that potentially benefit from promoting lysosome and
autophagy function, modulating the activity of TFEB represents an appealing therapeutic
target. Genetic modification of TFEB has shown protection effects in several animal disease
models. However, long-term effects of such treatments have not been evaluated. Studying
the role and TFEB agonists in diseases will help provide a new perspective for the treatment
and the development of new drugs. In this review, we summarize currently identified
TFEB agonists, however, the effects of these agonists in preclinical or clinical trials still
requires further investigations.
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Abstract: Cells adjust to nutrient fluctuations to restore metabolic homeostasis. The mechanistic target
of rapamycin (mTOR) complex 2 responds to nutrient levels and growth signals to phosphorylate
protein kinases belonging to the AGC (Protein Kinases A,G,C) family such as Akt and PKC.
Phosphorylation of these AGC kinases at their conserved hydrophobic motif (HM) site by mTORC2
enhances their activation and mediates the functions of mTORC2 in cell growth and metabolism.
Another AGC kinase family member that is known to undergo increased phosphorylation at the
homologous HM site (Ser380) is the p90 ribosomal S6 kinase (RSK). Phosphorylation at Ser380 is
facilitated by the activation of the mitogen-activated protein kinase/extracellular signal regulated
kinase (MAPK/ERK) in response to growth factor stimulation. Here, we demonstrate that optimal
phosphorylation of RSK at this site requires an intact mTORC2. We also found that RSK is robustly
phosphorylated at Ser380 upon nutrient withdrawal or inhibition of glycolysis, conditions that
increase mTORC2 activation. However, pharmacological inhibition of mTOR did not abolish
RSK phosphorylation at Ser380, indicating that mTOR catalytic activity is not required for this
phosphorylation. Since RSK and SIN1β colocalize at the membrane during serum restimulation and
acute glutamine withdrawal, mTORC2 could act as a scaffold to enhance RSK HM site phosphorylation.
Among the known RSK substrates, the CCTβ subunit of the chaperonin containing TCP-1 (CCT)
complex had defective phosphorylation in the absence of mTORC2. Our findings indicate that the
mTORC2-mediated phosphorylation of the RSK HM site could confer RSK substrate specificity and
reveal that RSK responds to nutrient fluctuations.

Keywords: RSK; mTORC2; p90 ribosomal s6 kinase; nutrients; AGC kinases; MAPK/ERK; CCTβ;
CCT/TRiC; chaperonin; starvation; metabolism

1. Introduction

mTOR orchestrates metabolic processes in response to levels of nutrients in order to promote
cell growth or survival [1–3]. It forms two distinct signaling complexes; mTOR complex 1 (mTORC1)
and complex 2 (mTORC2). mTORC1 is composed of the evolutionarily conserved components
mTOR, raptor, and mLST8 while mTORC2 contains mTOR, rictor, SIN1, and mLST8. In higher
eukaryotes mTOR also associates with other proteins distinct from mTORC1 and mTORC2 [4,5].
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mTOR is a serine/threonine protein kinase and its activity is modulated by its protein partners.
The best-characterized substrate of mTORC2 is AKT which is a member of the AGC family of protein
kinases [6]. Members of this family including AKT are phosphorylated at the kinase activation loop
by PDK1 (phosphoinositide-dependent kinase 1) [7]. They are also phosphorylated at one or more
sites at the two conserved motifs turn motif (TM) and hydrophobic motif (HM), which are adjacent to
the kinase domain. There is accumulating evidence supporting that mTOR either as part of mTORC1
or mTORC2 phosphorylates directly or indirectly the TM and HM of AGC kinases [8–15]. mTORC2
phosphorylates the HM site (Ser473) of AKT in response to growth factors [10]. Recently we and
others have also shown that this phosphorylation is enhanced upon nutrient withdrawal [16–18].
On the other hand, mTORC2 mediates phosphorylation of the TM of AKT as well as the HM/TM of
PKCs constitutively [9,11,13,19,20]. These observations suggest that specificity of mTORC2 activity
towards these targets is likely to be modulated compartmentally in response to levels of growth signals
or intracellular metabolites. Indeed we found that the TM phosphorylation of AKT occurs during
translation when nascent AKT is associated with translating ribosomes [19]. Identification of other
downstream targets or effectors of mTORC2 should help unravel the precise mechanisms involved in
mTORC2 signaling

The p90 ribosomal S6 kinase (RSK), another member of the AGC kinase family functions
in translation, metabolism, cell adhesion/migration and becomes deregulated in diseases such
as cancer [21–26]. RSK has different isoforms, RSK1–4, with distinct as well as overlapping
functions. RSK1–4 consists of two kinase domains, the N-Terminal kinase domain (NTKD), which
is homologous to the catalytic domain of AGC kinase family and another at the carboxyl terminus
(CTKD), which is homologous to the calcium/calmodulin-dependent protein kinase (CaMK) family
(Figure 1A). The CTKD and NTKD promote autophosphorylation and substrate phosphorylation,
respectively [27,28]. The MAPK family member, ERK1/2, facilitates the activation of RSK. It docks at
the C-terminal end and phosphorylates Thr573 of the CTKD activation loop [29]. ERK1/2 is also linked
to phosphorylation of Ser363 at the TM, which is located at the linker region between the two kinase
domains. This linker region harbors the conserved TM and HM of AGC kinases. Phosphorylation of
Ser380 at the HM serves as a docking site for PDK1 that then phosphorylates Ser221 of the NTKD,
resulting in full activation of RSK [30]. While HM site phosphorylation is strongly linked to ERK
activation and could occur via autophosphorylation or ERK, the role of other kinases has not been
excluded [26,31,32]. The combined removal of the ERK docking site and membrane targeting of RSK
enhances HM phosphorylation and RSK activation, suggesting that the HM site is phosphorylated at the
membrane [33]. In response to growth signals and mitogens, activated RSK phosphorylates a plethora
of substrates [22,26]. Despite overlapping functions of RSK and other mTOR-regulated AGC kinases
in a variety of cellular processes, the role of mTOR in RSK regulation remains unclear. In the present
studies, we determined if mTORC2 could be involved in the regulation of RSK since the RSK NTKD
harbors the homologous HM site that is targeted by mTORC2 in Akt, PKC, and SGK1 [9,11–14,34].
We unraveled that mTORC2 is required for optimal RSK HM site phosphorylation in the presence of
growth signals but this function of mTORC2 does not require its catalytic activity. Importantly, we also
found that RSK responds to nutrient starvation and this response is also mediated by mTORC2.

2. Materials and Methods

2.1. Plasmids and Antibodies

pKFLAG-CCTβ was obtained from Dr. John Blenis (Weill Cornell) [35] and HA-tagged avian
RSK1 and Ser381 Ala mutant were obtained from Dr. Philippe Roux (IRIC, Univ. of Montreal) [29,33].
All other antibodies are listed in Table 1.
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Table 1. List of Antibodies used.

Target Catalog No. Source

pS380 RSK AF889 R&D Systems (Minneapolis, MN, USA)
pS380 RSK (pHM) 12032 Cell Signaling Tech. (Danvers, MA, USA)

RSK 9347, 2765 Cell Signaling Tech.
pT359/S363 RSK (pTM) 9344 Cell Signaling Tech.

pT573 RSK 9346 Cell Signaling Tech.
pS221 RSK AF892 R&D Systems

pThr202/Tyr204 ERK 4370, 2331 Cell Signaling Tech.
ERK Sc-13003 Sta. Cruz Biotech. (Dallas, TX, USA)

pS235/236 S6 4856 Cell Signaling Tech.
S6 2317 Cell Signaling Tech.

pS473 Akt (pHM) 4060 Cell signaling Tech
Akt 9272 Cell Signaling Tech.

pT638/641 PKCα/βII (pHM) 9375 Cell Signaling Tech.
rictor 9476 Cell Signaling Tech.
β-actin sc-47778 Sta. Cruz Biotech.
α-tubulin sc-53029 Sta. Cruz Biotech.

pT172 AMPK 2535 Cell Signaling Tech.
AMPK 5831 Cell Signaling Tech.

pS112 BAD 9291 Cell Signaling Tech.
pS21/9 GSK3α/β 9331 Cell Signaling Tech.

pS366 eEF2K 2331 Cell Signaling Tech.
pT56 eEF2 2331 Cell Signaling Tech.

pS240/244 S6 2215 Cell Signaling Tech.
p-Akt substrate (pAS) 9614 Cell Signaling Tech.

CCTb sc-13874 Sta. Cruz Biotech.
Flag F7425 Sigma (St. Louis, MO, USA)
HA 3724 Cell Signaling Tech.
DiI D282 Invitrogen (Carlsbad, CA, USA)

CD3ε 100302 Biolegend (San Diego, CA, USA)

2.2. Cell Culture, Stimulation, Transfection and Harvest

HeLa, WT and SIN1−/− MEFs were cultured in complete DMEM (Sigma D-6546)(St. Louis,
MO, USA) [containing 10% FBS, 2 mM glutamine (Gibco 25030-164) (Gaithersburg, MD, USA),
penicillin/streptomycin (Gibco 15140-122)]. After culturing for 24 h reaching approximately 70–80%
confluency, cells were resuspended either in fresh complete media or starvation media (glucose
starvation media-Corning 17-207-CV (Corning, NY, USA); glutamine starvation media-Corning
15-017-CV) as described previously [16]. 10% dialyzed FBS (Hyclone SH30079.03) (Marlborough, MA,
USA), 25 mM glucose or 2 mM glutamine were supplemented in resuspension media as indicated.
Cells were harvested with CHAPS lysis buffer (40 mM HEPES pH 7.5, 120 mM NaCl, 1 mM EDTA,
0.3% CHAPS) or RIPA lysis buffer (50 mM Tris-HCl pH 8.0, 100 mM NaCl, 5 mM EDTA, 0.2%
SDS, 0.5% sodium deoxycholate, 1.0% Triton X-100) containing protease and phosphatase inhibitors.
For transient transfections, plasmid constructs were transfected into MEFs (at about 60% confluency)
using Lipofectamine Reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocol.
After 24 h, cells were resuspended in DMEM lacking serum and incubated overnight. Cells were then
resuspended in PBS for 30 min, then either harvested or restimulated with complete media containing
10% FBS followed by cell lysis. For siRNA transfections, cells were resuspended in Opti-MEM
and incubated for 6–7 h. siRNA (mTOR siRNA Dharmacon L-003008-00; scramble Dharmacon
D-001810-01-05) (Lafayette, CO, USA) was transfected using Oligofectamine (Invitrogen) following
the manufacturer’s protocol. Twenty four hours after transfection, cells were harvested using RIPA
lysis buffer.
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2.3. Mice and Thymocyte Stimulation

The generation of mice with T cell-specific rictor deletion and thymocyte harvest were described
previously [36]. For stimulation, thymocytes were incubated with 10 µg/mL CD3ε antibody and/or
10 ng/mL PMA. Handling and experimentation protocols have been reviewed and used in accordance
with the Institutional Animal Care and Use Committee regulations of Rutgers University.

2.4. Immunoblotting and Immunoprecipitations

Protein concentrations of cell lysates were determined by Bradford assay and samples (10–30 µg)
were subjected to SDS-PAGE. Proteins were transferred onto Immobilon-PVDF (Millipore)(Burlington,
MA, USA). Blots were incubated with primary antibodies overnight followed by washing in PBS-Tween.
After incubation with secondary antibody for 1 h, blots were washed again. Images were visualized with
a SuperSignal ECL detection kit (ThermoFisher, Waltham, MA, USA) and captured using a Amersham
Imager 600 (GE)(Marlborough, MA, USA). For immunoprecipitations, lysates were Pre-Cleared by
adding Protein G Sepharose beads (GE Healthcare, Marlborough, MA, USA), then allowed to tumble
for 1 h at 4 ◦C. Supernatants were recovered then incubated with antibody overnight followed by an
additional 1 h incubation with Protein G Sepharose beads at 4 ◦C. Beads containing immunoprecipitates
were washed 3×with TBS (50 mM Tris-HCl pH 7.4, 150 mM NaCl).

2.5. Immunofluorescence

WT MEFs were Co-Transfected with GFP-SIN1β and HA-RSK1-WT or HA-RSK1-SA mutant by
PEI (Polyscience, 2,3966-1) (Niles, IL, USA). After 24 h, cells were changed into DMEM with 10%FBS.
24 h later, cells were resuspended in media with or without serum and incubated for 15 min. Cells
were fixed using 1% PFA, blocked and stained for HA and DiI in PBS containing 1% BSA. Images were
acquired on a Leica SP8 confocal Laser-Scanning microscope and processed using Bitplane Imaris 9.1.2
(Zurich, Switzerland).

3. Results

3.1. mTORC2 Is Required for Optimal Phosphorylation of RSK at the Hydrophobic Motif Site, Ser380

The phosphorylation of Ser380 at the HM of RSK is induced by growth factors and mediated
by ERK [29]. Since this site is homologous to the HM site of Akt, we examined how the HM
phosphorylation of RSK is affected in the absence of mTORC2. Using the mTORC2-disrupted cell line,
SIN1−/− murine embryonic fibroblasts (MEFs) [34], we examined RSK phosphorylation at Ser380 (based
on human RSK1 numbering) (Figure 1A) (herein referred to as phospho-Hydrophobic Motif; pHM).
Under basal conditions, pHM RSK was slightly lower in SIN1−/− cells (Figure 1B). Upon resuspension
in fresh media with serum, pHM RSK increased robustly from 5–30 min in WT while a blunted
response occurred in SIN1−/− MEFs. As expected, pHM of Akt and PKCα/βII was abolished in SIN1−/−
cells [9,34]. Since RSK phosphorylation at the HM site is dependent on activated ERK, which docks near
the CTKD of RSK [37,38], we next examined ERK1/2 activation using the phosphorylation of ERK at
Thr202/Tyr204 (pERK1/2) as the readout. ERK1/2 was activated upon serum restimulation in both WT
and SIN1−/− MEFs although this activation was slightly weaker in SIN1−/− cells. Knockdown of mTOR
in HeLa cells also diminished pHM RSK (Figure 1C). We also examined pHM RSK phosphorylation
during the disruption of rictor, the other mTORC2 component. Using mice with specific deletion of
rictor in thymocytes, we found that whereas pHM RSK was present in rictor+/+ and rictor+/−, it was
abolished in the rictor−/− thymocytes, similar to pHM AKT under basal conditions (Figure 1D). We then
cultured thymocytes ex vivo and induced signaling downstream of the T cell receptor (TCR) by ligation
of the CD3 subunit of the TCR using anti-CD3 antibody. pHM RSK was enhanced by 5 min of anti-CD3
stimulation in WT whereas it remained low in rictor−/− thymocytes (Figure 1E). ERK1/2 was robustly
stimulated in both WT and rictor−/− thymocytes. Together, these findings indicate that mTORC2
modulates phosphorylation of the RSK HM phosphosite.
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Figure 1. Phosphorylation of RSK at the hydrophobic motif site is diminished in mTORC2-disrupted 
cells. (A) RSK has two conserved catalytic domains, N-Terminal (NTKD) and C-Terminal (CTKD) 
kinase domains that are phosphorylated at each of their activation loops (T-Loop). These two domains 
flank a linker region that is conserved among AGC kinases containing the conserved turn (TM) and 
hydrophobic motifs (HM) that become phosphorylated at the indicated sites. (B) Wild type (WT) or 
SIN1−/− MEFs were grown in complete DMEM (Basal; B) or grown then serum-starved overnight. 
Serum was re-added and cells were incubated for the indicated times (min) before harvest. Total 
lysates were prepared with CHAPS containing buffer and subjected to SDS-PAGE and 
immunoblotting using indicated antibodies. (C) HeLa cells were transfected with scramble control 
(scr) or siRNA targeting mTOR. Cells were lysed using RIPA and processed as in B. (D) Thymocytes 
with wild type (+/+), heterozygous (+/−) or homozygous (−/−) deletion of rictor were lysed and 
subjected to SDS-PAGE and immunoblotting. (E) Wild type (WT) or rictor-deficient thymocytes were 
non-stimulated (0) or stimulated with CD3ε antibody (10 μg/mL) for the indicated times (min). 
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stimulate T cells with anti-CD3 and PMA. However, pHM RSK remained lower compared to WT 
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Figure 1. Phosphorylation of RSK at the hydrophobic motif site is diminished in mTORC2-disrupted
cells. (A) RSK has two conserved catalytic domains, N-Terminal (NTKD) and C-Terminal (CTKD)
kinase domains that are phosphorylated at each of their activation loops (T-Loop). These two domains
flank a linker region that is conserved among AGC kinases containing the conserved turn (TM) and
hydrophobic motifs (HM) that become phosphorylated at the indicated sites. (B) Wild type (WT) or
SIN1−/− MEFs were grown in complete DMEM (Basal; B) or grown then serum-starved overnight.
Serum was re-added and cells were incubated for the indicated times (min) before harvest. Total lysates
were prepared with CHAPS containing buffer and subjected to SDS-PAGE and immunoblotting using
indicated antibodies. (C) HeLa cells were transfected with scramble control (scr) or siRNA targeting
mTOR. Cells were lysed using RIPA and processed as in B. (D) Thymocytes with wild type (+/+),
heterozygous (+/−) or homozygous (−/−) deletion of rictor were lysed and subjected to SDS-PAGE
and immunoblotting. (E) Wild type (WT) or rictor-deficient thymocytes were non-stimulated (0) or
stimulated with CD3ε antibody (10 µg/mL) for the indicated times (min).

3.2. ERK Activation Is Essential but Not Sufficient for HM Site Phosphorylation of RSK

Since HM RSK phosphorylation was reduced but not abolished during stimulation of
mTORC2-disrupted cells, we analyzed the contribution of ERK1/2 to this phosphorylation. We used
the specific MEK inhibitor, U0126, which blocks ERK activation. This inhibitor diminished the
serum-induced phosphorylation of the RSK HM site in HeLa, consistent with abrogation of ERK
phosphorylation (Figure 2A). It also reduced pHM RSK in WT MEFs and abolished it in SIN1−/−
MEFs, correlating with abrogated ERK1/2 phosphorylation in the latter cells (Figure 2B). Thus, ERK1/2
activation, in addition to mTORC2-mediated phosphorylation is required for full RSK phosphorylation
at the HM site. We next asked if enhancing activation of the ERK pathway by stimulation with the
potent mitogen, phorbol myristate acetate (PMA), could rescue pHM RSK in SIN1-deficient cells.
However, ERK activation and pHM RSK remained lower upon PMA stimulation in SIN1−/− cells
(Figure 2C). The phosphorylation of the RSK substrate, S6 at Ser235/236 in SIN1−/− MEFs did not
change significantly.

We next examined whether pHM RSK in rictor−/− thymocytes would be potentiated when we
stimulate T cells with anti-CD3 and PMA. However, pHM RSK remained lower compared to WT
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(Figure 2D). On the other hand, ERK phosphorylation in the rictor−/− thymocytes was comparable
to WT. These findings indicate that although ERK activation is required, it is not sufficient and that
mTORC2 is needed for optimal RSK HM site phosphorylation.Cells 2020, 9, x FOR PEER REVIEW 6 of 17 
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with Anti-CD3 and 10 ng/mL PMA for the indicated times (min). 
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Figure S1), the increase in RSK phosphorylation was accompanied by augmented ERK1/2 
phosphorylation as well.  

Figure 2. ERK activation is essential but not sufficient for full RSK HM site phosphorylation. (A) HeLa
cells were resuspended in complete media without serum in the presence or absence of 15 µM U2016 for
the indicated times. 1× FBS (serum) was added as indicated, at the last 0.5 h before harvest. Cells were
harvested in CHAPS lysis buffer and protein extracts were subjected to SDS-PAGE and immunoblotting
using indicated antibodies. (B) Wild type (WT) or SIN1−/− MEFs were grown in complete DMEM
(Basal; B) or grown then serum-starved overnight. Serum was re-added and cells were incubated for
the indicated times (min). Cells were harvested and processed as in (A). (C) WT or SIN1−/− MEFs were
grown overnight in the absence of serum, followed by addition of serum or PMA for the indicated
times. (D) WT or rictor−/− thymocytes were non-stimulated (0) or stimulated with Anti-CD3 and 10
ng/mL PMA for the indicated times (min).

3.3. RSK HM Site Phosphorylation Is Increased during Nutrient Withdrawal via mTORC2

Since we have previously shown that mTORC2 is activated upon nutrient withdrawal [16], we then
investigated how RSK-HM phosphorylation could be modulated by nutrients. We resuspended HeLa
cells in media containing or lacking glucose, incubated them for 0.5–3 h with the addition of dialyzed
serum for the last half hour before harvest. We found that pHM was more robust in the absence of
glucose than when glucose was present, occurring transiently at 0.5 h (Figure 3A). The addition of
serum did not further increase pHM when glucose was absent. Next, we incubated cells in the absence
or presence of glutamine. Although RSK phosphorylation was low in the absence of both glutamine
and serum, it was more robustly increased in the absence of glutamine upon re-addition of serum
(Figure 3B). We next combined withdrawal of both glucose and glutamine in the presence or absence
of serum. pHM was robustly increased when both nutrients were withdrawn in HeLa (Figure 3C) and
WT MEFs (Figure 3D). Furthermore, withdrawal of all amino acids as well as glucose also led to a
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more robust HM phosphorylation in the absence or presence of serum (Figure S1). The increase in
pHM also coincided with increased phosphorylation at the TM site as well as the NTKD and CTKD
activation loop phosphosites (Figure S1). In all conditions tested (Figure 3A–D,Figure S1), the increase
in RSK phosphorylation was accompanied by augmented ERK1/2 phosphorylation as well.

Since glucose withdrawal robustly enhanced RSK phosphorylation, we then examined whether
inhibition of glycolysis using 2-Deoxyglucose (2-DG) could also have the same effect. 2-DG did not
affect RSK pHM in the presence of glucose but further increased RSK phosphorylation in the absence of
glucose (Figure 3E). The strong effect of glucose starvation and glycolysis inhibition was also evident
from the robust AMPK phosphorylation at 0.5–1 h. Together, these findings reveal that RSK HM site
phosphorylation is robustly increased during nutrient withdrawal.

We next examined whether the increase in HM RSK phosphorylation during nutrient starvation is
also mediated by mTORC2. Compared to WT MEFs, pHM RSK was reduced in SIN1−/− cells cultured
for 1 h in the presence of glucose, glutamine and serum (Figure 3F). Upon withdrawal of both glucose
and glutamine, pHM RSK was also lower in SIN1−/− compared to the WT. However, when both
glucose and glutamine were withdrawn in the absence of serum, pHM RSK was abrogated in SIN1−/−.
Surprisingly ERK1/2 phosphorylation remained robust upon nutrient or serum withdrawal in SIN1−/−.
Hence, pHM RSK is responsive to nutrient withdrawal and this response occurs via mTORC2.
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were resuspended in media with dFBS in the absence or presence of glucose and/or 500 μM 2-
Deoxyglucose (2DG) and incubated for the indicated times. (F) Growing WT or SIN1−/− MEFs were 
resuspended in media lacking or containing glucose, glutamine and/or dFBS and incubated for 1 h 
before harvest. Cells were harvested and processed for SDS-PAGE and immunoblotting. 

3.4. Increased RSK HM Phosphorylation during Nutrient Withdrawal Is Uncoupled from S6 
Phosphorylation 

RSK phosphorylates the ribosomal protein S6 at Ser235/236 to modulate translation [39]. Indeed, 
upon serum restimulation of MEFs, we observed a robust phosphorylation of S6 that coincided with 
increased RSK HM phosphorylation (Figure 4A). When either glucose or glutamine were withdrawn 
for up to 6 h in WT MEFs, S6 phosphorylation remained robust (Figure 4B). However, when both 

Figure 3. RSK HM site phosphorylation is increased during nutrient withdrawal. (A–D). Growing
HeLa (A–C) or WT MEFs (D) were resuspended in media with or without 1X dialyzed FBS (dFBS) (or
1× dFBS as indicated in (C,D) and lacking (−) or containing (+) either glucose (A), glutamine (B) or
both glucose and glutamine (C,D) at the indicated times. In (C,D), cells were harvested after 1 h. Cells
were lysed with RIPA buffer and processed for SDS-PAGE and immunoblotting. (E) Growing cells were
resuspended in media with dFBS in the absence or presence of glucose and/or 500 µM 2-Deoxyglucose
(2DG) and incubated for the indicated times. (F) Growing WT or SIN1−/− MEFs were resuspended
in media lacking or containing glucose, glutamine and/or dFBS and incubated for 1 h before harvest.
Cells were harvested and processed for SDS-PAGE and immunoblotting.
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3.4. Increased RSK HM Phosphorylation during Nutrient Withdrawal Is Uncoupled from S6 Phosphorylation

RSK phosphorylates the ribosomal protein S6 at Ser235/236 to modulate translation [39]. Indeed,
upon serum restimulation of MEFs, we observed a robust phosphorylation of S6 that coincided with
increased RSK HM phosphorylation (Figure 4A). When either glucose or glutamine were withdrawn for
up to 6 h in WT MEFs, S6 phosphorylation remained robust (Figure 4B). However, when both glucose
and glutamine were withdrawn from the culture media, S6 phosphorylation was greatly reduced
whereas RSK HM phosphorylation was sustained for up to 3 h. We also examined the effect of combined
glucose and glutamine withdrawal in HeLa and found that S6 phosphorylation was abolished by 3 h
starvation whereas pHM RSK phosphorylation remained high at this point (Figure 4C). Furthermore,
whereas S6 phosphorylation was similarly induced upon serum restimulation of serum-starved vs.
serum/nutrient-starved cells, pHM RSK was more robust in the latter condition (Figure S1). Thus,
the increased RSK HM phosphorylation that occurs during nutrient starvation is not linked to the
phosphorylation of the RSK substrate, S6.
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Figure 4. Phosphorylation of S6 is diminished despite increased RSK HM phosphorylation during
nutrient withdrawal. (A) Growing WT MEFs were resuspended in complete media in the presence (+)
or absence (−) of serum for the indicated times. Cells were harvested and processed for SDS-PAGE and
immunoblotting. (B,C) Growing WT MEFs (B) or HeLa (C) were resuspended in media with dFBS and
lacking either glucose, glutamine or both glucose and glutamine and incubated for the indicated times.

3.5. The Catalytic Activity of mTOR Is Not Required for RSK HM Site Phosphorylation

To further define how RSK HM phosphorylation is modulated by mTORC2, we used the mTOR
ATP-Competitive inhibitor, Torin1, which blocks all mTOR complex activity. Treatment of WT MEFs
with Torin1 in the presence of serum did not diminish RSK HM phosphorylation (Figure 5A). There
was also no effect of Torin1 on serum-induced pHM RSK nor ERK phosphorylation in HeLa cells
(Figure 5B). On the other hand, Torin1 inhibited the phosphorylation of S6 and Akt (Figure 5A,B).
As expected, rapamycin, which allosterically inhibits mTORC1, also failed to block the serum-induced
HM RSK phosphorylation (Figure S2) [40]. Next, we examined if mTOR inhibition would affect nutrient
starvation-induced pHM RSK. In WT MEFs, Torin1 did not abolish the phosphorylation induced by
glutamine withdrawal (Figure 5C). Similarly, pHM RSK was also higher and even sustained up to
24 h under glucose starvation in Torin1-Treated WT MEFs (Figure 5D). Hence, the catalytic activity of
mTOR is not essential in promoting RSK HM phosphorylation and that inhibition of mTOR kinase
activity could instead sustain phosphorylation at this site during prolonged starvation.
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Figure 5. The catalytic activity of mTOR is not required for RSK HM site phosphorylation. (A,B) Growing
WT MEFs (A) or HeLa cells (B) were supplemented with either 1 µM Torin1, 1× FBS (serum) or both
and incubated for the indicated times. (C,D) Growing WT MEFs were resuspended in media with
dFBS, lacking (−) or containing) glutamine (C) or glucose (D). Torin1 (1 µM) or vehicle (−) was added
during resuspension and incubated at the indicated times.

3.6. RSK and SIN1 Colocalize at the Plasma Membrane

To further examine the role of the mTORC2-mediated RSK phosphorylation, we co-expressed
GFP-SIN1β with either the wild type avian HA-RSK1 (HA-RSK1-WT) or the phospho-deficient
mutant HA-RSK1-Ser381Ala (HA-RSK1-SA) that was devoid of HM phosphorylation even after
serum restimulation (Figure S3). In the absence of serum, cells were more rounded in morphology
(Figure 6). GFP-SIN1β localized to the membrane and the nucleus whereas HA-RSK1-WT localized to
the plasma membrane and perinuclear area. Upon serum stimulation, there was more cell-spreading
in HA-RSK1-WT-expressing cells. Whereas GFP-SIN1β predominantly localized on the plasma
membrane in the presence of serum, HA-RSK1-WT was more diffused and present throughout the
cell. On the other hand, when the mutant HA-RSK1-SA was expressed, cells remained round with less
cell-spreading even in the presence of serum. Although GFP-SIN1β still localized to the membrane,
HA-RSK1-SA localization was less diffused and predominated on the membrane. Next, we withdrew
glutamine from the media. HA-RSK and GFP-SIN1 colocalized at the plasma membrane at 30 min
glutamine withdrawal (Figure S4). HA-RSK-WT localization was more diffused in the presence of
glutamine or by 6 h starvation. On the other hand, HA-RSK-SA mutant had diffused localization at
all time points whereas SIN1 remained present at the membrane. These findings indicate that SIN1
and RSK colocalize at the membrane during serum restimulation and acute glutamine withdrawal.
We then examined if RSK and SIN1 could interact. Immunoprecipitated Myc-SIN1 had increased
association with HA-RSK1 upon withdrawal of both glucose and glutamine (Figure S5). Together, these
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findings suggest that mTORC2 could act as a scaffold to allow RSK phosphorylation in the membrane
in response to serum or nutrient starvation.
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(membrane) and DAPI (nucleus). 
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found that only the phosphorylation of the apoptosis regulator, BAD, was diminished as compared 
to wild type cells (Figure 7A). Other known RSK targets including pS21/9 GSK3α/β, pS366 eEF2K 
and pT56 eEF2 [22] did not have discernible changes in phosphorylation. Interestingly, the 
phosphorylation of S6 at the RSK-targeted site, Ser235/236, was upregulated in the rictor−/− 
thymocytes whereas the S6K1/mTORC1-mediated phosphorylation, Ser240/244 S6, was not altered. 
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were diminished in these cells (Figure 7B). To facilitate analysis and comparison of CCTβ 
phosphorylation in WT vs. SIN1−/− MEFs, we overexpressed Flag-CCTβ, then analyzed the 
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which detects phosphorylated epitope corresponding to the consensus RXRXXpS/T, we found that 
whereas CCTβ from the WT increased its phosphorylation upon serum addition, 
immunoprecipitated CCTβ from the SIN1−/− MEFs had no discernible phosphorylation even up to 30 
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Figure 6. RSK and SIN1 colocalize at the plasma membrane. WT MEFs were co-transfected with
GFP-SIN1β and avian HA-RSK-WT or HA-RSK-SA mutant (Ser381 Ala). After 48 h, cells were
restimulated with serum for 15 min. Staining and microscopy were performed to detect GFP, HA as
well as DiI (membrane) and DAPI (nucleus).

3.7. The RSK Substrate, CCTβ, Has Defective Phosphorylation in the Absence of mTORC2

RSK phosphorylates various substrates in response to growth stimuli. To address how mTORC2
could affect phosphorylation of known RSK targets, we used the mTORC2-disrupted cells and compared
phosphorylation of some of these targets. In the Rictor-deficient murine thymocytes, we found that
only the phosphorylation of the apoptosis regulator, BAD, was diminished as compared to wild
type cells (Figure 7A). Other known RSK targets including pS21/9 GSK3α/β, pS366 eEF2K and pT56
eEF2 [22] did not have discernible changes in phosphorylation. Interestingly, the phosphorylation
of S6 at the RSK-targeted site, Ser235/236, was upregulated in the rictor−/− thymocytes whereas the
S6K1/mTORC1-mediated phosphorylation, Ser240/244 S6, was not altered. Another target of RSK
that undergoes phosphorylation at the consensus Akt phosphorylation motif (RXRXXpS/pT) is CCTβ,
a subunit of the chaperonin T-Complex protein-1 ring complex (TRiC/CCT) [35]. We first analyzed the
expression of CCTβ in SIN1−/− MEFs and found that its total protein levels were diminished in these
cells (Figure 7B). To facilitate analysis and comparison of CCTβ phosphorylation in WT vs. SIN1−/−
MEFs, we overexpressed Flag-CCTβ, then analyzed the phosphorylation of immunoprecipitated
CCTβ. Using the Phospho-Akt substrate antibody (P-AS), which detects phosphorylated epitope
corresponding to the consensus RXRXXpS/T, we found that whereas CCTβ from the WT increased
its phosphorylation upon serum addition, immunoprecipitated CCTβ from the SIN1−/− MEFs had
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no discernible phosphorylation even up to 30 min of serum stimulation (Figure 7C). Hence, the
phosphorylation of CCTβ at the RSK-targeted site is dependent on mTORC2.Cells 2020, 9, x FOR PEER REVIEW 11 of 17 
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resolved by SDS-PAGE and analyzed for phosphorylation of known RSK substrates by 
immunoblotting. (B) Wild type (WT) or SIN1−/− MEFs were grown in complete DMEM (Basal; B) or 
grown then serum-starved overnight. Cells were then left starved (–) or serum was re-added and cells 
were incubated for the indicated times. (C) WT or SIN1−/− MEFs were transfected with Flag-CCTβ 
plasmid or vector control (vec). Cells were starved and re-stimulated with serum as in B. Lysates were 
subjected to immunoprecipitation using Flag antibody. Immunoprecipitates were fractionated and 
blotted for CCTβ phosphorylation (using the Phospho-Akt consensus motif substrate antibody (P-
AS)) or Flag. Total extracts (input) were also fractionated by SDS-PAGE and immunoblotted for pHM 
RSK or CCTβ. (*) indicates exogenous Flag-CCTβ, lower band is endogenous CCTβ. 
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Figure 7. The RSK substrate CCTβ has defective phosphorylation and expression in the absence of
mTORC2. (A) Thymocyte lysates from wild type (rictor+/+), rictor+/−, or rictor−/− littermates were
resolved by SDS-PAGE and analyzed for phosphorylation of known RSK substrates by immunoblotting.
(B) Wild type (WT) or SIN1−/− MEFs were grown in complete DMEM (Basal; B) or grown then
serum-starved overnight. Cells were then left starved (–) or serum was re-added and cells were
incubated for the indicated times. (C) WT or SIN1−/− MEFs were transfected with Flag-CCTβ plasmid
or vector control (vec). Cells were starved and re-stimulated with serum as in B. Lysates were subjected
to immunoprecipitation using Flag antibody. Immunoprecipitates were fractionated and blotted for
CCTβ phosphorylation (using the Phospho-Akt consensus motif substrate antibody (P-AS)) or Flag.
Total extracts (input) were also fractionated by SDS-PAGE and immunoblotted for pHM RSK or CCTβ.
(*) indicates exogenous Flag-CCTβ, lower band is endogenous CCTβ.

4. Discussion

mTORC2 regulates cell growth and metabolism in response to levels of growth factors and nutrients.
Among its known targets are protein kinases that are members of the AGC kinase family including
AKT, PKC, and SGK1 [8,41]. Here, we found that mTORC2 could also mediate the phosphorylation
of another AGC kinase, RSK, at the conserved HM site Ser380 (Figure 8). However, unlike its role
in modulating other AGC kinases, the catalytic activity of mTORC2 is not required to enhance the
RSK HM site phosphorylation and may instead act as a scaffold to allow RSK phosphorylation at the
membrane. Among some of the known substrates of RSK that we examined, only the Pro-Apoptotic
protein, BAD, and the chaperonin complex subunit, CCTβ, had diminished phosphorylation in the
absence of mTORC2. Similar to the regulation of AKT by mTORC2, RSK phosphorylation is also
increased during nutrient withdrawal, suggesting a role for RSK in metabolic reprogramming during
nutrient-limiting conditions.

First, we found that mTORC2 is required for optimal phosphorylation of RSK at Ser380, which
is located at the HM. This site is flanked by two catalytic domains, the NTKD and CTKD, which
are phosphorylated at the activation loop (T-Loop) by PDK1 and ERK, respectively [22,26]. These
two domains are linked by a region that harbors the TM and HM that are common to many AGC
kinases. Phosphorylation of the RSK HM site is believed to be via autophosphorylation, mediated by
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the CTKD [33]. Stimulation of cells with growth factors or mitogens activates ERK and triggers its
phosphorylation of the RSK CTKD activation loop. Previous studies have revealed the importance of
ERK activation to pHM but whether another kinase is involved in enhancing this phosphorylation has
not been excluded. The phosphorylation of the CTKD by ERK may facilitate membrane translocation
of RSK, where it can be further activated in this compartment [33]. Loss of the ERK docking site
located at the C-terminus abolishes RSK activity but a C-terminally truncated form that is targeted
to the membrane results in HM phosphorylation and RSK activation [33], suggesting a critical role
of membrane targeting for RSK regulation. Our studies here reveal that mTORC2 could mediate the
regulation of RSK at the membrane. Although the catalytic activity of mTORC2 is not required for the
HM site phosphorylation (Figure 5), mTORC2 could instead recruit or anchor RSK at the membrane
to allow phosphorylation at this site. Phosphorylated HM serves as a docking site for PDK1, which
then phosphorylates the T-Loop of the NTKD, leading to full RSK activation [42,43]. Upon activation
at the membrane, RSK redistributes to other cellular compartments including the nucleus where it
targets its many substrates [33]. mTORC2 has been found to associate with membrane compartments
including the plasma membrane, lysosomes, nucleus, ER, and at the mitochondria-associated ER
membrane [44–47]. In particular, SIN1 contains a pleckstrin homology (PH) domain that binds
phosphatidylinositol 3,4,5-trisphosphate (PIP3) and as we show here localizes predominantly at the
plasma membrane (Figure 6) [48]. The mTOR complexes, either directly or indirectly, mediate the
phosphorylation of a number of the AGC kinases in a membrane compartment. In this regard,
the subcellular localization of mTORC2 has been shown to impart specificity towards AGC kinase
phosphorylation [49]. Here, we have shown that SIN1 and HM-phosphorylated RSK colocalize at the
membrane during serum restimulation and acute glutamine withdrawal (Figures 6 and S4). We also
found increased association of RSK1 with SIN1 during nutrient starvation (Figure S5). Whether RSK
associates with SIN1 and other mTORC2 components at other membrane compartments remains to be
examined further. It is also possible that mTORC2 could mediate RSK phosphorylation via modulation
of ERK signaling [50,51]. SIN1 physically associates with Ras and there is accumulating evidence on
the interaction of mTORC2 with Ras/MAPK signaling [52–55]. Further studies are needed to elucidate
how these two pathways cooperate to modulate RSK and other downstream targets to promote cell
growth and survival. Our findings here expand the mTORC2 effectors among the AGC kinase family
that become phosphorylated in a membrane compartment.

Second, we report here that RSK HM phosphorylation is robustly increased by nutrient withdrawal,
a condition that also activates mTORC2 (Figure 3). We have previously demonstrated that the increase in
mTORC2 activation during prolonged starvation enhances or maintains flux through critical metabolic
pathways [16,56]. mTOR is a key signaling protein that responds to nutrient fluctuations. Whereas
mTORC1 activation is promoted by the presence of nutrients, the mode of mTORC2 activation is
context dependent. mTORC2 has basal activity that allows constitutive phosphorylation of the TM
site of AKT and PKC [9,11,19]. On the other hand, its activation is enhanced by either restimulation
of starved cells with growth factors or by withdrawal of nutrients. As we have shown here, RSK
HM site phosphorylation also follows this mode of regulation. It is noteworthy that a previous study
reported that RSK and ERK phosphorylation was enhanced upon amino acid restimulation of cells
that have been starved of both serum and amino acids for prolonged periods [57]. We have also
observed a more robust increase in phosphorylation of RSK at the HM, TM and activation loop sites
upon restimulation of cells starved of both serum and amino acids as compared to serum-starved
alone (Figure S1). However, what we found here was that the withdrawal of nutrients (either glucose,
glutamine or both) could transiently increase RSK HM phosphorylation (Figures 3 and 4B). Declining
glucose levels were also shown to enhance RSK phosphorylation as well as ERK activation [18]. The
findings by Casas-Terradellas et al. are not necessarily contradictory to our results and those from
Shin et al. [18,57]. It is possible that similar to AKT which responds to either the increase or decrease
of growth signals [16–18,34,58], RSK is also modulated by nutrient fluctuations and suggest that
RSK is involved in remodeling metabolic processes. RSK has been previously shown to regulate
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PFKFB2 (6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 2) to maintain flux through glycolysis
in melanoma cells [21]. Highly proliferating cells such as cancer cells upregulate signaling pathways
that control nutrient availability and flux through metabolic pathways in order to meet the increased
demand for macromolecules [59]. Hence, the activation of RSK during nutrient withdrawal is likely
relevant during metabolic reprogramming of cancer cells. Future studies should address additional
targets of RSK in nutrient acquisition and metabolism.

Third, we uncover that the RSK substrate CCTβ is also modulated by mTORC2. CCTβ, which is
part of the multi-protein chaperonin complex (TRiC/CCT) is involved in folding of nascent polypeptides
such as those involved in the cytoskeleton [60,61]. Although RSK phosphorylates various substrates,
including transcription factors, translational regulators, enzymes, and structural proteins [26], we found
that among the RSK substrates that we examined, only CCTβ displayed a profound defect in
mTORC2-disrupted cells. Both the phosphorylation of CCTβ and its expression levels were diminished
in the absence of mTORC2. CCTβ Ser260 was previously identified as the RSK-targeted site [35].
However, other AGC kinases including S6K1 and Akt could also phosphorylate this site depending
on stimulatory conditions. Since Akt activation is also defective in SIN1−/− MEFs, whereas S6K1
phosphorylation is not [34], it is possible that the suboptimal Akt activation contributes to the aberrant
CCTβ phosphorylation. How phosphorylation of CCTβ by these mTORC-regulated kinases affects
CCT function distinctly remains to be further investigated. Recently, CCT was also shown to mediate
the assembly of the mTOR complexes [62]. Hence, it is also possible that there is feedback regulation
between the mTORCs and CCT.

RSK and mTOR are important drug targets for diseases including cancer, cardiovascular and
neurological disorders [22,63]. Our studies unravel that mTORC2 modulates RSK. Future studies
should unravel the precise mechanisms that promote RSK activation by mTORC2 since they could
have therapeutic value for targeting diseases with deregulated RSK signaling.
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Abstract: Phosphatidylinositol 3-kinase, catalytic subunit alpha (PIK3CA) is an oncogene often
mutated in colorectal cancer (CRC). The contribution of PIK3CA mutations in acquired resistance
to anti-epidermal growth factor receptor (EGFR) therapy is well documented, but their prognostic
and predictive value remain unclear. Domain- and exon-specific mutations are implicated in either
favorable or poor prognoses, but there is paucity in the number of mutations characterized outside of
the mutational hotspots. Here, two novel non-hotspot mutants—Q661K in exon 13 and C901R in exon
19—were characterized alongside the canonical exon 9 E545K and exon 20 H1047R mutants in NIH3T3
and HCT116 cells. Q661K and E545K both map to the helical domain, whereas C901R and H1047R
map to the kinase domain. Results showed variable effects of Q661K and C901R on morphology,
cellular proliferation, apoptosis resistance, and cytoskeletal reorganization, with both not having
any effect on cellular migration. In comparison, E545K markedly promoted proliferation, survival,
cytoskeletal reorganization, migration, and spheroid formation, whereas H1047R only enhanced
the first three. In silico docking suggested these mutations negatively affect binding of the p85
alpha regulatory subunit to PIK3CA, thereby relieving PIK3CA inhibition. Altogether, these findings
support intra-domain and mutation-specific variability in oncogenic readouts, with implications in
degree of aggressiveness.

Keywords: PIK3CA; colorectal cancer; EGFR pathway; tumor heterogeneity

1. Introduction

Phosphatidylinositol 3-kinase, catalytic subunit alpha (PIK3CA) is an oncogene mutated in
10% to 25% of colorectal cancers (CRCs) [1–4]. Gain-of-function mutations in PIK3CA allow it to
activate several signaling pathways, most notably the PIK3CA– Protein Kinase B alpha (AKT) pathway
downstream of the epidermal growth factor receptor (EGFR), to promote tumorigenesis. Hotspot
mutations in PIK3CA lie in exon 9 (E542K and E545K) in the helical domain and exon 20 (H1047R) in
the catalytic kinase domain. These mutations may co-exist with Kirsten Rat Sarcoma Viral Oncogene
Homolog (KRAS) and B-Raf Proto-Oncogene, Serine/Threonine Kinase (BRAF) mutations to exert
different oncogenic effects and responses to anti-EGFR therapy [5]. Due to change in protein structure
induced by the mutations, exon 9 mutations rely on RAS- Guanosine Triphosphate (RAS-GTP) binding
to induce transformation, whereas exon 20 mutations are independent of RAS-GTP binding and rely
on p85 binding instead [6]. Studies have also correlated exon 20 mutations but not exon 9 mutations
to poor response to anti-EGFR therapy in metastatic colorectal cancer [2,7,8]. In uterine endometrial
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adenocarcinomas, PIK3CA mutations in the kinase domain (exon 20) are associated with adverse
prognostic parameters [9].

Various studies suggest that the phenotypic outcome of helical and kinase domain mutations
are cell type- and mutation-specific [10–12]. Pang et al. [10] reported that the E545K helical domain
mutation made cells more significantly chemotactic in the MDA-MB-231 Human Caucasian breast
adenocarcinoma cell line, as well as increasing rate of intravasation and extravasation in vivo compared
to the H1047R kinase domain mutation. In normal human urothelial cells, the E545K mutation
enhanced cellular proliferation and survival more than H1047R [11]. Meyer et al. [12] observed that
H1047R was more efficient in forming mice mammary tumors compared to E545K. Indeed, there
is a wealth of information regarding exon 9 and 20 mutations and most sequencing studies point
to these mutations as occurring most frequently in the population. However, the majority of these
studies have been performed in developed nations, and hence the mutational spectrum identified has
most likely been biased towards the populations under study [13–16]. Consequently, non-hotspot
mutations have not been characterized as much [17]. Studies that have functionally characterized
non-hotspot mutations have mostly been limited to the assessment of colony forming ability, lipid
kinase activity, and AKT phosphorylation [16,18–21]. Given the myriad of signaling pathways affected
by PIK3CA, which include both AKT-dependent and -independent mechanisms [22–26], there is
a need to phenotypically characterize the oncogenic readouts of non-hotspot mutations in more
cancer hallmarks. These mutations may engage different signaling pathways, confer different cancer
phenotypes, and may or may not be associated with resistance to anti-EGFR therapy.

This study reports the phenotypic characterization of two novel non-hotspot PIK3CA mutations,
namely, Q661K (NM_006218.1: c.1981C > A) located in exon 13 and C901R (Pfam entry PF00454)
located in exon 19 [26,27], alongside the canonical mutants E545K (exon 9) and H1047R (exon 20).
Q661K has been reported in the Catalogue of Somatic Mutations in Cancer (COSMIC) database [28].
C901R is found in the Human Cancer Proteome Variation [29] and the Epithelial-to-Mesenchymal
Gene [30] databases, and is also a distinct and separate entry from the mutants C901F and C901Y [29].
Both Q661K and C901R remain uncharacterized. Notably, Q661K was also identified from an ongoing
targeted next generation sequencing study of young-onset sporadic colorectal cancer tissue samples
obtained from the Philippine General Hospital, University of the Philippines, Manila [31]. Similar to
E545K, Q661K maps to the helical domain of PIK3CA. C901R and H1047R both map to the kinase
domain. The mutations were characterized and compared for their effects on cellular proliferation,
survival, migration, spheroid formation, general morphology, and cytoskeletal organization.

2. Materials and Methods

2.1. Cloning and Site-Directed Mutagenesis of Wild Type and PIK3CA Mutants

Wild type (WT) PIK3CA (NM_006218.1) was amplified from cDNA template generated from
human kidney 2 cells (HK2; cat. no. CRL-2190, American Type Culture Collection (ATCC), Manassas,
Virginia, USA) RNA. The forward (F) and reverse (R) primers used to amplify the PIK3CA constructs
are listed in Table 1.
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Table 1. Primers used for generation of phosphatidylinositol 3-kinase, catalytic subunit alpha (PIK3CA)
wild type and mutant constructs.

Primer Name Sequence

WT-PIK3CA-F 5′-ATGCCTCCACGACCATCATCAGGTGAACTG-3′
WT-PIK3CA-R 5′-TCAGTTCAATGCATGCTGTTTAATTGTGTGGAAG-3′
E545K-F 5′CTCTCTCTGAAATCACTAAGCAGGAGAAAGATTTTCTATG-3′
E545K-R 5′-CATAGAAAATCTTTCTCCTGCTTAGTGATTTCAGAGAGAG-3′

H1047R-R 5′-GTGACTACTAGTTCAGTTCAATGCATGCTGTTTAATTGTGTGGA
AGATCCAATCCATTTTTGTTGTCCAGCCACCATGACGTGCATC-3′

Q661K-F 5′-GAAAGCATTGACTAATAAAAGGATTGGGCACTTTTTCTTTTG-3′
Q661K-R 5′-GAAAAAGTGCCCAATCCTTTTATTAGTCAATGCTTTCTTC-3′
C901R-F 5′-CCTGTTTACACGTTCACGTGCTGGATACTGTGTAGCTACC-3′
C901R-R 5′-GGTAGCTACACAGTATCCAGCACGTGAACGTGTAAACAGG-3′

Note: Bold letters correspond to mutated nucleotide.

Each PCR mixture contained a final concentration of 1X PCR buffer (Titanium Taq PCR buffer,
Clontech Laboratories, Inc., Mountain View, CA, USA), 0.125 mM of each deoxynucleoside triphosphate
(iNtRON Biotechnology, Sangdaewon-Dong, Jungwon-Seongnam, Korea), 2 mM each of the appropriate
forward and reverse primers, 1X Taq polymerase (Titanium Taq polymerase, Clontech Laboratories),
and 50 ng of the appropriate template (cDNA for WT PIK3CA, and cloned pTargeT-PIK3CA WT for
the mutations). All PCR reactions were carried out using the C1000 Touch Thermal Cycler (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The PCR mixtures were initially denatured at 95 ◦C for 5 min.
Afterwards, they were subjected to 25 cycles of denaturation at 95 ◦C for 30 s, annealing at 55 ◦C for 30
s, and extension at 72 ◦C for 1.5 min.

For each mutant construct, fragments from the first round PCR were fused via splicing-by-overlap
extension PCR. Briefly, 25 ng of each fragment was used as template with WT-PIK3CA-F and
WT-PIK3CA-R as primers, using similar PCR conditions as described above, except for two changes:
the extension time was adjusted to 3 min, and an additional final extension step at 72 ◦C for 10 min
was added. The final extension step was added to ensure the addition of A-overhangs for TA-ligation
into the pTargeT mammalian expression vector (Promega Corporation, Madison, Wisconsin, USA). All
constructs were verified as error-free via Sanger sequencing.

2.2. Cell Culture and Transfection

NIH3T3 mouse fibroblast cells (cat. no. CRL-1658; ATCC) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented
with 10% newborn calf serum (NBCS; Gibco; Thermo Fisher Scientific, Inc.). HCT116 human colon
cancer cells (cat. no. CCL-247; ATCC) were cultured in Roswell Park Memorial Institute 1640 medium
(RPMI-1640; Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (FBS),
50 U/mL penicillin/streptomycin, and 2.0 g/L sodium bicarbonate. Both cell lines were incubated in a
37 ◦C humidified chamber with 5% CO2.

NIH3T3 cells were transfected using the 10 µL Neon Transfection System (Invitrogen, Thermo
Fisher Scientific Inc.) according to the manufacturer’s instructions. Briefly, 900,000 cells were mixed
with 2 µg of plasmid and electroporated at a pulse voltage of 1400 volts, pulse width of 20 ms, and
pulse number of 2. The cells were then seeded in a 12-well plate containing DMEM supplemented with
10% NBCS and left to adhere overnight in a 37 ◦C humidified chamber with 5% CO2. Transfection
parameters were optimized to achieve 80–90% efficiency for all experiments.

HCT116 cells were transfected using FugeneHD (Promega) according to the manufacturer’s
instructions. Transfection efficiencies of 70–80% for all experiments were consistently obtained using
the following plasmid to transfection reagent ratio: 2000 ng DNA/5 µL FugeneHD in 24-well plates,
and 200 ng DNA/0.5 µL FugeneHD in 96-well and 48-well plates.
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Proof of expression of the constructs is included in Figure S1.

2.3. Morphological Characterization

Forty-eight hours post-transfection, transfected NIH3T3 cells were photographed at 100×
magnification using an Olympus IX71 inverted fluorescence microscope (Olympus Corporation,
Tokyo, Japan). For each transfected well, at least four random fields containing a minimum of 100 cells
were imaged. Cells with prominent filopodial extensions and cells that were reduced in size, round,
and refringent were counted using ImageJ software [32]. The total number of cells showing prominent
cellular protrusions and cells exhibiting roundedness and birefringence were divided by the total cell
count determined via the cell counter plugin of ImageJ software [32].

To measure the length of cellular protrusions, the Simple Neurite Tracer plugin of Fiji software [33]
was used. Briefly, each protrusion was traced from the center of the nucleus to the tip of the extension.
The total length of all cellular protrusions in each field was divided by the corresponding field’s total
cell count determined via the cell counter plugin of ImageJ software [32], and the resulting mean
lengths were compared to wild type and vector-only control.

2.4. Actin Cytoskeletal Staining and Analysis

Twenty-four hours post-transfection, transfected NIH3T3 cells were trypsinized from the 12-well
plate and seeded in an 8-well glass chamber slide (EMD Millipore, Burlington, MA, USA) at a density of
8000 cells per well. Forty-eight hours post-transfection, the cells were fixed with 4% paraformaldehyde
for 20 min. They were then permeabilized with 0.1% Triton X-100 in 1× Phosphate Buffered Saline (PBS)
for 20 min, and blocked with 1% bovine serum albumin (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) in 1× PBS for 20 min. The cells were then stained with 100 µL of 0.165 µM of Alexa Flour
488 Phalloidin (Thermo Fisher Scientific, Inc.) in 1× PBS for 30 min, and counterstained with 100 µL of
1 µg/mL Hoechst 33342 for 15 min. Stained cells were mounted in 70% glycerol in 1× PBS. All steps
were performed at room temperature, and the cells were washed thrice with 1× PBS in between steps.

Slides were observed under a fluorescence microscope (Olympus IX83; Olympus Corporation,
Tokyo, Japan) at 400× magnification, using the green fluorescent filter (λex/λem: 490/525 nm) to
visualize stained filamentous actin structures, and the blue fluorescent filter (λex/λem: 355/465 nm) to
visualize the nuclei.

2.5. Scratch Wound Healing Assay

NIH3T3 cells were transfected in a 12-well plate. Twenty-four hours post-transfection, cells were
reseeded in a 96-well half area plate at a density of 15,000 cells per well in triplicate. Upon reaching full
confluence, a scratch was made in each well using a sterile pipette tip. The cells were then maintained
in DMEM supplemented with 2.5% NBCS. Migration of cells into the wound area was photographed
every hour for 21 h via a motorized time-lapse microscope (Olympus IX83; Olympus Corporation,
Tokyo, Japan).

HCT116 cells were seeded at a density of 10,000 cells per well in a 96-well plate and then transfected
36 h later. Upon reaching full confluence, a scratch was made in each well using a sterile pipette tip.
The cells were then maintained in RPMI-1640 supplemented with 2% FBS. Migration of cells into the
wound area was photographed at 0 h and 24 h post-scratch using Olympus IX71 inverted fluorescence
microscope (Olympus Corporation, Tokyo, Japan).

The gap area for each time point was determined using ImageJ software [32]. The migration rate
(µm2/h) for each setup was determined by obtaining the slope of the trend line generated after the gap
area (µm2) was plotted against time (h).
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2.6. Cell Proliferation Assay

NIH3T3 cells were transfected in a 12-well plate. Twenty-four hours post-transfection, cells were
reseeded in 96-well plates at a density of 2500 cells per well in triplicate. The cells were then maintained
in DMEM supplemented with 2.5% NBCS.

HCT116 cells were seeded at a density of 2500 cells per well in 48-well plates and transfected 36 h
later. Twenty-four hours post-transfection, cells were maintained in RPMI-1640 supplemented with
0.5% FBS.

The number of metabolically active cells per setup was determined at 48 and 72 h post-transfection
for NIH3T3 and at 48, 72, and 96 h post-transfection for HCT116, by incubating each well with 10 µL
of CellTiter 96 Aqueous One Solution Cell Proliferation Assay reagent (Promega Corporation) until
color development. Absorbance values at 490 nm of each setup were measured with a colorimetric
plate reader (FLUOstar Omega microplate reader; BMG Labtech, Cary, NC, USA). Cell counts were
calculated from a standard curve (number of cells vs. A490) generated using serial dilutions of an
untransfected cell suspension. Mean cell counts were calculated per setup for each time-point.

2.7. Apoptosis (Caspase 3/7) Assay

NIH3T3 cells were transfected in a 12-well plate. Twenty-four hours post-transfection, cells were
reseeded in 96-well plates at a density of 2500 cells per well in triplicates. Cells were then maintained
in DMEM supplemented with 2.5% NBCS.

HCT116 cells were seeded at a density of 2500 cells per well in a 96-well plate and transfected 36 h
later. Twenty-four hours post-transfection, cells were then maintained in RPMI-1640 supplemented
with 0.5% FBS.

The level of caspase 3/7 activity for each setup was determined at 48 h post-transfection for
NIH3T3 and at 96 h post-transfection for HCT116 by incubating the cells with 10 µL of Caspase-Glo 3/7
assay reagent (Promega Corporation). The plates were incubated at room temperature for 3 h and then
the luminescence per well was measured using a plate reader (FLUOstar Omega microplate reader;
BMG Labtech). Luminescence readings were normalized to the number of viable cells determined via
a cell proliferation assay performed concurrently.

2.8. Western Blot Analyses

NIH3T3 and HCT116 cells were transfected in 12-well plates. Transfected NIH3T3 cells were
cultured in DMEM supplemented with 2.5% NBCS at 24 h post-transfection. At 60 h post-transfection,
transfected NIH3T3 cells were further serum starved by culturing them in DMEM supplemented
with 1% NBCS. Transfected HCT116 cells were cultured in RPMI-1640 supplemented with 10%
FBS throughout.

At 72 h post-transfection, proteins were harvested for SDS-PAGE and Western blotting. Cells were
lysed with radioimmunoprecipitation lysis buffer (150 mM NaCl, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulphate, 50 mM Tris (pH 8.0)) supplemented with Halt protease and phosphatase
inhibitor cocktail (Thermo Fisher Scientific Inc.). For gel electrophoresis, 20 µg of protein were run on a
7.5% SDS-PAGE gel at 100 V for 1 h. Proteins were blotted for 24 h at a constant current of 40 mA.
Membranes were blocked with 5% w/v non-fat dry milk in Tris-buffered saline with 0.1% v/v Tween-20
(TBST) for 1 h at room temperature; probed overnight with primary antibodies obtained from Cell
Signaling Technology (Danvers, MA, USA): anti-PIK3CA (1:1000, cat. no. 4249S), anti-N-cadherin
(1:1000, cat. no. 14215S), anti-E-cadherin (1:1000, cat. no. 3195S), and anti- Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; 1:1000, cat. no. 2118S); washed with TBST; and incubated with the appropriate
secondary antibodies obtained from Thermo Fisher Scientific Inc.: goat anti-mouse Immunoglobulin G
(IgG, H + L; 1:3000, cat. no. 31430) and goat anti-rabbit IgG (1:3000, cat. no. 31460) for 1 h at room
temperature. Signals were developed with enhanced chemiluminescence substrate and imaged using
the ChemiDoc Touch Imaging System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Densitometric
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analysis of digitized band intensities was performed using GelQuant.NET software (v1.8.2) provided
by biochemlabsolutions.com. Gene expression levels were normalized against GAPDH expression.

2.9. Spheroid Formation Assay

Twenty-four hours post-transfection, transfected NIH3T3 cells were trypsinized from the 12-well
plate and seeded in a 96-well round bottom ultra-low-attachment spheroid plate (Corning Incorporated,
New York City, NY, USA) at a density of 2500 cells per well in triplicate. The cells were maintained
in DMEM supplemented with 2.5% NBCS. The spheroids were photographed at 40×magnification
using an Olympus IX71 inverted fluorescence microscope (Olympus Corp., Tokyo, Japan) at 96 h
post-transfection. The diameter of the spheroids was then measured using ImageJ software [32].

2.10. Bioinformatics-Based Prediction of the Functional Impact of PIK3CA Mutations

The functional impact of the PIK3CA Q661K and C901R mutations was predicted through four
sequence-based algorithms: Polymorphism Phenotyping 2 (Polyphen-2; version 2) (accessed on 20
August 2019; http://genetics.bwh.harvard.edu/pph2/) [34], Mutation Assessor (release 3) (accessed on
20 August 2019; http://mutationassessor.org/r3/) [35], Functional Analysis Through Hidden Markov
Models (FATHMM; version 2.3) (accessed on 20 August 2019; http://fathmm.biocompute.org.uk/) [36],
and Sorting Tolerant From Intolerant (SIFT; version 5.2.2) (accessed on 20 August 2019; https://sift.bii.a-
star.edu.sg/www/SIFT_seq_submit2.html) [37].

To generate homology models of the H1047R, E545K, Q661K, and C901R mutations, the
Swiss-model [38] webserver (accessed on 20 August 2019; https://swissmodel.expasy.org/interactive)
was utilized. The template used for homology modelling was the crystal structure of native PIK3CA in
complex with niSH2 (N-terminal Src Homology 2 / inter Src Homology 2) domain of p85 alpha (Protein
Data Bank or PDB ID: 4L1B) [39]. Using BIOVIA Discovery Studio Visualizer (Dassault Systèmes
BIOVIA, San Diego, CA, USA), the models of the mutations were superimposed to the wild type and
the global main chain root mean square distance (RMSD), and overlay similarity (OS) were calculated.

The impact of the mutations on the ability of the niSH2 domain of p85 alpha to form a dimer
with PIK3CA was assessed using the pyDOCK webserver (accessed 22 August 2019; https://life.bsc.es/
pid/pydockweb) [40,41]. The pyDock scores of the best poses were compared across all mutations.
The interactions between the interface residues of the PIK3CA–p85 alpha dimer were analyzed with
PDBePISA (version 1.52) (accessed on 25 August 2019; https://www.ebi.ac.uk/pdbe/pisa/) [42].

2.11. Statistical Analyses

All data were analyzed using unpaired one-tailed t-test to compare differences between the vector
only control/wild type and each of the mutants. Data from quantitative experiments were represented
as mean ± standard deviation. Significant values were represented as * p < 0.05, ** p < 0.01, and *** p <

0.001.

3. Results

3.1. The PIK3CA Mutations Had Variable Effects on Proliferative Rates of NIH3T3 and HCT116 Cells

To determine if expression of the PIK3CA mutants can promote cellular proliferation, the number
of viable cells per setup was determined at 24, 48, and 72 h post-transfection for NIH3T3 cells and at
48, 72, and 96 h for HCT116 cells. The results in HCT116 were generally consistent with those obtained
in NIH3T3 cells (Figure 1A,B). The canonical mutants E545K and H1047R as well as the novel mutant
Q661K enhanced proliferative capacity. C901R enhanced proliferation only in HCT116. The effect of
the wild type construct in the two cellular backgrounds, however, showed a marked difference. In
NIH3T3 cells, WT had no apparent effect on proliferation and was indistinguishable from that of the
vector-only control. In HCT116 cells, WT overexpression was able to enhance proliferative capacity.
There are at least two plausible explanations for this. HCT116 harbors an endogenous KRAS G13D
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mutation and it is highly likely that it is able to hyperactivate wild type PIK3CA, which is downstream
of KRAS in the signaling pathway; hence, the observed enhanced proliferation. Alternatively, the
presence of the endogenous PIK3CA H1047R (in addition to KRAS G13D) and the overexpression of
wild type PIK3CA may have a synergistic effect that could have led to enhanced proliferation.

Figure 1. Variable effects of wild type (WT), canonical, and novel PIK3CA mutants on proliferative
capacity and apoptosis resistance in NIH3T3 and HCT116 cells. Proliferation rates of (A) NIH3T3 and
(B) HCT116 cells, and caspase 3/7 activity in (C) NIH3T3 and (D) HCT116 cells transfected with empty
vector, wild type PIK3CA, or PIK3CA mutants. Data presented are representative of three independent
trials in triplicates and expressed as mean ± standard deviation. * p < 0.05, ** p < 0.01and *** p < 0.001.
WT: wild type.

3.2. Variable Effects of the Canonical Mutants E545K and H1047R, and the Novel Mutants Q661K and C901R
on Apoptosis Resistance in NIH3T3 and HCT116 Cells

PIK3CA is known to promote cell survival [43,44]. To test the capacity of the PIK3CA mutants to
inhibit apoptosis, the activity of caspase 3/7 was assessed in transfected cells using the caspase-Glo
3/7 assay. In NIH3T3 cells, overexpression of the Q661K novel mutant and the H1047R and E545K
canonical mutants led to a significant reduction in caspase 3/7 activity, indicating resistance to apoptosis
(Figure 1C). Among all mutants, E545K had the lowest level of caspase 3/7 activity. Cells overexpressing
wild type PIK3CA and the novel C901R mutant showed the highest level of caspase 3/7 activity
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but still demonstrated resistance to apoptosis compared to vector-only control. In HCT116 cells,
the wild type and all mutant constructs also induced resistance to apoptosis, although the degree
of inhibition did not vary widely among the different setups (Figure 1D). The NIH3T3 cell line is
usually preferred in characterizing oncogenes and their mutant variants because they do not require
cooperative complementary mutations to express a transformed phenotype [45]. In addition to the
non-cancerous background, this may explain the more resolved differences in degree of resistance to
apoptosis among the wild type and mutant setups in NIH3T3 compared with HCT116.

3.3. Novel and Canonical PIK3CA Mutants Induced Gross Morphological Alterations and Enhanced Formation
of Pseudopodial Extensions

Gross morphological alterations can be indicative of oncogenic transformation. Transformed
NIH3T3 cells typically show decreased size, refringency, pronounced pseudopods, and increased
cellular protrusions [46,47]. To determine if the canonical and novel PIK3CA mutations can induce
morphological alterations, transfected cells were observed under a brightfield microscope. The
percentage of cells showing pronounced extensions, the average length of these cellular extensions,
and the percentage of cells exhibiting roundedness and birefringence were also quantified.

Results indicate that overexpression of the PIK3CA mutants caused decreased size and rounding
of cells, refringency, and formation of cellular protrusions (Figure 2). In cells overexpressing the
E545K and H1047R hotspot mutants, there was a dramatic increase in the percentage of cells showing
pronounced cellular protrusions compared to the rest of the setups. These cells also had the longest
average length of cellular protrusions. Overexpression of C901R enhanced formation of cellular
protrusions to levels comparable with that of H1047R and showed an average protrusion length similar
to Q661K and wild type setups. Q661K had marginal increase in the number of protrusions and
average length compared to the wild type and vector only control. Consistent with these findings,
overexpression of all four mutants also increased the percentage of round and refringent cells compared
to the vector-only control.
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Figure 2. Altered gross morphology of NIH3T3 cells overexpressing PIK3CA mutants. (A) Prominent
cellular protrusions (black arrows) were observed in cells overexpressing PIK3CA mutants. Scale bar:
200 µm. (B) NIH3T3 cells with prominent cellular protrusions were counted and divided by total
number of fibroblasts. (C) The lengths of cellular protrusions were measured from the center of the
nucleus to the tip of the extension. The total length was then divided by the total number of fibroblasts.
(D) Cells showing decreased size, roundedness, and birefringence were quantified and divided by the
total cell count. The percentage of birefringent cells and cells with cellular protrusions, as well as the
average length of these protrusions, increased in cells overexpressing the PIK3CA mutations. Data
presented are representative of three independent trials in triplicate, and expressed as mean ± standard
deviation. * p < 0.05 and ** p < 0.01. WT: wild type. PIK3CA: phosphatidylinositol 3-kinase, catalytic
subunit alpha.
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3.4. Cells Overexpressing Wild Type PIK3CA as well as Novel and Canonical PIK3CA Mutants Were Highly
Depolarized with Long Cellular Protrusions

To determine if wild type PIK3CA and the novel and canonical PIK3CA mutants can induce
cytoskeletal reorganization, F-actin in transfected cells were visualized via phalloidin staining and
fluorescence microscopy. In both wild type and mutant setups, the cells were dramatically depolarized,
with prominent leading edge, lamellipodia, and long cellular protrusions (Figure 3). All these
cytoplasmic changes suggest a highly motile phenotype propelled by dynamic actin networks.

Figure 3. Cytoskeletal reorganization of cells overexpressing wild type, novel, and canonical PIK3CA
mutations. White brackets show prominent migrating front. Yellow arrows point to polymerized actin
of pseudopod extensions. Scale bar: 50 µm. Data presented are representative of three independent
trials in triplicates. WT: wild type.
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To evaluate whether the morphological changes induced by the PIK3CA mutants are due, at
least in part, to epithelial-to-mesenchymal transition (EMT), the expression levels of E-cadherin and
N-cadherin were examined in transfected HCT116 cells, an epithelial cancer cell line. Despite its
cancerous cellular background, it is still possible to augment and observe EMT changes in HCT116 after
transfection with oncogenic mutants or upregulation of cellular oncogenes [48,49]. Western blot results
showed consistent partial EMT only for the E545K mutant, that is, a consistent apparent decrease
in E-cadherin, but inconclusive results for N-cadherin. The wild type and other mutant constructs
showed inconsistent results across trials, which may suggest no effect on EMT markers (Figure S2).
This is not totally surprising given that many aspects that contribute to morphological changes (e.g.,
cytoskeletal reorganization, elaboration of cellular processes and protrusions, E- to N-cadherin switch)
are in fact controlled by distinct signaling pathways [50–53].

3.5. E545K, but not the Other PIK3CA Mutants, Enhanced Migration of NIH3T3 Cells

Given that overexpression of PIK3CA mutations was able to alter cellular morphology and
cytoskeletal actin organization, effects of the mutations on cellular migration were also determined.
Confluent monolayers were scratched with a sterile pipette tip, and migration of cells into the wound
area was monitored for 21 (NIH3T3) or 24 h (HCT116). In NIH3T3 cells, only the E545K canonical
mutation was able to significantly promote cellular migration compared to wild type and vector-only
controls (Figure 4A,C). In HCT116 cells, no marked differences in migratory capacity were observed
across setups at 24 h post-scratch (Figure 4B,D). The different results obtained for E545K may have
been due to differences in cellular background. As discussed in Section 3.2 above, NIH3T3 cells are
better able to express a transformed phenotype, even in the absence of cooperative complementary
mutations [45].

The lack of an effect on cellular migration is not inconsistent with the observed cytoskeletal
reorganization induced by all the mutants. There are multiple, complex signaling events integrated
to bring about migration. Among the many players involved are the Rho GTPases, integrins,
phosphoinositides, RAS proteins, and numerous kinases [54]. Although reorganization of the
cytoskeleton is an early event necessary for movement, adhesion-dependent migration is a distinct
process altogether.

3.6. E545K Canonical Mutation Enhanced Spheroid Formation in NIH3T3 Cells

Tumors rely on cell–cell and cell–extracellular matrix (ECM) interactions for growth and
metastasis [55]. Because there is a significant reduction of these interactions in two-dimensional
cultures, it is possible that the phenotype of PIK3CA mutant overexpression could be irreproducible
in vivo. To determine whether the results obtained thus far could be replicated in a model that mimics
the spatial organization of tumor cells, NIH3T3 cells overexpressing the PIK3CA mutations were grown
as three-dimensional spheroids. Only the E545K canonical mutant promoted significant spheroid
formation at 96 h post-transfection (Figure 5). The H1047R canonical mutant, as well as the novel
mutants Q661K and C901R, did not show any significant differences in size when compared to the
wild type and vector-only controls.
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Figure 4. Effect of wild type and PIK3CA mutations on cellular migration in vitro. Confluent
monolayers of (A) NIH3T3 and (B) HCT116 cells were scratched and brightfield images of wound
closure were taken for at least a 21 h period post-scratch. Compared with the vector and wild type
controls, narrower scratch gaps were noticeable only for NIH3T3 cells overexpressing the PIK3CA
E545K hotspot mutant. No significant change was observed for the rest of the PIK3CA mutants in
NIH3T3 and HCT116 cells. Scale bars: 100 µm (NIH3T3) and 200 µm (HCT116). Migration rates of
(C) NIH3T3 and (D) HCT116 cells were measured by obtaining the slope of the trend line generated
when the wound area was plotted against time for every time point (µm2/h). Data presented are
representative of three independent trials in triplicate, and expressed as mean ± standard deviation.
*** p < 0.001. WT: wild type; PIK3CA: phosphatidylinositol 3-kinase, catalytic subunit alpha.
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Figure 5. The E545K hotspot mutation, but not the other PIK3CA mutants and wild type, was able
to enhance spheroid formation of NIH3T3 cells in vitro. (A) Micrographs of the spheroids at 96 h
post-transfection show that there was a noticeable increase in the diameter of spheroids overexpressing
the E545K hotspot mutation. Scale bar: 200 µm. (B) Spheroid diameters were measured at 96 h
post-transfection. Data presented are representative of three independent trials in triplicate, and
expressed as mean ± standard deviation. *** p < 0.001. WT: wild type; PIK3CA: phosphatidylinositol
3-kinase, catalytic subunit alpha.

3.7. In Silico Prediction of the Impact of PIK3CA Mutations on Protein Structure and p85
Alpha-niSH2 Binding

To predict if the mutations can impact protein function, four sequence-based platforms were
used (Table 2): polyphen-2, which predicts on the basis of physical and comparative approaches [34];

246



Cells 2020, 9, 1116

mutation assessor, which utilizes evolutionary conservation of the affected amino acids in protein
homologs [35]; FATHMM, which applies a combination of sequence conservation with hidden Markov
models [36]; and SIFT, which relies on sequence homology and the physical properties of amino
acids [37]. Apart from the FATHMM prediction, the other three platforms predicted Q661K to be
benign and have a minimal effect on protein function. Meanwhile, all four platforms predicted C901R
to be oncogenic and have a significant effect on protein function.

Table 2. Functional effects of the Q661K and C901R rare mutations as predicted by multiple
bioinformatics platforms.

Mutation Polyphen-2 Mutation Assessor FATHMM SIFT

Q661K a Benign Neutral Cancer Tolerated
C901R b Probably damaging c High Cancer Affect protein function

a Scores for Q661K: 0.024 (polyphen-2), 0.63 (mutation assessor), −1.63 (FATHMM), 0.46 (SIFT). b Scores for C901R:
1.00 (polyphen-2), 3.89 (mutation assessor), −1.81 (FATHMM), 0.00 (SIFT). c Introduced substitution is predicted to
be damaging with high confidence [56]. Polyphen-2: polymorphism phenotyping 2; FATHMM: Functional Analysis
Through Hidden Markov Models; SIFT: Sorting Intolerant From Tolerant; PIK3CA: phosphatidylinositol 3-kinase,
catalytic subunit alpha.

Protein models of the mutations were generated with Swiss-model webserver. The models were
superimposed to the wild type, and the RMSD and OS were calculated (Figure 6). As expected, the
RMSD values for all mutations did not exceed 0.25 Å, as single amino acid changes are not expected
to significantly alter protein structure. Among all the mutations, the rare Q661K mutation had the
highest RMSD and lowest OS compared to wild type. This suggests that the amino acid change at
codon 661 led to the most significant deviation in C-alpha carbon backbone, as well as overall protein
conformation, possibly even altering the conformation of residues at the PIK3CA–p85 alpha interface.
Nonetheless, the rest of the mutations only slightly differed from Q661K in terms of RMSD and OS,
suggesting that they also subtly altered protein structure.

Docking simulations using pyDock webserver were performed to assess whether the mutations
affected the ability of the niSH2 domain of p85 alpha to bind to PIK3CA. pyDock is a protein–protein
docking algorithm [40] that uses electrostatics, desolvation energy, and a limited van der Waals
contribution to score rigid-body docking poses. On the basis of the pyDock scores (Figure 7), E545K
had the least favorable interaction with the niSH2 domain of p85 alpha. This was followed by H1047R,
Q661K, C901R, and wild type. Altogether, the observed trend was E545K (least favorable interaction)
< H1047R < Q661K < C901R < WT (most favorable interaction).
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Figure 6. Superposition of modeled PIK3CA mutations (cyan ribbon) with the solved crystal structure
of human wild type PIK3CA (PDB ID: 4L1B; red ribbon). Global main chain root mean square distance
(RMSD) and overlay similarity (OS) values were also predicted via sequence alignment function for each
mutant in comparison with the wild type. RMSD: root-mean-square distance; OS: overlay similarity;
PIK3CA: phosphatidylinositol 3-kinase, catalytic subunit alpha.
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Figure 7. Simulated interactions of niSH2 domain of p85 alpha to wild type and mutant PIK3CA
yielded variable binding energies. The solved X-ray crystal structure of human wild type PI3KCA
(A) PDB 4L1B was used to build mutant homologues of (B) H1047R, (C) E545K, (D) Q661K, and (E)
C901R. The pose with the most favorable and lowest (i.e., most negative) pyDock score is shown for
each interaction. The mutated amino acid is highlighted in yellow and labelled accordingly. WT: wild
type; PIK3CA: phosphatidylinositol 3-kinase, catalytic subunit alpha.

To gain some insight into the possible reasons for the differences in docking scores among the
PIK3CA mutations, the interactions between interface residues of the PIK3CA and p85 alpha dimers
were examined with PDBePISA (Table 3). The E545K-niSH2 p85 alpha dimer, which had the least
favorable docking score, had a decrease in both the number of interface residues and buried interface
area compared to the PIK3CA wild type-niSH2 p85 alpha dimer. The E545K-niSH2 p85 alpha dimer
also gained two additional hydrogen bonds, but also lost four salt bridges that were present in the wild
type-niSH2 p85 alpha dimer. This suggests that the salt bridges formed between the E545K–niSH2–p85
alpha interface had a stronger contribution to the binding affinity of the dimer than the hydrogen
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bonds. This finding is in accordance with the pyDock scoring algorithm, which gives greater value to
electrostatics than van der Waals interactions (e.g., hydrogen bonding) in scoring docking poses [41].

Table 3. Analysis of interactions between interface residues of the PIK3CA-niSH2 p85 alpha dimers as
predicted by PDBePISA.

Buried
Area, Å2

No. of
H-Bonds

No. of
Salt

Bridges

No. of
Interfacing
Residues

in
PIK3CA

%

No. of
Interfacing
Residues

in p85
Alpha

%

WT 3756.4 40 31 106 10.70% 106 38.30%
E545K 3673.5 42 27 102 9.70% 105 37.90%

H1047R 4107.8 48 27 119 11.30% 115 41.50%
Q661K 4097.6 46 26 120 11.40% 116 41.90%
C901R 4078.4 44 28 114 10.80% 115 41.50%

Meanwhile, the H1047R-, Q661K-, and C901R-niSH2 p85 alpha dimers had an increase in both the
number of interfacing residues and buried interface area compared to the wild type-niSH2 p85 alpha
dimer. Like the E545K-niSH2 p85 alpha dimer, they also had an increase in the number of hydrogen
bonds and a decrease in the number of salt bridges between the mutants and the niSH2 domain of
p85 alpha.

These results could partially explain the trend observed for the pyDock scores. The E545K dimer
had the least favorable pyDock score because in addition to losing four salt bridges in the interface, it
also had the least number of interface residues and smallest buried surface area among the PIK3CA
variants. On the contrary, the H1047R, Q661K, and C901R dimers also lost a number of salt bridges,
but gained in the number of interface residues and buried interface area. Altogether, these results align
with the trend E545K (least favorable interaction) < H1047R < Q661K < C901R < WT (most favorable
interaction).

4. Discussion

Previous studies suggest that the impact of PIK3CA exon 9 and 20 mutations are cell type- and
mutation-specific [10–12]. Many PIK3CA mutant cancer cell lines have also been shown to exhibit
transformed phenotypes despite displaying minimal AKT activation, suggesting AKT-independent
mechanisms that must be considered [16,18–21]. Indeed, the identification of rare non-hotspot
PIK3CA mutations in deep sequencing projects worldwide warrants their functional characterization.
Due to multiple signaling pathways affected by PIK3CA, rare mutations may transmit their effects
through different effectors, such as PDK1, SGK3, and RAC, among others, to exert their oncogenic
outputs [22–25]. Further, the majority of previous sequencing studies have been performed using
patient samples from developed nations, and hence the mutational spectrum identified could be
biased towards the population under study [14–18]. Ethnic nuances have already been described for
KRAS mutants [14,15,57], and it is highly likely that the PIK3CA mutation spectrum may also reveal
such differences.

Intratumor heterogeneity, which refers to the coexistence of cell clones harboring variable genetic
mutations within a tumor, is another reason for characterizing novel and rare PIK3CA mutations.
Intratumor heterogeneity is implicated in failure of some biomarkers to predict tumor response to
chemotherapy [58,59]. Because only a small sample from a tumor tissue is used in a biopsy, only the
most frequently occurring mutations are detected. Rare mutations present in only a small subset of
cells, which could be chemoresistant, remain undetected, and contribute to tumor recurrence after
therapy. Further stressing the importance of functionalizing rare mutations is the finding that PIK3CA
hotspot mutations differentially impact responses to Mesenchymal Epithelial Transition (MET) receptor
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tyrosine kinase-targeted therapy [60]. In a similar manner, rare mutations may also differentially
impact therapy response.

In this study, two novel non-hotspot mutations, Q661K and C901R, were phenotypically
characterized in NIH3T3 and HCT116 cells [28]. PIK3CA mutations in codon 661 were reported to
be present in colon cancer, whereas those in codon 901 were reported to be present in colon, breast,
and endometrial cancers [61]. Bader et al. [62] reported that in 266 colon cancer samples [26,63],
E545 and H1047 mutations occurred at frequencies of 9.8% and 7.1%, respectively, whereas Q661
and C901 mutations both occurred at lower frequencies of 0.4%. Similar trends were observed in
breast (580 samples) [26,63–66], brain (382 samples) [26,67,68], liver (73 samples) [69], stomach (291
samples) [26,65,70], lung (253 samples) [26,69], and ovary (489 samples) [63,65,71] tumors, wherein
E545K and H1047R mutations occurred at frequencies ranging from 3.3% to 6.2% for E545 and 1.5%
to 14.8% for H1047, whereas both Q661 and C901 mutations were almost undetectable. Comparable
trends have been reported in the Cancer Genome Atlas (TCGA) database [72]. Interestingly, Q661K
was also reported in a genetic screen of sporadic, young-onset CRC patient samples obtained from the
Philippine General Hospital, University of the Philippines, Manila [31].

All four sequence-based prediction platforms predicted C901R to be oncogenic and have a
significant effect on PIK3CA function, whereas three out of four predicted Q661K to be benign.
Although these platforms do not consider the possible effect of the mutations on protein binding
partners, these predictions still prompted us to further characterize the rare mutations in detail.
Overexpression of the PIK3CA mutants led to distinct oncogenic phenotypes. In all hallmarks tested,
the E545K hotspot mutation was consistently the most aggressive. Meanwhile, the H1047R canonical
mutation only exhibited certain cancer hallmarks, namely, resistance to apoptosis, cellular proliferation,
and cytoskeletal disorganization. These findings are consistent with previous studies, which suggested
distinct oncogenic phenotypes of the E545K and H1047R mutations [10–12]. Overexpression of the
Q661K and C901R rare mutations also presented distinct cellular phenotypes. The Q661K rare mutation
was able to promote cellular proliferation and survival in both NIH3T3 and HCT116 compared to
the vector-only and WT controls. The C901R rare mutation, on the other hand, enhanced resistance
to apoptosis in NIH3T3 cells compared to vector-only but not WT control, and in HCT116 cells
compared to both vector-only and WT controls. The C901R mutant enhanced proliferation only in
HCT116 cells relative to vector-only but not WT control. Both Q661K and C901R were able to promote
cytoskeletal disorganization.

Although all PIK3CA mutations were able to affect cytoskeletal architecture, only the E545K
hotspot mutation was able to enhance cellular migration in wound healing assays, and only in NIH3T3
cells, which are better able to express a transformed phenotype even in the absence of complementary
cooperative mutations [45]. Cellular migration is a complex process that involves cytoskeletal
reorganization, changes in polarity, formation of cellular extensions, and/or loss of adhesion [54,73].
Hence, the inability of the H1047R hotspot mutation and the Q661K and C901R rare mutations to
translate cytoskeletal disorganization to enhanced motility is not unexpected because each mutation
may signal through a distinct pathway and may affect different aspects of cellular migration.

Interestingly, these results contradicted the assessment of sequence-based prediction platforms
used. Q661K was predicted to be benign and have minimal effect on protein function, and yet was able
to show oncogenic properties in a number of cancer hallmarks. These apparently discrepant results
are not without precedent. The novel KRAS mutant E31D, which also harbored a conserved amino
acid substitution, was predicted to be benign in all in silico prediction platforms used, but showed
highly oncogenic properties in all cancer hallmarks tested [57]. In contrast, C901R was predicted to be
oncogenic with significant effect on protein function, and yet was only able to alter a subset of the
cancer hallmarks assayed. These findings imply the need to consider the cellular context and possible
effect on binding partners in predicting the functional impact of protein mutations. Further, the effect
of amino acid substitution on folding and protein assembly as well as the position of the altered residue
in the folded configuration all merit further analyses.
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The present study also aimed to visualize the structural changes induced by the Q661K and C901R
rare mutations. Similar to the E545K hotspot mutation, the Q661K rare mutation is found in the helical
domain. E545K disrupts the interaction between the helical domain of PIK3CA and the niSH2 domain
of p85 alpha (51), and it is hypothesized that Q661K could have the same effect. Meanwhile, the C901R
rare mutation is located in the kinase domain. It is hypothesized that C901R enhances the affinity of
PIK3CA to the membrane bilayer because kinase domain mutations like H1047R have been found to
act in this manner [61]. The basic arginine residue introduced by C901R could possibly increase the
affinity of the protein to the negatively charged phospholipid heads in the membrane.

Analysis of RMSD and OS values revealed that the protein models of the Q661K and C901R
rare mutations slightly deviated from the wild type structure. Furthermore, docking simulations
with pyDock webserver suggested that the binding affinity of both the rare and canonical mutations
with niSH2 domain of p85 alpha decreased, due to their more positive pyDock scores compared with
the wild type structure. Analysis of the PIK3CA–p85 alpha interface with PDBePISA suggested that
the decrease in binding affinity of the mutations with p85 alpha was due to a loss of a number of
salt bridges that were originally present in the wild type-p85 alpha dimer. Altogether, these results
suggest that the structural basis for the oncogenic activity of the Q661K and C901R mutations is partly
due to a relief from the inhibitory control of the p85 alpha regulatory subunit. Future studies could
confirm these results via co-immunoprecipitation and Fluorescence Resonance Energy Transfer (FRET)
experiments. In addition, it will be interesting to determine the binding affinity of these mutant
proteins with lipid membranes of various compositions through biochemical assays [74]. A complete
assessment of these mutations can only be achieved through crystallographic techniques checking
for the impact of these mutations on the binding of ligands and additional proteins such as KRAS,
downstream effectors, scaffolds, and adaptors. The latter can be complemented by cellular assays
confirming their phenotypic effects on cancer hallmarks.

The findings in this study, while instructive, should be confirmed in other cellular backgrounds,
in vitro using 3D and co-culture experiments, and in vivo using relevant animal models. Correlating
these findings with patient outcomes would also be beneficial in establishing these rare mutations as
additional prognostic and predictive biomarkers.
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Abstract: Compromised pumping function of the corneal endothelium, due to loss of endothelial cells,
results in corneal edema and subsequent visual problems. Clinically and experimentally, oxidative
stress may cause corneal endothelial decompensation after phacoemulsification. Additionally, in vitro
and animal studies have demonstrated the protective effects of intraoperative infusion of ascorbic
acid (AA). Here, we established a paraquat-induced cell damage model, in which paraquat induced
reactive oxygen species (ROS) production and apoptosis in the B4G12 and ARPE-19 cell lines. We
demonstrate that oxidative stress triggered autophagic flux blockage in corneal endothelial cells and
that addition of AA ameliorated such oxidative damage. We also demonstrate the downregulation of
Akt phosphorylation in response to oxidative stress. Pretreatment with ascorbic acid reduced the
downregulation of Akt phosphorylation, while inhibition of the PI3K/Akt pathway attenuated the
protective effects of AA. Further, we establish an in vivo rabbit model of corneal endothelial damage,
in which an intracameral infusion of paraquat caused corneal opacity. Administration of AA via
topical application increased its concentration in the corneal stroma and reduced oxidative stress in
the corneal endothelium, thereby promoting corneal clarity. Our findings indicate a perioperative
strategy of topical AA administration to prevent oxidative stress-induced damage, particularly for
those with vulnerable corneal endothelia.

Keywords: ascorbic acid; oxidative stress; apoptosis; autophagic flux blockage; PI3K/Akt; corneal
endothelial cells

1. Introduction

Phacoemulsification is the most commonly practiced surgery for the treatment of cataracts.
Complications of phacoemulsification that compromise visual prognosis remain a concern.
These include cystoid macular edema [1], infectious endophthalmitis [2], retinal detachment [3],
and corneal edema due to loss of human corneal endothelial cells (HCECs) [4]. The overall rate of
HCEC loss after cataract surgery is 2.5% annually [5], while rates of 5.1% [6] to 12.1% [7] have been
reported among patients with low HCEC density. HCECs play a cardinal role in the regulation of
stromal hydration and corneal transparency [8]. HCECs have been found to exhibit limited proliferative
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potential, both clinically [9,10] and experimentally [11,12]. We, therefore, wondered whether there
were effective and safe strategies to prevent loss of HCECs during and after phacoemulsification.

The current knowledge of the causative mechanisms underlying changes in HCECs following
phacoemulsification is insufficient. A clinical study observed that reactive oxygen species (ROS) or
free radicals generated by high-intensity ultrasound oscillations in water during phacoemulsification
damaged the corneal endothelium [13]. Such phenomena have also been demonstrated in vivo [14,15]
and in vitro [16,17]. Furthermore, significant induction of apoptosis has been reported in experimental
studies of corneal endothelial cells during phacoemulsification [15,16,18]. Oxidative stress has been
reported to induce autophagosome formation [19] in various ocular [20] and systemic [21] diseases.
However, until now, there have been no reports demonstrating autophagic flux blockage in ROS-induced
corneal endothelial damage.

Conventionally, ascorbic acid is considered an ideal ocular nutritional supplement [22]. Evidence
has shown that ascorbic acid inhibits apoptosis of murine [23,24], bovine [16], and human corneal
endothelial cells [25], probably through protection against oxidative stress and damage. Likewise,
evidence from studies on rabbit eyes has also suggested a protective effect of intraoperative infusion
of ascorbic acid during phacoemulsification, due to either free-radical-scavenging properties [14,26]
or oxidative stress reduction [15]. Nevertheless, there have been no previous studies focusing on the
application of topical ascorbic acid for the corneal endothelium to prevent oxidative stress generated
during phacoemulsification.

In this study, we aim to investigate the protective effect of ascorbic acid against oxidative stress in
HCEC. Our findings support the hypothesis that ascorbic acid attenuates oxidative stress in HCECs
through inhibition of apoptosis and autophagic flux blockage. Furthermore, in a rabbit model, we
demonstrate that topical administration of ascorbic acid ameliorates corneal endothelial damage caused
by oxidative stress through increasing the concentration of ascorbic acid in the corneal stroma.

2. Materials and Methods

2.1. Materials

Cell culture media and various additives, comprising Dulbecco modified Eagle’s medium (DMEM),
DMEM/F12, Opti-MEM, human endothelium serum-free medium (HESFM), trypsin-EDTA, fetal bovine
serum (FBS), phosphate-buffered saline (PBS), gentamicin, and amphotericin B, were purchased from
Invitrogen (Carlsbad, CA, USA), as was Alexa-Fluor-conjugated secondary IgG antibody. Collagenase
A was purchased from Roche Applied Science (Indianapolis, IN, USA). Recombinant human FGF-basic
(basic-FGF) was purchased from Peprotech (London, UK). FNC coating mix (FNC) was purchased
from Athena ES (Baltimore, MD, USA). Ascorbic acid, dimethyl sulfoxide (DMSO), Hoechst 33342 dye,
methanol, mitomycin C, penicillin and streptomycin (P/S), Triton X-100, trypan blue, the MTT Cell
Growth Assay Kit (MTT assay, CT02), and the ApopTag Plus In Situ Apoptosis Fluorescein Detection
Kit (TUNEL assay, S7111) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The Cellular
ROS Assay Kit was purchased from Abcam (ab186029, Cambridge, MA, USA). Calcein-AM was
purchased from BioVision, Inc. (Mountain View, CA, USA). Antibodies against Bcl2, p-Akt (Ser473),
LC3, and Lamin A were purchased from Cell Signaling Technology (Beverly, MA, USA). p62 antibody
was purchased from Abcam. Akt, β-actin, and GAPDH antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). All plastic cell culture dishes and plates were purchased from
Corning Incorporated Life Sciences (Acton, MA, USA).

2.2. Tissue Sources

All rabbits were purchased from registered farms and housed at the Animal Care Core Facility of
Chang Gung Memorial Hospital in Linkou, Taiwan. All experimental and animal care procedures
adhered to the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use
of Animals in Ophthalmic and Vision Research. Corneal tissues were obtained from 4-month-old
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New Zealand white rabbits immediately after euthanasia, and the tissues were stored in 50 mL tubes
containing DMEM for subsequent examination.

2.3. Cell Culture

The human retinal pigment epithelium cell line ARPE-19 (ATCC, Rockville, MD, USA) and the
human corneal endothelial cell line B4G12 (Creative Bioarray, Shirley, NY, USA) were cultured in
DMEM/F12 medium supplemented with 10% FBS and 1% P/S, or HESFM supplemented with 2% FBS
and 10 ng/mL basic-FGF, respectively. The cells were maintained in a humidified incubator at 37 ◦C in
an atmosphere of 5% CO2.

The procedures for isolation and culture of rabbit corneal endothelial cells (CECs) were modified
from previous methods [12]. Briefly, Descemet’s membrane (DM; containing CECs) was stripped
from the posterior surface of corneal tissues. The DM fragments were removed and digested at 37 ◦C
for 16 h with 2 mg/mL collagenase A in Opti-MEM containing 50 µg/mL gentamicin and 5 µg/mL
amphotericin B. After digestion, the CEC aggregates were collected by centrifugation and then cultured
in 24-well plates coated with FNC. The CEC aggregates were maintained in RCEC medium (DMEM
supplemented with 10% FBS and 25 µg/mL gentamicin) and subcultured for future investigation.

2.4. Cell Viability

Cell viability was measured by MTT assay. In brief, the culture medium was removed and
replaced with 100 µL of fresh medium. Next, 10 µL of the 12 mM MTT stock solution was added to
each well, and the plates were incubated at 37 ◦C for 4 h. Finally, 100 µL of DMSO was added to each
well, the well contents were mixed thoroughly by pipette, and the absorbance at 570 nm was read
using a Sunrise ELISA reader (Tecan, Salzburg, Austria).

2.5. Reactive Oxygen Species (ROS) Detection

The cells were treated with the ROS inducer (paraquat) for 120 h, followed by incubation with
detection reagents included in the Cellular ROS Detection Assay Kit for 30 min. Images were obtained
using a Zeiss fluorescence microscope (Oberkochen, Germany).

2.6. Apoptosis Detection

The terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-nick-end-labeling (TUNEL)
technique was performed to detect apoptotic cells. After treatment with the ROS inducer (paraquat) for
120 h, cells were fixed with 1% paraformaldehyde and post-fixed with 2:1 ethanol:acetic acid for 5 min
at −20 ◦C and then incubated with TUNEL reagents included in the ApopTag Plus In Situ Apoptosis
Fluorescein Detection Kit for 1 h. After counterstaining with Hoechst 33342, cells were examined under
a Zeiss fluorescence microscope.

2.7. Autophagosome Formation Detection

LC3 immunofluorescence was performed to detect autophagosome formation. After treatment
with the ROS inducer (paraquat) for 120 h, cells were washed three times with PBS (pH 7.2), then fixed
in 4% formaldehyde for 15 min at room temperature, rinsed with PBS, permeabilized with 0.2% Triton
X-100 for 15 min, and then rinsed again with PBS. After incubation with 2% BSA to block non-specific
staining for 30 min, the slides were incubated with the primary antibodies (LC3 at 1:100 dilution) for
24 h at 4 ◦C. After washing in PBS thrice, the slides were incubated with the corresponding Alexa
Fluor-conjugated secondary IgG antibody (1:200 dilution) for 60 min at room temperature. The samples
were then counterstained with Hoechst 33342 and examined under a Zeiss fluorescence microscope.
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2.8. Western Blotting

Total cell lysates were prepared in RIPA buffer supplemented with 10 mmol/L sodium fluoride,
10 mmol/L sodium orthovanadate, and 1× protease inhibitor cocktail (Sigma-Aldrich). The suspensions
were each transferred into a microfuge tube on ice, sonicated to disrupt the cells, and centrifuged for
15 min at 4 ◦C at maximum speed. The supernatants were then pooled to obtain the total protein
extract. The protein extracts were resolved in 10% acrylamide gels and transferred onto polyvinylidene
difluoride membranes (MilliporeSigma, Burlington, MA, USA), which were then blocked with 5%
(w/v) fat-free milk in TBST (50 mmol/L Tris-HCl, pH 7.5, 150 mmol/L NaCl, 0.05% (v/v) Tween-20),
and probed with the desired primary antibodies at 4 ◦C overnight, followed by reaction with appropriate
horseradish peroxidase–conjugated secondary antibodies. The immunoreactive protein bands were
visualized via enhanced chemiluminescence (GE Healthcare, Chalfont St Giles, UK).

2.9. Ex Vivo Rabbit Corneal Damage Model

The rabbit corneal tissues were cultured in tissue culture (TC) medium (DMEM supplemented
with 10% FBS and 25 µg/mL gentamicin). The ascorbic acid-pretreatment groups were cultivated in
TC medium containing 1 mM of ascorbic acid for two days, followed by the addition of paraquat (25
mM) in the paraquat-treatment groups for 15 min, and then washed with TC medium. Two days later,
1 µmol/L of Calcein-AM was added into TC medium for 15 min, followed by examination under a
Zeiss fluorescence microscope to detect the sloughing status of corneal endothelial cells.

2.10. In Vivo Rabbit Corneal Damage Model

Rabbits received administration of 5% ascorbic acid (284 mmol/L in BSS solution) or BSS to the
cornea three times a day for two days. Subsequently, 25 mM paraquat (diluted in BSS, total 20 mL)
or BSS was slowly injected into the anterior chamber for 15 min using a syringe pump (Harvard
Apparatus, Holliston, MA, USA). BSS infusion was performed for another 15 min for those with
paraquat infusion. Afterwards, the topical administration of ascorbic acid three times a day was
continued for two days. Corneal clarity was recorded using external eye photography. Following the
sacrifice of the rabbits, corneal tissues and aqueous humor were obtained for further experiments.

2.11. Ascorbic Acid Measurement

Corneal tissues and aqueous humor were assayed using the OxiSelect™Ascorbic Acid Assay
kit (FRASC, Cell Biolabs Inc., San Diego, CA, USA). Briefly, corneas were placed in 1× assay buffer,
homogenized, and then centrifuged for 15 min at 4 ◦C at maximum speed. Subsequently, the samples,
including corneal tissue extraction and aqueous humor, were mixed with an ascorbic acid standard
and added into 96-well plates. Deionized water (−AO) or 1× ascorbate oxidase (+AO), together with
the kit reaction reagents, were added into each well, followed by determination of optical densities at
540 nm. Finally, ascorbic acid concentration (µM) was calculated according to the standard curve.

2.12. Statistics

All data are presented as blots or images from at least three similar experiments or as mean
± S.D. for each group with at least three independent experiments performed. Student’s unpaired
t-tests were performed using SPSS software version 13.0 (SPSS Inc. Chicago, IL, USA). Statistical
significance is reported as two-tailed p-values, where p < 0.05 (*) and p < 0.01 (**) are considered
statistically significant.
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3. Results

3.1. Ascorbic Acid Attenuates Oxidative Stress-Induced Cell Injury

Since phacoemulsification-induced damage with evenly distributed damage areas could not be
reproduced for quantification in vitro, paraquat was chosen as an inducer of oxidative stress. In this
study, the HCEC cell line (B4G12) was used as a cellular model to examine oxidative stress-induced
damage in HCEC. In addition, the retinal pigment epithelium (RPE) cell line (ARPE-19) was used as a
parallel control. It has been reported that damage caused by oxidative stress leads to apoptosis [27,28]
and autophagic cell death [29] in RPE cells, which support normal functions in the retina.

To further investigate whether ascorbic acid protects cells from oxidative stress, paraquat
(an inducer of ROS) was used at various concentrations (B4G12: 0, 0.1, 0.3 mM; ARPE-19: 0, 1, 3 mM).
Subsequently, on day two, the viability of the B4G12 and ARPE-19 cells was quantified via MTT assay.
Staurosporine, a non-inducer of ROS that incites cell toxicity by protein kinase inhibition, was used
as a control. In contrast to the staurosporine group, pretreatment with ascorbic acid (0.25 and 1 mM)
in the paraquat group was found to significantly protect cells in a dose-dependent manner (p < 0.01,
Figure S1).

Cell apoptosis and autophagosome formation were examined via TUNEL assays and
immunofluorescence staining for LC3. Whereas the control groups presented normal cellular structures,
the paraquat-treated groups revealed cell loss, apoptosis, and autophagosome formation in both B4G12
and ARPE-19 cells on day five (Figure 1). We further examined the time- and dose-dependent protective
effects of ascorbic acid by observing cell morphology. B4G12 and ARPE-19 cells were divided into four
groups: control, AA (ascorbic acid), paraquat, and AA + paraquat. In the AA and AA + paraquat groups,
cells were cultivated in medium containing 1 mM of ascorbic acid for two days. Treatment with paraquat
(2 mM for ARPE-19, 0.2 mM for B4G12) was then performed in the paraquat and AA + paraquat groups.
As shown in Figure 2A, cell morphology was observed on days 0–5. Compared to the control and AA
groups, treatment with paraquat led to reduced cell density at day five, and this cell loss was rescued
by pretreatment with 1 mM of ascorbic acid. As shown in Figure 2B, B4G12 and ARPE-19 cells were
cultivated in medium containing 0, 0.25, 1, or 2 mM of ascorbic acid for two days, followed by the
addition of paraquat (2 mM for ARPE-19, 0.2 mM for B4G12) for five days. According to morphological
observations, ascorbic acid (1 and 2 mM) significantly rescued cell loss induced by paraquat.
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Figure 1. Oxidative stress induces apoptosis and autophagosome formation in B4G12 and ARPE-19 cells.
The HCEC cell line (B4G12) and the RPE cell line (ARPE-19) were treated with paraquat (an oxidative
stress inducer, 2 mM for ARPE-19, 0.2 mM for B4G12) for five days. Cell morphology was observed
using phase-contrast microscopy. TUNEL assay and immunofluorescence of LC3 were performed to
examine apoptosis and autophagosome formation (green color). Nuclei were counterstained with
Hoechst 33342 (blue color). The scale bars represent 100 µm.
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were pretreated with ascorbic acid (AA) for two days and further treated with paraquat (2 mM for 
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Figure 2. Ascorbic acid protects B4G12 and ARPE-19 cells from oxidative stress. B4G12 and ARPE-19
were pretreated with ascorbic acid (AA) for two days and further treated with paraquat (2 mM for
ARPE-19, 0.2 mM for B4G12) for five days. (A) The time-dependent protective effect of ascorbic acid
(1 mM) on B4G12 and ARPE-19 cells was examined on days 0–5. (B) The dose-dependent protective
effect of ascorbic acid (0 to 2 mM) on B4G12 and ARPE-19 cells was examined on day five. Cell
morphology was observed using phase-contrast microscopy, and images were captured at the same
spot on different days. The scale bar represents 100 µm.
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3.2. Ascorbic Acid Ameliorates Paraquat-Induced ROS and Oxidative Stress-Induced Apoptosis and
Autophagic Flux Blockage in B4G12 and ARPE-19 Cells

Paraquat-induced ROS was detected using ROS fluorescent dye. Paraquat treatment (2 mM
for ARPE-19, 0.2 mM for B4G12) significantly increased cellular ROS in both B4G12 and ARPE-19
cells. However, pretreatment with 1.0 mM ascorbic acid significantly rescued paraquat-induced
ROS (Figure 3A). Paraquat treatment (2 mM for ARPE-19, 0.2 mM for B4G12) significantly increased
apoptosis (B4G12, 14.6% ± 1.4% vs. 67.7% ± 10.2% p < 0.01; ARPE-19, 2.4% ± 1.3% vs 87.1% ± 4.4%,
p < 0.01) and autophagosome formation (B4G12, 2.7% ± 1.0% vs. 70.2% ± 19.9%, p < 0.01; ARPE-19,
3.2% ± 1.3% vs. 64.2% ± 13.2%, p < 0.01) in the B4G12 and ARPE-19 cells. Likewise, pretreatment with
1.0 mM ascorbic acid significantly attenuated paraquat-induced apoptosis (B4G12, 67.7% ± 10.2% vs.
20.9% ± 4.1% p < 0.01; ARPE-19, 87.1% ± 4.4% vs. 6.9% ± 2.6% p < 0.01) and autophagosome formation
(B4G12, 70.2% ± 19.9% vs. 25.8% ± 9.1% p < 0.01; ARPE-19, 64.2% ± 13.2% vs. 6.4% ± 2.3% p < 0.01) in
both the B4G12 and ARPE-19 cells after five days in culture (Figure 3B,C).

To validate the results of the immunofluorescence assay, an immunoblotting assay was also
performed. Bcl2 has previously been regarded as an anti-apoptotic protein, while lamin A cleavage
has been considered a marker of apoptosis in the cornea [30]. Recently, between the two forms of
LC3, LC3-I, and LC3-II, the autophagosome membrane-bound form (LC3-II) has been viewed as a
marker of autophagosome formation. During the process of autophagy, p62 binds to LC3-II to facilitate
degradation of ubiquitinated protein aggregates [31] and degrades in autolysosome. Therefore,
the protein level of LC3-II and p62 could be regarded as an index of autophagic flux change. As shown
in Figure 3D, paraquat treatment significantly suppressed the expression of Bcl2 protein, whereas
ascorbic acid in the medium significantly enhanced the expression of Bcl2. In contrast, paraquat
treatment significantly elevated the expression of cleaved lamin A, LC3-II and p62, whereas ascorbic
acid in the medium significantly suppressed the expression of cleaved lamin A, LC3-II, and p62 in
both ARPE-19 and B4G12 cells.

Given that phosphorylation of Akt (Ser473) is a known upstream activator of Bcl-2 and that
the PI3K/Akt pathway is involved in ROS-induced autophagic cell death in human CECs [32,33],
we investigated the changes in Akt phosphorylation. As shown in Figure 4A, paraquat treatment
significantly reduced Akt phosphorylation (p-Akt/Akt), while the addition of ascorbic acid resulted
in the reversal of Akt phosphorylation. To further verify the involvement of the PI3K/Akt pathway
in the ascorbic acid-mediated protection from ROS-induced cell death, we added LY294002 (PI3K
inhibitor, 50 µmol/L) to the medium and observed that this significantly diminished the protective
effect (reduced cell loss) of ascorbic acid in B4G12 and ARPE-19 cells (Figure 4B).

3.3. Topical Ascorbic Acid Ameliorates Oxidative Stress-Induced Corneal Endothelial Damage in Rabbits

To investigate whether topical ascorbic acid protects CEC against oxidative stress, we established
an in vivo rabbit model of corneal endothelial damage. Accordingly, we first examined the protective
effect of pretreatment with ascorbic acid on the primary rabbit corneal endothelial cells (RCECs) in
both in vitro and in vivo culture models.

In the in vitro cell culture, confluent primary RCECs (passage 1) were divided into four groups.
The A (ascorbic acid) and A + P (ascorbic acid and paraquat) groups were cultivated in medium
containing 1 mM of ascorbic acid (A) for two days. This was followed by the addition of 0.2 mM
of paraquat in the P (paraquat) and A + P groups for five days. Similar to the results in B4G12
and ARPE-19 cells, paraquat induced cell toxicity in RCECs, while pretreatment with ascorbic acid
protected against cell loss (Figure 5A).
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Figure 3. Pretreatment with ascorbic acid attenuates oxidative stress-induced apoptosis and autophagic
flux blockage in B4G12 and ARPE-19 cells. B4G12 and ARPE-19 cells were cultivated in medium
with or without 1 mM of ascorbic acid for two days, followed by the addition of paraquat (2 mM
for ARPE-19 and 0.2 mM for B4G12) in the paraquat-treated groups (P only and C + P groups) for
five days. (A) Paraquat-induced cellular accumulation of reactive oxygen species (ROS) and rescue
by ascorbic acid was detected using ROS fluorescent dye (red color). ROS was induced by paraquat
in both the B4G12 and ARPE-19 cells, and this was ameliorated by treatment with ascorbic acid.
(B) Paraquat-induced apoptosis and rescue by ascorbic acid was examined using the TUNEL assay
(green). (C) Paraquat-induced autophagosome formation and rescue by ascorbic acid was examined
using immunofluorescence staining for LC3-II (autophagosome formation biomarker; green). (D) Effects
of the paraquat and ascorbic on the protein expression of anti-apoptosis (Bcl-2), pro-apoptosis (lamin A,
including cleaved forms), and autophagic flux (LC3 I/II and p62) biomarkers in B4G12 and ARPE-19
cells were probed using Western blotting. Paraquat induced altered protein expression in both B4G12
and ARPE-19 cells, and this could be reversed by ascorbic acid. The scale bars represent 100 µm (A) and
50 µm (B–C). Nuclei were counterstained with Hoechst 33342 (blue; B–D). (n = 3, * p < 0.05, ** p < 0.01).
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Figure 4. The PI3K/AKT pathway is involved in ascorbic acid-mediated cell protection.
(A) Phosphorylation of Akt (Bcl-2 upstream regulator) was detected by Western blotting. Total
Akt and β-actin were used as loading controls. Paraquat-suppressed Akt phosphorylation was
rescued by ascorbic acid. (B) To examine whether the PI3K/AKT pathway was involved in ascorbic
acid-mediated cell protection, LY294002 (a PI3K inhibitor, 50 µmol/L) was added in the culture medium.
The cell protection effect was quantified by cell counting. Paraquat-induced cell loss was rescued by
pretreatment with ascorbic acid, while the rescue effect of cell loss by ascorbic acid was significantly
negated by the addition of LY294002. (n = 3, * p < 0.05, ** p < 0.01).
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Figure 5. Effect of topical ascorbic acid on oxidative stress-induced corneal endothelial damage in
a rabbit model. (A) Primary rabbit corneal endothelial cells (in vitro) were cultivated in medium
with (A and A + P groups) or without (C and P groups) addition of 1 mM of ascorbic acid for two
days, followed by addition of paraquat (0.2 mM) in the paraquat-treated groups (P and A + P groups)
for five days. Sloughing of corneal endothelial cells was observed under phase-contrast microscopy.
(B) Rabbit corneal tissue specimens (ex vivo) were cultivated in medium with (A and A + P groups)
or without 1 mM of ascorbic acid for two days, followed by the addition of paraquat (25 mM) to
the P and A + P groups for 15 min. Two days later, the sloughing of corneal endothelial cells was
observed using Calcein-AM stain. (C) Rabbit corneas (in vivo) received an application of ascorbic acid
(284 mmol/L in BSS solution) or BSS alone for two days (three times per day). After diffusion, ascorbic
acid concentrations in the corneal stroma and anterior chambers were examined using the FRASC assay.
(n = 3, ** p < 0.01). (D) Rabbit corneas (in vivo) received an application of ascorbic acid (284 mmol/L in
BSS solution) or BSS alone for two days (three times per day), followed by intracameral injection of
25 mM paraquat (diluted in BSS) or BSS alone for 15 min. Corneal transparency was assessed using
external eye photography on day two. (The scale bar represents 100 µm).
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It is difficult to continuously maintain an elevated paraquat concentration in the anterior chamber
in the animal model. This is because systemic toxicity, such as hepatorenal dysfunction, develops in
two to three days at a low, poisonous dose of paraquat. Therefore, we chose to establish a model of
corneal endothelial damage induced by perfusion of high concentration (25 mmol/L) of paraquat over
a short time period (15 min). Hence, we performed ex vivo corneal tissue culture. As in the in vitro
experiments, rabbit corneal tissues were divided into four groups. The A and A + P groups were
cultivated in medium containing 1 mM of ascorbic acid for two days, followed by the addition of
25 mM of paraquat for the P and A + P groups for 15 min. Two days later, the extent of CEC sloughing
was observed using Calcein-AM stain. As shown in Figure 5B, paraquat treatment resulted in the
sloughing of RCECs, while pretreatment with ascorbic acid ameliorated loss of RCECs.

Subsequently, after two consecutive days of topical application of ascorbic acid (284 mmol/L)
three times a day, diffusion of ascorbic acid into the corneal stroma and anterior chamber was recorded.
As shown in Figure 5C, the ascorbic acid concentration was significantly elevated in the corneal
stroma (1.39 ± 0.35 vs. 4.24 ± 0.92 mmol/L, p < 0.01), but showed no difference in the aqueous humor
(1.46 ± 0.39 vs. 1.50 ± 0.38 mmol/L).

Finally, external eye photography was used to monitor the transparency of the cornea in the
in vivo rabbit model. CEC damage induced by infusion of paraquat (25 mmol/L) for 15 min resulted in
diminished corneal transparency. In contrast, the topical application of ascorbic acid for two consecutive
days prior to induction of damage using paraquat improved corneal transparency (Figure 5D).

4. Discussion

Corneal endothelial cell density (ECD) tends to be decreased by phacoemulsification-induced
oxidative stress. It has been demonstrated in a canine model that intracameral infusion of ascorbic
acid during phacoemulsification minimizes the loss of corneal endothelial cells [34]. Nevertheless,
the protective effect of topically administered ascorbic acid on the corneal endothelium has not yet been
defined. Clinically, a combined protocol of topical ascorbic acid and steroids has been adopted to treat
alkali-induced eye injuries to achieve rapid wound healing and prevent severe ocular sequelae [35].
Recently, we have reported successful phacoemulsification using topical ascorbic acid perioperatively
in two patients with low corneal ECD [36]. In the current study, we investigate whether topical ascorbic
acid protects HCEC against cell death induced by external oxidative stress.

Phacoemulsification is not the only risk factor for elevated levels of oxidative stress in the anterior
chamber. Direct exposure to environmental and solar UV radiation introduces alternative sources
of oxidative stress in the cornea, such as photo-oxidative damage [37]. In the corneal endothelium,
oxidative stress decreases the levels of cytochrome oxidase and antioxidants; meanwhile, it increases
lipid peroxidation, leading to cellular impairment of HCEC [38,39]. In fact, Fuchs endothelial corneal
dystrophy (FECD) is characterized by prominent apoptosis resulting from excessive oxidative stress
and oxygen-induced DNA damage [39,40]. Hence, it is plausible that topical ascorbic acid could serve
a protective role in patient populations with vulnerable corneal endothelium.

As shown in Figure 5C, AA concentration in the corneal stroma significantly increases after a topical
application of AA. According to Fernández-Pérez J, AA induces the dendritic morphology, increases
the expression of keratocyte markers, and prevents myofibroblast differentiation [41]. Therefore,
topical use of AA is not likely to produce side effects on keratocytes. On the other hand, why the
AA concentration is not different in the aqueous humor is probably because the aqueous circulation
neutralizes the changing pattern of AA concentration. In contrast, there is no dynamic circulation in the
interstitial fluid within the corneal stroma, and a long-term reservoir effect can be formed. In addition,
Descemet’s membrane is AA-penetrable, so that AA from the corneal stroma can exert effects on the
corneal endothelium, explaining our observation of improved corneal transparency after topical use of
AA (Figure 5D).

In the current study, we have demonstrated that paraquat-provoked oxidative stress induces
apoptosis and autophagic flux blockage in corneal endothelial cells, and that inhibition of the PI3K/Akt
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pathway attenuates the protective effects of ascorbic acid (Figure 4). In addition to the direct reduction
of ROS by ascorbic acid, alleviating apoptosis and autophagic flux blockage, the PI3K/Akt pathway has
also been known to suppress apoptosis through activation of Bcl-2 [42]. Moreover, previous evidence
has shown an autophagosome formation -inhibitory effect of activation of the PI3K/AKT pathway [43].
It remains unclear whether or not the aforementioned pathways are involved in the protective effect of
ascorbic acid.

When cells are under oxidative stress, p62/SQSTM1 is induced to express and creates a positive
feedback loop by inducing antioxidant response element-driven gene transcription [44]. However,
when autophagic defect (blockage of autophagic flux) occurs, the autophagosome fails to fusion with
the lysosome, resulting in the accumulation of p62 [45]. Accumulation of p62 subsequently provokes
autophagic defect-dependent apoptosis by activating caspase 8 [46,47]. In Figure 3D, paraquat treatment
significantly increased the level of LC3-II, indicating an increased formation of the autophagosome.
On the other hand, paraquat increases the level of p62, suggestive of autophagic defect induced by
paraquat. AA treatment significantly decreased the level of p62, indicating that reducing autophagic
defect might be one of the candidate pathways of AA protecting cells from oxidative stress-induced
apoptosis. Moreover, crosstalks between autophagy and apoptosis have been shown to regulate
cellular survival or death under stress [48]. Therefore, the autophagy-mediated survival pathway
could pave the way for therapeutic strategies, for which further investigation is warranted.

As one of the important anti-oxidative constituents in the anterior chamber, levels of ascorbic acid
decline as a result of the aging process [49]. In this study, we confirm that the topical administration
of ascorbic acid leads to an elevated concentration in the corneal stroma, which subsequently
enhances its antioxidant activity against paraquat-induced oxidative stress. Therefore, we propose
that topically applied ascorbic acid results in a preventive effect against oxidative stress-associated
ocular degeneration.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/4/943/s1,
Figure S1: Ascorbic acid improved cell viability from oxidative stress.
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Abstract: Galectin-1 (GAL1) is a β-galactoside-binding protein involved in multiple aspects of
tumorigenesis. However, the biological role of GAL1 in upper tract urothelial carcinoma (UTUC) has
not been entirely understood. Herein, we investigated the oncological effects of GAL1 expression
in tumor specimens and identified related gene alterations through molecular analysis of GAL1.
Clinical parameter data and tumor specimens were collected from 86 patients with pT3N0M0 UTUC
who had undergone radical nephroureterectomy. We analyzed the difference in survival by using
Kaplan–Meier analyses and Cox proportional regression models and in GAL1 expression by using
immunohistochemical (IHC) methods. Public genomic data from the Cancer Genome Atlas (TCGA)
and GSE32894 data sets were analyzed for comparison. Using four urothelial carcinoma (UC) cell lines
(BFTC-909, T24, RT4, and J82) as in vitro models, we evaluated the functions of GAL1 in UC cell growth,
invasiveness, and migration and its role in downstream signaling pathways. The study population
was classified into two groups, GAL1-high (n = 35) and GAL1-low (GAL1 n = 51), according to IHC
interpretation. Univariate analysis revealed that high GAL1 expression was significantly associated
with poor recurrence-free survival (RFS; p = 0.028) and low cancer-specific survival (CSS; p = 0.025).
Multivariate analysis revealed that GAL1-high was an independent predictive factor for RFS (hazard
ratio (HR) 2.43; 95% confidence interval (CI) 1.17–5.05, p = 0.018) and CSS (HR 4.04; 95% CI 1.25–13.03,
p = 0.019). In vitro studies revealed that GAL1 knockdown significantly reduced migration and
invasiveness in UTUC (BFTC-909) and bladder cancer cells (T24). GAL1 knockdown significantly
reduced protein levels of matrix metalloproteinase-2 (MMP-2) and MMP-9, which increased tissue
inhibitor of metalloproteinase-1 (TIMP-1) and promoted epithelial–mesenchymal transition (EMT).
Through gene expression microarray analysis of GAL1 vector and GAL1-KD cells, we identified
multiple significant signaling pathways including p53, Forkhead box O (FOXO), and phosphoinositide
3-kinase/protein kinase B (PI3K/AKT). We validated microarray results through immunoblotting,
thus proving that downregulation of GAL1 reduced focal adhesion kinase (FAK), p-PI3K, p-AKT, and
p-mTOR expression. We concluded that GAL1 expression was highly related to oncological survival
in patients with locally advanced UTUC. GAL1 promoted UC invasion and metastasis by activating
the FAK/PI3K/AKT/mTOR pathway.
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1. Introduction

Upper tract urothelial carcinoma (UTUC) is an aggressive and lethal disease. The incidence of
UTUC in Western countries is relatively low (5% of all urothelial carcinoma); however, the prognosis
of UTUC is considerably worse than that at the same pathological stage of urothelial carcinoma
of the bladder (UCB) [1–3]. The incidence of UTUC in Taiwan is considerably higher than the
worldwide incidence (30%–40% of all urothelial carcinoma cells (UCs)), which indicates that some
unknown carcinogenic or environmental factors contribute to tumor development and growth [4–7].
Histologically, UCs arising from the upper urinary tract and urinary bladder are grossly identical.
However, several comprehensive genomic studies have argued that UTUC and UCB are distinct and
that the disease can be characterized by a unique fingerprint mutation signature; this signature takes
the form of A:T to T:A transversions induced by aristolochic acid [7]. By contrast, specific insights
have been gained by studying an autosomal dominant familial syndrome, namely Lynch syndrome
(hereditary nonpolyposis colorectal cancer), which is associated with an increased risk of UTUC [8].
Overall, the carcinogenesis and molecular biology of UTUC and UCB may not involve identical
pathways, and both cancers should be treated and discussed separately.

Treatment of patients with UTUC often requires multidisciplinary teams, consisting of urologists,
medical oncologists, and radiation oncologists. Radical nephroureterectomy with excision of an
ipsilateral bladder cuff is the gold standard treatment for organ-confined UTUC [9]. Early stages of
UTUC can be cured by radical surgery; however, disease recurrence and distant metastasis occur
commonly in the advanced stages of UTUC (T3 or T4), which is incurable and inevitably results in
patient death. Currently, studies with consistent results of adjuvant treatment of locally advanced
UTUC and randomized trials to guide postoperative management are not available. Moreover, the
comprehensive pathogenesis and molecular features of UTUC are currently under investigation [10];
hence, developing effective treatments is difficult.

Galectin-1 (GAL1) is a β-galactoside-binding protein encoded by LGALS1 on chromosome 22q12
and participates in multiple aspects of tumorigenesis, including cell proliferation, invasiveness,
metastasis, and angiogenesis [11–15]. GAL1 expression has been frequently reported to increase in
several types of tumors, including those of the colon, breast, lung, and uterine cervix [16–19] as well as
those in Hodgkin lymphoma [20]. Moreover, higher expressions of GAL1 in gastric and cervical cancer
have been reported to be positively correlated with advanced tumor stage, tumor invasion, and lymph
node metastasis [21,22]. In terms of prognostic effect, several anecdotal studies have demonstrated a
consistent relationship between high GAL1 expression and poor survival in patients with cancers of
the lung, uterine cervix, and bladder [23–25]. Shen et al. demonstrated that the interplay between
GAL1 and bladder cancer invasiveness and that between GAL1 and progression was mediated via
the Ras-Rac1-MEKK4-JNK-AP1 signaling pathway [26]. In the lung cancer model, downregulation
of GAL1 reduced tumor invasion and migration via the p38 MAPK-ERK and cyclooxygenase-2
(COX2) pathways [27]. Although some previous studies have confirmed the crucial role of GAL1 in
tumorigenesis and drug resistance pathways, the role of GAL1 in UTUC remains unknown and has
not been investigated thus far.

In the present study, we examined the prognostic role of GAL1 in patients with locally advanced
UTUC (pT3). Furthermore, we evaluated the biological roles of GAL1 in UTUC and UCB cell lines and
attempted to decipher the GAL1 mediating downstream oncological pathways in UTUC.

275



Cells 2020, 9, 806

2. Materials and Methods

2.1. Antibodies and Reagents

Many reagents, including Dulbecco’s modified Eagle’s medium (DMEM), McCoy’s 5a medium,
trypsin-ethylenediaminetetraacetic acid, fetal bovine serum (FBS), and phosphate-buffered saline (PBS),
were obtained from Biowest (Nuaillé, France). Polyvinylidene difluoride (PVDF) membranes, and goat
anti-rabbit and horseradish peroxidase (HRP)-conjugated immunoglobulin (Ig) G were obtained
from Millipore (Billerica, MA, USA). Protease inhibitor cocktail and DMSO were obtained from
BioSource International (Camarillo, CA, USA). Cell extraction radioimmunoprecipitation assay (RIPA)
buffer was obtained from TOOLS (TOOLS, Taiwan). Enhanced chemiluminescence (ECL) Western
blotting reagents were obtained from Pierce Biotechnology (Rockford, IL, USA). Mouse anti-human
β-actin antibodies were obtained from Sigma (St Louis, MO, USA). Rabbit anti-human FAK, mTOR,
and p-mTOR antibodies were obtained from Epitomics (Burlingame, CA, USA). Rabbit anti-human
TIMP-1, AKT, and p-AKT antibodies were obtained from ProteinTech Group (Chicago, IL, USA).
Rabbit anti-human MMP-2, MMP-9, PI3K, p-PI3K, and EMT kit (#9782) antibodies were obtained from
Cell Signaling Technology (Danvers, MA, USA).

2.2. Patients and Tumor Samples

We enrolled 86 patients with UTUC who had undergone radical nephroureterectomy and bladder
cuff excision with final pathologically confirmed as pT3N0 stage between January 2005 and December
2012 in Kaohsiung Chang Gung Memorial Hospital (KSCGMH). Preoperative and pathological features
of eligible patients, including age, sex, comorbidity, pathological TNM stage, histopathological subtypes
and variants, presence of lymphovascular invasion (LVI) or perineural invasion, pattern of tumor
formation (papillary or infiltrative), solitary or multicentric, presence of hydronephrosis, type of disease
recurrence (local, regional, distant, or urinary tract recurrence), and date of disease recurrence and
death, were recorded in detail. All clinicopathological data were collected retrospectively by accessing
an electronic medical record system. All surgical tumor samples were fixed in 10% formalin and
embedded in paraffin. All study procedures performed in this research were approved by the Chang
Gung Medical Foundation Institutional Review Board (No. 104-5487B). Owing to retrospective nature,
human tumor specimens of upper tract urothelial carcinoma were obtained from patients undergoing
radical nephroureterectomy at Kaohsiung Chang Gung Memorial Hospital.

2.3. IHC Analysis

Immunohistochemical (IHC) staining for detecting GAL1 was performed in all resected tumor
specimens. The paraffin-embedded tumor tissues were cut to obtain 4 mm thick sections. Briefly, after
deparaffinization and rehydration, the sections were subjected to heat-induced epitope retrieval in
10 mM citrate buffer (pH 6.0) in a hot water bath (95 ◦C) for 20 min. After blocking with 1% goat
serum for 1 h at room temperature, the sections were incubated with primary antibodies for at least
18 h at 4 ◦C. GAL1 protein expression was detected using a primary antibody specific to Gal1 (H-45,
Santa Cruz Biotechnology, Santa Cruz, CA, USA); subsequently, the sections were incubated with
the secondary antibody (Histofine MAX PO, Nichirei, Tokyo, Japan) for 30 min. Immunodetection
was performed using the LSAB2 kit (Dako, Carpinteria, CA) followed by 3-3′-diaminobenzidine for
color development and hematoxylin for counterstaining. An incubation mixture in which the primary
antibody was replaced by PBS was used as a negative control. All sections were scored for GAL1
cytoplasmic expression, and the results were interpreted by two independent pathologists (M.T.S. and
T.T.L.) after blinding. We determined 10% expression as the optimal cutoff level. Tumors exhibiting
<10% expression of GAL1 were classified as low expression.
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2.4. Cell Lines and Culture

Human UC cell lines, namely the BFTC-909 (renal pelvis), J82 (bladder), RT4 (bladder), and T24
(bladder), were purchased from the Food Industry Research and Development Institute (Hsinchu, Taiwan).
The BFTC-909 and J82 cells were cultured in DMEM. The T24 and RT4 cells were cultured in McCoy’s 5a
medium, supplemented with 10% FBS and antibiotics (100 U/mL penicillin and 100 µg/mL streptomycin).
All cells were incubated in a humidified atmosphere containing 95% air and 5% CO2 at 37 ◦C.

2.5. Immunoblotting

For Western blotting, 5 × 106 BFTC-909 cells were seeded in 10-cm plates and were lysed using a
cell extraction RIPA buffer. Proteins (25 µg) extracted from the whole cells were separated through
12.5% SDS gel electrophoresis and then transferred onto a PVDF membrane (Millipore) for 2 h at
400 mA using Transphor TE 22 transfer tank (Hoeffer). The PVDF membranes were then incubated
with appropriate rabbit polyclonal antibodies at 4 ◦C for 2 h or overnight. The membranes were
washed five times in PBS buffer containing 0.05% Tween 20 and then probed with goat anti-rabbit
HRP-conjugated antibody (1:5000) for 1 h. The blots were then visualized using ECL Western Blotting
Reagents (Pierce, Rockford, IL, USA).

2.6. GAL1 Knockdown Cells with shRNA

For shRNA transfection, 1 × 105 cells were seeded on 3-cm plates and incubated for 24 h at 37 ◦C.
Next, the cells were transfected with GAL1 shRNA or respective controls by using lipofectamine 2000
and incubated for 48 h in a serum-free medium. The cells were transferred to a 10 cm dish for growth,
addition of antibiotics, and removal of nontransfected cells.

2.7. Stable Knockdown of GAL1 by Using Lentiviruses

We inserted human LGALS1 (GenBank accession number NM_002305) into the VSV-G pseudotyped
lentiviral vectors (Academia Sinica, Taiwan) to silence the expression of GAL1. The two shRNA
sequences were as follows:

Gal1sh1 (TRCN0000433733) (5′-CCGGACGGTGACTTCAAGATCAAATCTCGAGATTTGATCTT
GAAGTCACCGTTTTTTTG-3′); Gal1sh2 (TRCN0000057425) (5′-CCGGCCTGAATCTCAAACCTGGAG
ACTCGAGTCTCCAGGTTTGAGATTCAGGTTTTTG-3′); VSV-G, a pseudotyped lentiviral vector,
was constructed to silence the expression of GAL1. Furthermore, a negative control vector containing
the cytomegalovirus promoter and expressing high levels of green fluorescent protein was also
designed. The negative control was also created using a VSV-G. The lentiviral vectors were transfected
into the BFTC-909 cells at a multiplicity of infection ranging from 1 to 10 in the presence of 5 µg/mL
polybrene (Sigma-Aldrich, St. Louis, MO, USA).

2.8. Transwell Migration and Invasion Assay

The BFTC-909 cells and knockdown GAL1 cells were seeded into a transwell insert (Neuro Probe,
Cabin John, MD, USA) at 1 × 104 cells/well in serum-free media. The cells were incubated at 37 ◦C
for 24 h to allow cell migration. For invasion assay, 20 µL Matrigel (BD Biosciences, MA, USA) was
coated onto polycarbonate membrane filters of 8 µm pore-size, and BFTC-909 and knockdown GAL1
cells were plated in the upper chamber of the Matrigel-coated transwell insert. The migrated and
invaded cells on the lower chamber were fixed with 100% methanol and stained with 0.1% crystal
violet. Cell numbers were counted using a 100× light microscope.

2.9. RNA Isolation and Quantitive PCR

Total RNA was extracted from the cell lines using QIAGEN RNA purification kit. The total RNA
(5 µg) was then reverse transcribed using RevertAidTM H Minus Reverse Transcriptase (Fermentas,
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Waltham, MA, USA). Real-time PCR was performed using SYBR Green PCR master mix (Life
Technologies, Carlsbad, CA, USA) and ABI 7500 sequence detection system (Life Technologies).

Real-time PCR primers used in this study were as follows:
GAL1 forward: 5′- AGCAGCGGGAGGCTGTCTTTC-3′;
GAL1 reverse primer: 5′- ATCCATCTGGCAGCTTGACGGT-3′.
GAPDH forward: 5′-GTCTCCTCTGACTTCAACAGCG-3′;
GAPDH reverse primer: 5′-ACCACCCTGTTGCTGTAGCCAA-3′.
All primers were purchased from OriGene (Rockville, MD, USA) and checked for specificity using

BLAST (NCBI). Exon and intron junctions were spanned.

2.10. Gene Expression Microarray Assay

Total RNA extraction from peripheral blood mononuclear cells (PBMCs) was performed using
a miRNeasy mini kit following the manufacturer’s protocol (Qiagen GmbH, Hilden, Germany).
Furthermore, cRNA preparation, sample hybridization, and scanning were performed following the
protocols provided by Affymetrix (Affymetrix, Santa Clara, CA, USA) and Cogentech Affymetrix
microarray unit (Campus IFOM IEO, Milan, Italy). All samples were hybridized on a Human Clariom
D (Thermo Fisher Scientific) gene chip and were analyzed using the Transcriptome Analysis Console 4.0
software (Applied Biosystem, Foster City, CA, USA by Thermo Fisher Scientific, Waltham, MA, USA).
Human Clariom D arrays enable investigation of more than 540,000 transcripts sourced from the largest
public databases starting from as little as 100 pg of total RNA. Relative gene expression levels of each
transcript were validated by applying a one-way analysis of variance (p ≤ 0.01) and multiple testing
corrections. Coding genes and lncRNAs that displayed an expression level at least 1.5-fold different in
the test sample versus control sample (p ≤ 0.01) were carried forward in subsequent analyses.

2.11. Bioinformatics Analysis

We analyzed comprehensive TCGA cancer genome expression data by using UALCAN platform
(http://ualcan.path.uab.edu/index.html). UALCAN is a publicly online website which can deeply
analyses gene expression, promoter methylation, and correlation across defined clinicopathological
features [28]. The mRNA expression level between normal tissue and cancer were analyzed from
the Gene Expression Omnibus (GEO) data sets GSE32894 by using ShinyGEO online tool (https:
//gdancik.github.io/shinyGEO/). ShinyGEO is a web-based platform implemented using R package
for building interactive web applications to analyze the difference of gene expression and survival
outcome [29].

2.12. Statistical Analysis

IHC staining of tumor specimens was performed using anti-GAL1 antibody. The UTUC cell line
(BFTC-909) was used for in vitro study of tumor invasiveness and migration. Kaplan–Meier analyses
and Cox proportional regression models were used for univariate and multivariate survival analyses.

3. Results

3.1. LGALS1 mRNA Expression Increased Significantly in Advanced UC

To determine the extent of GAL1 expression in UC and normal tissues, we first examined the
LGALS1 mRNA levels in human bladder cancer tissues from the TCGA cohort and GSE32894 data set
and our in-house q-PCR analysis of 55 paired normal tissue and cancer specimens (KSCGMH cohort).
We found that the levels of LGALS1 transcripts were significantly lower in tumor tissues than in the
normal urothelium in KSCGMH cohort (p < 0.001; Figure 1A); however, this trend was not observed in
the TCGA cohort (p = 0.74; Figure 1B); the difference in trend was possibly attributable to the small
number of normal tissue samples (n = 19) in the TCGA cohort. Furthermore, high levels of LGALS1
mRNA were expressed at the advanced stage of bladder cancer (stages 3 and 4) and not at the early
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stage (stages 1 and 2; Figure 1C) in the TCGA cohort. We further examined LGALS1 expression in
bladder cancers of different levels of invasiveness from the GSE32894 data set; LGALS1 mRNA levels
increased significantly in muscle invasion bladder tumors (p < 0.001; Figure 1D). Similarly, q-PCR
analysis of all stages of bladder cancer revealed that GAL1 expression was higher in muscle invasion
tumors than in non-muscle invasion tumors (p = 0.03; Figure 1E). Overall, GAL1 expression levels are
strongly associated with bladder tumor stage and invasiveness.

Figure 1. Galectin-1 (GAL1) expression was highly correlated with invasiveness of bladder cancer:
(A) q-PCR analysis of GAL1 in paired normal bladder and cancer tissues in the Kaohsiung Chang Gung
Memorial Hospital (KSCGMH) cohort. (B) Analysis of LGALS1 expression in normal bladder tissues
and cancer tissues by using the TCGA bladder cancer cohort (BLCA). (C) LGALS1 expression in all
stage of the BLCA cohort. (D) Analysis of LGALS1 expression in non-muscle invasion (Ta and T1) and
muscle invasion (T2, T3, and T4) tumors by using GSE32894 data sets. (E) q-PCR analysis of GAL1
expression stratified by tumor invasiveness in the KSCGMH cohort.

3.2. High Expression of GAL1 is Associated with Poor Disease Recurrence and CSS

To understand the clinical effect of GAL1 expression in UC, we further investigated the differences
in survival based on GAL1 expression levels in the TCGA BLCA and GSE32894 data sets. The overall
survival of patients with tumors with high GAL1 expression was significantly poorer than that of
patients with tumors with low GAL1 expression in the TCGA (p = 0.01) and GSE32894 cohorts (p =

0.0011; Figure 2A,B). To validate the findings and to explore the clinical importance of GAL1 expression
in UTUC, we enrolled 86 patients with pT3 UTUC from the KSCGMH cohort for demographic and
immunohistochemical (IHC) analysis. The median age was 71 years (interquartile range (IQR), 64–77).
Among the 86 patients, 49 (57%) patients were female and 60% of patients had primary tumor located
in the renal pelvis. Representative micrographs of GAL1 immunostaining are shown in Figure 2C–F.
The study population was classified into two groups, namely GAL1-high (n = 35) and GAL1-low (n =

51) groups. The basic clinicopathological characteristics were comparable between the two groups
(Table 1), and significant intergroup differences were not observed.

Within the median follow-up time of 40.4 months, 33 among 86 patients (38.4%) experienced
disease recurrence and 26 (30.2%) patients died of disease. High GAL1 expression was significantly
associated with a poor recurrence-free survival (RFS; p = 0.028; Figure 2G) and cancer-specific survival
(CSS; p = 0.025; Figure 2H); hence, RFS and CSS were lower in the GAL-high group than in the
GAL1-low group. After adjusting for all possible covariates by using Cox regression hazard models,
high expression levels of GAL1 in UTUC tumors was an independent predictive factor for RFS (hazard
ratio (HR) 2.43; 95% CI 1.17–5.05, p = 0.018) and CSS (HR 4.04; 95% CI 1.25–13.03, p = 0.019; Table 2).
The other independent predictive factor for RFS and CSS was presence of lymphovascular invasion
(LVI) (HR 2.41 for RFS; HR 3.56 for CSS).
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Figure 2. Evaluation of the association between GAL1 expression and oncological outcomes in urothelial
carcinoma (UC): High expression of GAL1 reduced overall survival in patients with bladder cancer
from the TCGA (A) and GSE32894 (B) cohorts. Representative immunohistochemical (IHC) images of
low GAL1 (C,D) and high GAL1 (E,F) expression levels. Kaplan–Meier analysis of 86 patients with
pT3 upper tract urothelial carcinoma (UTUC) for determining recurrence-free survival (RFS) (G) and
cancer-specific survival (CSS) (H).

Table 1. Clinicopathological features of 86 patients with pT3 upper tract UC stratified by GAL1 expression.

GAL1-Low GAL1-High p-Value

(N = 51, %) (N = 35, %)

Age (years) 70.5 ± 10.8 68.0 ± 9.8 0.27

Gender
Female 31 (60.8) 18 (51.4) 0.39
Male 20 (39.2) 17 (48.6)

Smoking
Yes 8 (15.7) 4 (11.4) 0.75
No 43 (84.3) 31 (88.6)

Primary site
Renal pelvis 26 (51.0) 26 (74.3) 0.09

Ureter 19 (37.3) 7 (20.1)
Both 6 (11.8) 2 (5.7)

Grade
Low 0 (0) 1 (2.9) 0.41
High 51 (100) 34 (97.1)

Histopathologic variant
Presence 20 (39.2) 14 (40) 0.94
Absence 31 (60.8) 21 (60)

CIS
Presence 17 (33.3) 13 (37.1) 0.72
Absence 34 (66.7) 22 (62.9)

LVI
Presence 20 (39.2) 14 (40) 0.94
Absence 31 (60.8) 21 (60)
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Table 1. Cont.

GAL1-Low GAL1-High p-Value

(N = 51, %) (N = 35, %)

Tumor necrosis
Presence 18 (35.3) 16 (45.7) 0.33
Absence 33 (64.7) 19 (54.3)

Multicentricity
Yes 12 (23.5) 5 (14.3) 0.29
No 39 (76.5) 30 (85.7)

Papillary feature
Presence 31 (60.8) 15 (42.9) 0.10
Absence 20 (39.2) 20 (57.1)

Abbreviations: CIS, carcinoma in situ; LVI, lymphovascular invasion.

Table 2. Univariate and multivariate analyses of RFS and CSS.

Characteristics
RFS CSS

Univariate Multivariate Univariate Multivariate

p-Value HR (95% CI) p-Value p-Value HR (95% CI) p-Value

Age
≥65 vs. <65 0.99 0.67

Gender
Male vs. female 0.17 0.41
Smoking history

Yes vs. no 0.16 0.08
Primary site

Kidney vs. ureter 0.24 2.03
(0.96–4.28) 0.06 0.23

Histological variant

Presence vs. absence 0.74 0.26 3.65
(1.20–11.12) 0.023

LVI

Presence vs. absence 0.043 2.41
(1.15–5.05) 0.02 0.18 3.56

(1.06–11.88) 0.039

Tumor necrosis
Presence vs. absence 0.25 0.35

CIS
Presence vs. absence 0.97 0.96

Papillary feature
Presence vs. absence 0.039 0.62

Multicentricity
Yes vs. no 0.74 0.82
Galectin-1

High vs. low 0.028 2.43
(1.17–5.05) 0.018 0.025 4.04

(1.25–13.03) 0.019

Abbreviations: CI, confidence interval; CIS, carcinoma in situ; HR, hazard ratio; CSS, cancer-specific survival; LVI,
lymphovascular invasion; RFS, recurrence-free survival.

3.3. Downregulation of GAL1 in UC Cell Lines

To determine the biological role of GAL1 in UC, we evaluated the expression levels of GAL1 in
four UC cell lines (BFTC-909, T24, J82, and RT4) through Western blot and q-PCR analyses. As indicated
in Figure 3A,B, the mRNA expression levels of GAL1 were highly upregulated in the BFTC-909, T24,
and J82 cells and were positively correlated with high levels of GAL1 protein expression. The RT4 cell
line exhibited low expression levels of GAL1 protein and mRNA. We selected the BFTC-909 and T24
cell lines, which exhibited the highest expression levels of GAL1, to construct GAL1 knockdown cell
lines (sh-Gal1). As shown in Figure 3C,D, the levels of GAL1 protein and mRNA were significantly
reduced in the sh-GAL1-T24 and sh-GAL1-BFTC-909 cells, indicating the efficiency of silencing
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LGALS1 gene function. Furthermore, we established stable knockdown cell lines through the lentivirus
transfection assay. As shown in Figure 3E–H, the amount of GAL1 protein and mRNA were significantly
downregulated in the sh-GAL1-RNAi-A and sh-GAL1-RNAi-B BFTC-909 and T24 cells compared with
shLuc and Mock. The knockdown efficiency of RNAi-A was higher than that of RNAi-B.

Figure 3. Evaluation of GAL1 expression in UC cell lines and verification of downregulation efficiency
through Western blotting and q-PCR analyses: Data are presented as mean ± standard error of the
mean from three independent experiments. (A,B) High expression of GAL1 in the BFTC-909 and T24
cell lines and low GAL1 expression in the J82 and T24 cell lines were observed. (C,D) The efficiency of
GAL1 knockdown by using shRNA in the BFTC-909 and T24 cell lines was assessed through Western
blotting and q-PCR analyses. (E,F) The efficiency of GAL1 knockdown by using lentiviruses was
assessed through Western blotting and q-PCR analyses in the BFTC-909 cell line. (G,H) The efficiency
of GAL1 knockdown by using lentiviruses was assessed through Western blotting and q-PCR analyses
in the T24 cell line. * p < 0.05, # p < 0.001.

3.4. GAL1 Expression Increased Tumor Invasiveness and Migration

Next, we investigated tumor invasiveness of the GAL1 knockdown cells produced using lentivirus
through transwell migration and invasion analysis. The results showed that lentivirus knockdown
of GAL1 by using either RNAi-A or RNAi-B significantly reduced migration and invasion in the
BFTC-909 and T24 cells (Figure 4A,B). Subsequently, we added GAL1 recombinant protein to the J82
cells for 24 h to verify the difference in migration and invasion assessed using the transwell method.
The results showed the GAL1 recombinant protein (2.5–3 µg/mL) exhibited cytotoxicity (Figure 4C).
Therefore, we selected 1 or 2 µg/mL as the concentration of GAL1 recombinant protein for subsequent
analysis. The results showed that, after treatment with GAL1, recombinant protein, migration, and
invasion increased significantly in the J82 cells (Figure 4D).
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Figure 4. Downregulation of GAL1 affected cancerous behavior in the BFTC-909 and T24 cells and
effects of different concentrations of GAL1 recombinant protein (0–3 µg/mL) on the J82 cells. GAL1
knockdown cells produced using lentiviruses exhibited a reduction in migration and invasiveness
in the BFTC-909 (A) and T24 cells (B). (C) Viability of the J82 cells at different concentrations of
GAL1 recombinant protein (0–3 µg/mL) after incubation for 24 h. (D) After 24 h of treatment with
GAL1 recombinant protein (1–2 µg/mL), the percentages of migration of and invasion by the J82 cells
significantly increased compared with the controls (Mock: cells treated with vehicle DMSO). Scale bar
= 20 µm. * p < 0.05, # p < 0.001.
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3.5. GAL1-Mediated Epithelial–Mesenchymal Transition in UC

MMP-2 and MMP-9 are well-known extracellular matrix (ECM)-degrading enzymes that have
been reported to play crucial roles in cancer cell metastasis and invasion. We used Western blot
analysis to investigate the effect of GAL1 knockdown or overexpression on associated protein levels of
migration and invasion. The results showed that knockdown of GAL1 expression in the BFTC-909 and
T24 cells significantly reduced the protein levels of MMP-2 and MMP-9 and increased TIMP-1 protein
expression (Figure 5A), whereas increasing GAL1 expression in J82 cells by adding recombinant GAL1
protein reversed the phenomenon. EMT is one of the crucial mechanisms by which tumor cells detach
from their primary site and invade surrounding tissues as well as the vascular system. We selected
six representative molecules and assessed their expression levels in the BFTC-909 and T24 cells after
GAL1 knockdown or overexpression. The results showed downregulation of N-cadherin, vimentin,
β-catenin, and snail and upregulation of E-cadherin and ZO-1 after knockdown GAL1 in the BFTC-909
and T24 cells. The results of the J82 cells were contrary to the aforementioned results after the addition
of GAL1 recombinant protein (Figure 5B).

Figure 5. Effect of GAL1 on MMPs and EMT pathway proteins assessed through Western blotting
analysis. Mock: cells treated with DMSO vehicle only. β-Actin was used as the protein loading control.
(A) Total cell lysates of the BFTC-909, T24, and J82 cells treated with shRNA or GAL1 recombinant
protein (1 µg/mL) were analyzed in terms of expression levels of MMP-2, MMP-9, and TIMP-1 by
Western blotting. (B) Total cell lysates of the BFTC-909, T24, and J82 cells treated with shRNA or GAL1
recombinant proteins (1µg/mL) were analyzed in terms of expression levels of EMT pathway through
Western blotting analysis.

3.6. Gene Expression Variations Among Samples

To determine GAL1-associated gene alteration and downstream signal transduction pathways,
we performed a high-throughput analysis by using Clariom D microarray to analyze two replicate
samples (GAL1 vector and GAL1-KD). GAL1-mediated upregulation and downregulation of genes
was depicted in a heatmap (Figure 6A), and all differentially expressed genes between the samples
GAL1 vector and GAL-KD with at least fold change ≥2 and a nominal significance level of 0.01 are
shown in Supplementary File S1 (Table S1). Subsequent KEGG pathway analysis was used to identify
the top five gene enrichment pathways including p53, FOXO, cell cycle, PI3K/AKT, and ECM receptor
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signaling pathways (Figure 6B). We focused on gene alteration in the PI3K/AKT pathway; the results
showed that THBS1, CCND1, VEGFA, IL7R, MYC, PP2R2A, COL6A3, and CCNE2 were upregulated in
GAL1-KD whereas SPP1, RRAGD, PRKAA2, and IL7 were downregulated (Figure 6C).

Figure 6. GAL1-mediated PI3K/AKT/mTOR pathway alteration assessed through microarray and
Western blotting analyses: (A) A heatmap revealed upregulation and downregulation of genes with at
least 2-fold difference between the GAL1-vector and GAL1-KD cells. (B) Top five gene enrichment
pathways in KEGG pathway analysis. (C) Heatmap of the 13 altered genes in the PI3K/AKT signaling
pathway in the BFTC-909 cells (GAL-vector and GAL1-KD). (D) Western blotting of GAL1 knockdown
or overexpression in the FAK/PI3K/AKT/mTOR signaling pathways in the BFTC-909, T24, and J82 cells.
Mock: Cells were treated with DMSO vehicle only. β-Actin was used as the protein-loading control.

3.7. Downregulation of GAL1 Suppressed FAK and Phosphorylated PI3K-AKT-mTOR

We further investigated the effects of GAL1 on the FAK/PI3K/AKT/mTOR pathways in vivo.
The results showed that, in the GAL1 knockdown BFTC-909 and T24 cells, the phosphorylation
of FAK, PI3K, AKT, and mTOR decreased. Moreover, in the J82 cells with GAL1 overexpression,
the phosphorylation of FAK, PI3K, AKT, and mTOR increased. The protein expression of PI3K, AKT,
and mTOR did not change after GAL1 knockdown or overexpression (Figure 6D).

4. Discussion

For treating patients diagnosed with pathological stage T3 UTUC, a consensus is not currently
available for guiding clinicians to provide adjuvant therapy to prevent disease recurrence. Although
several clinicopathological factors, such as LVI and tumor growth pattern, significantly affect prediction
of disease recurrence, more precise and reliable biological markers are required to decipher mechanisms
underlying UTUC progression and to guide medical practitioners. In the present study, GAL1 protein
expression was highly associated with RFS and CSS in patients with UTUC. To our best knowledge, this
is the first report to evaluate the prognostic value of GAL1 expression in patients with UTUC. We also
demonstrated that downregulated GAL1 reduced tumor migration and invasion whereas addition of
recombinant GAL1 protein resulted in increased malignant behavior in the J82 cells. Furthermore,
we found that GAL1 mediated an increase in EMT, increased in MMP2/MMP9 activity, and altered the
FAK/PI3K/AKT/mTOR pathway.
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GAL1 is a homodimeric, β-galactoside-binding protein composed of 14.5 kDa subunits. GAL1 is
abundantly expressed in various types of malignant tumors, including those in colorectal cancer [16],
breast cancer [17], lung cancer [18], cancer of the uterine cervix [19], Hodgkin lymphoma [20],
melanoma [30], ovarian cancer [31], and glioblastoma multiforme [32]. Regarding the clinical role of
GAL1 expression in bladder cancer, Wu et al. demonstrated that overexpression of GAL1 in bladder
tumors was significantly associated with higher pathological T grade and nodal stage as well as an
increased risk of disease recurrence [25]. In the present study, we observed that 40% of pT3 UTUC
tumors exhibited high expression of GAL1 (cutoff level was 10%). The clinicopathological features of
UTUC with high or low GAL1 expression were not significantly different from each other. We further
evaluated the prognostic role of GAL1 expression in UTUC patients through Kaplan–Meier analysis
and by using Cox regression model. We found that increased expression of GAL1 protein by the IHC
method was significantly associated with relapse or recurrence survival and CSS in both univariate and
multivariate analyses, thus suggesting that GAL1 was an independent prognostic factor in determining
oncological outcomes. Given that we selected patients with UTUC at the same pathological stage (pT3),
the effect of the confounding factor of T stage was diminished, which reinforced the strength of the
prognostic role of GAL1 in patients with pT3 stage UTUC.

In humans, GAL1 is involved in many biological processes including cell adhesion,
cell proliferation, invasion, migration, tumor angiogenesis, and immune escape [12–15]. Shen et al.
elucidated the underlying molecular pathways of GAL1-mediated tumorigenesis in bladder cancer,
mainly through the RAS-Rac1-MEKK4-JNK-AP1 pathway [26]. By using a comprehensive proteomic
approach to investigate GAL1-regulated proteins, Li et al. showed that deregulated proteins are involved
in several biological pathways, including lipid, amino acid, and energy metabolism; cell proliferation
and apoptosis; cytoskeleton functions; cell–cell interaction; metastasis; and protein degradation [33].
Not only were several key proteins, such as fatty acid-binding protein 4 (FABP4), glutamine synthetase,
toll interacting protein, and alcohol dehydrogenase NADP+ (AKR1A1), validated functionally by
using immunoblotting methods but also their prognostic values were confirmed in a cohort study [33].
In the present study, we confirmed the results of the study by Shen et al., and our results showed that
GAL1 expression was associated with tumor invasiveness and migration ability in UTUC (BFTC-909)
and UCB (T24). We could successfully knockdown GAL1 expression in the BFTC-909 and T24 cell
lines by using the shRNA and lentivirus methods, resulting in significant inhibition of tumor invasion
and migration. By contrast, by adding recombinant GAL1 protein to cells with relatively low GAL1
expression (J82), tumor invasiveness and migration ability increased significantly, which indicated that
GAL1 is a crucial factor for tumor aggressiveness and malignant behavior.

The main intracellular pathway for GAL1 is through protein–protein interaction with H-RAS
and activation of downstream MEK/ERK signaling [34]. GAL1 binds to Gemin4, which mediates the
biogenesis of microRNA ribonucleoprotein and regulates pre-RNA splicing modulation [35]. However,
the underlying signaling transduction pathway of GAL1-mediated UTUC carcinogenesis remains
unknown. Through gene microarray analysis of parental and knockdown GAL1 cells, multiple crucial
signaling pathways are involved in alteration of GAL1 expression, including the p53, FOXO, cell cycle,
and PI3K/AKT pathways. We further validated microarray results through immunoblotting analysis,
which showed that GAL1 regulated downstream FAK/PI3K/AKT/mTOR protein expression. In the
previous study, Zhang et al. also showed that GAL1 induced hepatocellular carcinoma metastasis and
resistance to sorafenib by upregulation of ανβ3-integrin and activated the PI3K/AKT pathway [36].
Our findings demonstrated comparable and consistent results, which indicated that GAL1-mediated
tumor invasion and metastasis occurs through the FAK/PI3K/AKT/mTOR pathway.

5. Conclusions

In brief, our study implied that the GAL1 protein is highly associated with oncological outcomes
of UTUC by promoting tumor invasion, metastasis, and epithelial–mesenchymal transition, possibly
through the FAK/PI3K/AKT/mTOR pathway (Figure 7).
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Figure 7. Representative Figure of GAL1-induced cancerous behavior in UTUC cells: Based on the results
of our study, the cancerous behavior caused by GAL1 is mediated by the PI3K/AKT/mTOR pathway.
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EMT: epithelial-mesenchymal transition;
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MMP: matrix metalloproteinase;
mTOR: mammalian target of rapamycin;
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q-PCR: quantitative polymerase chain reaction;
RFS: recurrence-free survival;
TCGA: The Cancer Genome Atlas;
TIMP: tissue inhibitors of metalloproteinases;
UC: urothelial carcinoma;
UCB: urothelial carcinoma of the bladder;
UTUC: upper tract urothelial carcinoma.
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Abstract: Resistance to radiotherapy (IR), with consequent disease recurrence, continues to limit the
efficacy of contemporary anticancer treatment for patients with hepatocellular carcinoma (HCC),
especially in late stage. Despite accruing evidence implicating the PI3K/AKT signaling pathway
in cancer-promoting hypoxia, cancerous cell proliferation and radiotherapy-resistance, it remains
unclear which molecular constituent of the pathway facilitates adaptation of aggressive HCC
cells to tumoral stress signals and drives their evasion of repeated IR-toxicity. This present study
investigated the role of PDK1 signaling in IR-resistance, enhanced DNA damage repair and post-IR
relapse, characteristic of aggressive HCC cells, while exploring potential PDK1-targetability to
improve radiosensitivity. The study employed bioinformatics analyses of gene expression profile
and functional protein–protein interaction, generation of IR-resistant clones, flow cytometry-based
ALDH activity and side-population (SP) characterization, siRNA-mediated loss-of-PDK1function,
western-blotting, immunohistochemistry and functional assays including cell viability, migration,
invasion, clonogenicity and tumorsphere formation assays. We showed that the aberrantly expressed
PDK1 characterizes poorly differentiated HCC CVCL_7955, Mahlavu, SK-HEP1 and Hep3B cells,
compared to the well-differentiated Huh7 or normal adult liver epithelial THLE-2 cells, and
independently activates the PI3K/AKT/mTOR signaling. Molecular ablation of PDK1 function
enhanced susceptibility of HCC cells to IR and was associated with deactivated PI3K/AKT/mTOR
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signaling. Additionally, PDK1-driven IR-resistance positively correlated with activated PI3K signaling,
enhanced HCC cell motility and invasiveness, augmented EMT, upregulated stemness markers
ALDH1A1, PROM1, SOX2, KLF4 and POU5F1, increased tumorsphere-formation efficiency and
suppressed biomarkers of DNA damage—RAD50, MSH3, MLH3 and ERCC2. Furthermore, the
acquired IR-resistant phenotype of Huh7 cells was strongly associated with significantly increased
ALDH activity, SP-enrichment, and direct ALDH1-PDK1 interaction. Moreover, BX795-mediated
pharmacological inhibition of PDK1 synergistically enhances the radiosensitivity of erstwhile
resistant cells, increased Bax/Bcl-2 apoptotic ratio, while suppressing oncogenicity and clonogenicity.
We provide preclinical evidence implicating PDK1 as an active driver of IR-resistance by activation
of the PI3K/AKT/mTOR signaling, up-modulation of cancer stemness signaling and suppression
of DNA damage, thus, projecting PDK1-targeting as a putative enhancer of radiosensitivity and a
potential new therapeutic approach for patients with IR-resistant HCC.

Keywords: hepatocellular cancer; HCC; LIHC; PDK1; PI3K/AKT/mTOR pathway; BX795; selective
inhibitor; radiotherapy; radioresistance; combination therapy; stemness; DNA damage

1. Introduction

Liver cancer with 841,080 new cases and 781,631 disease-specific deaths in 2018 alone, ranks as
the 6th most diagnosed malignancy, and 4th commonest cause of cancer-related mortality globally [1].
Histologically, liver cancer is subclassified as focal nodular hyperplasia (FNH), cholangiocarcinoma
(CC), hepatocellular adenoma (HCA), hepatocellular carcinoma (HCC) and combined HCC-CC [2].
Hepatocellular carcinoma, with an increasing annual incidence and arising mostly (90%) in the context
of chronic liver disease, such as underlying liver cirrhosis and chronic hepatitis B or C, accounts for a
significant 75% of all liver cancer incidence and is associated with very poor survival rates, especially as
patients present in late stage, with comorbidities, micro- and/or macrovascular invasion, multicentric or
multifocal large tumors, organ shortage and are thus inoperable [2–4]. The post-diagnosis median survival
time of patients with inoperable disease is 6–20 months, while the 5-year survival remains <5% [1].

Given the complex nature of HCC, therapeutic decisions in HCC clinics are dependent on disease
staging, location and size of tumor, presence and extent of extra-hepatic spread and underlying hepatic
function. Currently, the preferred curative modalities for patients with HCC are surgical resection and
orthotopic liver transplantation (OLT), however, for patient not meeting the criteria for curative therapy, such
as those with unresectable tumors, treatment options include systemic chemotherapy, molecularly targeted
therapies, transarterial chemoembolization (TACE), percutaneous ethanol injection (PEI), cryoablation and
various forms of IR, namely, microwave ablation (MWA), radiofrequency ablation (RFA), radioembolization,
stereotactic body radiotherapy (SBRT) and external beam radiation therapy (EBRT) [4–6]; these are fraught
with enhanced risk of severe drug-related adverse events (AEs), acquired resistance to anticancer
therapeutics and IR, and relatively dismal survival benefits [5,6], thus, necessitating concerted screening
for or development of novel highly efficacious therapeutics and/or the discovery of new actionable
molecular oncotargets, which inhibit disease progression, alleviate resistance to treatment and improve
prognosis in patients with pancreatic ductal adenocarcinoma (PDAC).

The role of IR in the treatment of HCC continues to evolve, especially with regards to technological
advancement and in the context of combinatorial therapy, aimed at enhancing IR safety and efficacy,
nevertheless, the anti-HCC efficacy of IR is non-apparent in the intrinsically IR-resistant cells or blunted
over time by the acquisition of IR-resistance, subsequently resulting in disease relapse and poor
prognosis [7,8]. Thus, the need for continued unraveling of the mechanistic underlining of IR-resistance
in HCC, identification of reliable molecular targets and development of more effective therapies.

In the last decade, there has been increased implication of the phosphatidylinositol-3-kinase
(PI3K)/protein kinase B (PKB, AKT)/mammalian target of Rapamycin (mTOR) signaling in the
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acquisition of an IR-resistant phenotype by cancerous cells of different histological origin [9–12].
Accruing evidence suggest a role for activated AKT in the prediction of sensitivity to anticancer chemo-
or radiotherapy. Mechanistically, AKT plays a vital role in the PI3K/AKT/mTOR signaling cascade,
however, while PI3K binds stably to the pleckstrin homology domain (PHD) finger of AKT without
fully activating AKT, evidence abound that the activation of AKT through phosphorylation of the
threonine residue (Thr)-308 in AKT activation loop by 3-phosphoinositide-dependent protein kinase-1
(PDK1/PDPK1) enhances AKT activity by over 100-fold, and when followed by phosphorylation
of Serine (Ser)-473 at the C terminus, which is the AKT hydrophobic motif, it induces AKT by an
additional 7–10-fold, and stabilizes AKT active conformation [13]. Consistent with these, PDK1 has
been shown to be dysregulated in some malignancies, and accruing evidence suggesting that the
underexplored PDK1 may serve as a therapeutic target and is a probable modulator of sensitivity to
cancer therapy [14]. Thus, this present study investigated the role of PDK1 signaling in IR-resistance,
enhanced DNA damage repair and post-IR relapse, characteristic of aggressive HCC cells, while
exploring potential PDK1-targetability to improve radiosensitivity.

2. Materials and Methods

2.1. Ethics Approval and Consent to Participate

Clinical samples were collected from Taipei Medical University-Shuang Ho hospital (Taipei, Taiwan).
All enrolled patients gave written informed consent for their tissues to be used for scientific research.
The study was approved by the Institutional Review Board (IRB) of the Taipei Medical University-Shuang
Ho hospital (Taipei, Taiwan), consistent with the recommendations of the declaration of Helsinki for
biomedical research (Taipei Medical University-Shuang Ho hospital, Taiwan) and followed standard
institutional protocol for human research. This study was approved by the Institutional Human Research
Ethics Review Board (TMU-JIRB No. 201302016) of Taipei Medical University.

2.2. Access and Analysis of Public Cancer Datasets

The public online cancer data repositories used in this study include Oncomine, The Cancer
Genome Atlas (TCGA), Gene Expression Omnibus (GEO) and Broad Institute Cancer Cell Line
Encyclopedia (CCLE). We probed the Wurmbach liver (HG-U133_Plus_2) Affymetrix Human Genome
U133 Plus 2.0 Array dataset (n = 75) using the Oncomine platform (https://www.oncomine.org/

resource/main.html#v:18). We also used the Affymetrix Human Genome U133 Plus 2.0 Array dataset
GSE6465/GPL570 analyzing the high-throughput gene expression profile of hepatocellular carcinoma
xenografts (n = 53 samples, 54,675 genes), from the Gene Expression Omnibus (GEO) using the National
Center for Biotechnology Information (NCBI) GEO Data Browser (https://www.ncbi.nlm.nih.gov/geo/

geo2r/?acc=GSE6465 &platform= GPL570).

2.3. Drug and Reagents

BX-795 hydroxide (#SML0694, HPLC ≥ 98%) was purchased from Sigma Aldrich Co. (St. Louis, MO,
USA). Stock solutions of 1 mM were dissolved in dimethyl sulfoxide (DMSO) at 15 mg/mL, and stored
in dark room at −20 ◦C. Phosphate buffered saline (PBS, #P7059), dimethyl sulfoxide (DMSO, #D2650),
sulforhodamine B (SRB) reagent (#230162), trypsin/ethylenediaminetetraacetic acid (Trypsin-EDTA,
#T4049) solution, trisaminomethane (Tris) base (#93352) and acetic acid (#695092) were purchased from
Sigma Aldrich Co. (St. Louis, MO, USA), while GibcoTM Dulbecco’s modified Eagle’s medium (DMEM)
was purchased from Invitrogen (#11966025, Invitrogen Life Technologies, Carlsbad, CA, USA).

2.4. Cell lines and Culture

The human HCC SK-HEP1 (ATCC® HTB-52™) and normal adult liver epithelial THLE-2 (ATCC®

CRL-2706™) cells were obtained from American Type Culture Collection (ATCC. Manassas, VA,
USA), Huh7 (JCRB0403) from the NIBIOHN ((National Institute of Biomedical Innovation, Health
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and Nutrition, Japanese Collection of Research Bioresources (JCRB) Cell Bank, Japan)), while FOCUS,
Mahlavu, Hep3B cells were also purchased from ATCC. All cells were cultured in DMEM (Invitrogen
Life Technologies, Carlsbad, CA, USA), supplemented with 10% fetal bovine serum (FBS, #16140071)
and 1% penicillin-streptomycin (Invitrogen, Life Technologies, Carlsbad, CA, USA) in 5% humidified
CO2 incubator at 37 ◦C. Cells were subcultured at full confluence or media changed every 48–72 h.
The cell lines were identified and authenticated based on karyotype and short tandem repeat analyses
by the vendors and were regularly checked and confirmed free from any mycoplasma contamination.
The cells were subjected to treatment with indicated IR dosage and/or concentrations of BX795.

2.5. Immunohistochemistry (IHC) Analysis

For immunohistochemistry (IHC), tissue microarray (TMA) slides of the TMU-SHH HCC cohort
were established, then heat-based antigen retrieval was performed in EDTA-containing buffer, sections
blocked with 5% bovine serum albumin (BSA)/1% HISS/0.1% Tween20 solution and incubated with
primary recombinant antibody against PDK1 (1:400 dilution; Anti-PDK1 antibody, ab90444) overnight,
at 4 ◦C. PDK1 immunoreactivity/positivity was detected using the mouse IgGk light chain binding
protein conjugated to horseradish peroxidase m-IgG BP-HRP (#sc-516102; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA) and the EXPOSE mouse and rabbit specific HRP/DAB detection IHC kit
(#ab80436, Abcam plc., Cambridge, MA, USA). This study was approved by the Institutional Human
Research Ethics Review Board (TMU-JIRB No. 201302016) of Taipei Medical University.

2.6. Establishment of IR-Resistant HCC Cell Lines

In preliminary studies to determine optimal IR dose, Mahlavu, Hep3B and Huh7 cell lines were
exposed to IR of 2-10 Gy for 5 consecutive days to determine the maximum tolerated dose (MTD).
Based on the cell dysmorphia, cytoplasmic vacuolization, nuclei pleomorphism and cell hyperplasia in
irradiated HCC cells compared to the control group, MTD was determined to be 2 Gy/per day for the
five consecutive days in all 3 HCC cell lines. Thus, to establish IR-resistant cell lines, the cells were
subsequently exposed to 2 Gy at 130 KV, 5.0 mA, every 48 h for 30 cycles (i.e., 60 Gy cumulative dose in 2
months), using the Faxitron® CellRad X-ray cell irradiator (Precision X-ray Irradiation, North Branford,
CT, USA). The viable HCC cells after the 30 IR cycles were designated IR-resistant—Mahlavu-R,
Hep3B-R and Huh7-R. Culture media was changed every 48–72 h or cells subcultured if confluent.
To confirm IR-resistance, the Mahlavu-R, Hep3B-R and Huh7-R alongside their control counterparts
were exposed to 0.5–2 Gy single-doses of IR, then evaluated using functional assays, including
cell viability and clonogenic-survival assay. The HCC-R cell survival fractions, clonogenicity and
tumorsphere-formation efficacy were markedly higher compared to the HCC control cells.

2.7. Western Blot Analysis

After separation of 20 µg protein samples using 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gel, the protein blots were transferred onto polyvinylidene fluoride (PVDF)
membranes in the Bio-Rad Mini-Protein electro-transfer system (Bio-Rad Laboratories, Inc., CA, USA),
followed by membrane-blocking in 5% skimmed milk in Tris-buffered saline with Tween 20 (TBST) for
1 h. Thereafter, membranes were incubated overnight at 4 ◦C with primary antibodies against p-PI3
Kinase p85 (Tyr458)/p55 (Tyr199; #4228S; 1:1000, Cell Signaling Technology Inc., Danvers, MA, USA),
PI3 Kinase p110α (#4292S; 1:1000, Cell Signaling Technology), p-PDK1 (Ser241; #3061L; 1:1000, Cell
Signaling Technology), PDK1 (#3062S; 1:1000, Cell Signaling Technology), p-AKT (Ser473; #9271L; 1:1000,
Cell Signaling Technology), AKT (#4691L; 1:1000, Cell Signaling Technology), p-mTOR (Ser2448; #2971L;
1:1000, Cell Signaling Technology), mTOR (#2972S; 1: 1000, Cell Signaling Technology), E-cadherin
(#3195S; 1:1000, Cell Signaling Technology), N-cadherin (#13116S; 1:1000, Cell Signaling Technology),
Vimentin (#5741S; 1:1000, Cell Signaling Technology), Snail (#3879S; 1:1000, Cell Signaling Technology),
Bcl-2 (#15071S; 1:1000, Cell Signaling Technology), Bax (#5023S 1:1000, Cell Signaling Technology) and
β-actin (sc-69879; 1:500, Santa Cruz Biotechnology, Santa Cruz, CA, USA) in Supplementary Table S1.
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This was followed by incubation of membranes in appropriate secondary antibodies conjugated with
horseradish peroxidise (HRP) at room temperature for 1 h, washed carefully with PBS thrice, and then
protein band detection performed using the enhanced chemiluminescence (ECL) detection system
(Thermo Fisher Scientific Inc., Waltham, MA, USA), and band densitometry-based quantification done
using the ImageJ software (https://imagej.nih.gov/ij/).

2.8. Sulforhodamine B Cytotoxicity Assay

Using 96-well plates, 3 × 103 HCC and/or HCC-R cells were seeded per well in quadruplicates and
cultivated for 24 h. The cells were thereafter exposed to 0.5–2 Gy IR and/or indicated concentrations of
BX795 for 48 h, subjected to 10% trichloroacetic acid (TCA) fixation, carefully washed with double-distilled
water (ddH2O), then stained with 0.4% 0.4:1 (w/v) SRB/acetic acid solution. The unbound SRB dye
was removed by carefully washing the cells with 1% acetic acid thrice before air-drying the plates.
Thereafter, bound SRB dye was solubilized in 10mM Tris base, and absorbance, which is strongly
correlated to the number of viable stained cells over a wide range, was read at a wavelength of 570 nm
in the Molecular Devices Spectramax M3 multimode microplate reader (Molecular Devices LLC.,
San Jose, CA, USA).

2.9. Tumorsphere Formation Assay

In non-adherent 6-well plates, 5 × 104 Mahlavu, Mahlavu-R, Huh7 or Huh7-R cells were seeded
per well (Corning Inc., Corning, NY, USA) containing DMEM supplemented with GibcoTM B-27TM

supplement (#17504044, Invitrogen, Carlsbad, CA, USA), 20 ng/mL basic fibroblast growth factor (bFGF;
#13256029, Invitrogen, Carlsbad, CA, USA) and 20 ng/mL epidermal growth factor (EGF; #PHG0311,
Invitrogen, Carlsbad, CA, USA). Cells were cultured for 12 days and formed tumorspheres ≥150 µm
were counted under inverted phase contrast microscopy.

2.10. Colony Formation Assay

Clonogenicity was assessed as previously described [15]. Briefly, 1 × 103 Mahlavu, Hep3B or
Huh7 cells, with or without their IR-resistant counterparts were pre-exposed to indicated treatment
regimen for 24 h were seeded per well in 6-well plates and incubated in 5% humidified CO2 incubator
at 37 ◦C for 15 days. The colonies formed (>50 cells/colony) were then stained with crystal violet dye,
photographed and counted.

2.11. Immunofluorescence (IFC) Staining

In Nunc™ Lab-TekTM II 8-well chamber slides, 2 × 104 Mahlavu, Mahlavu-R, Huh7 or Huh7-R
cells pre-exposed to indicated IR dosage or transfected with shPDK1 were seeded (#154534, Thermo
Fisher Scientific Inc., Waltham, MA, USA) for 24 h. For SOX2, or OCT4A staining, the seeded cells
were fixed with Image-iTTM fixative solution (4% paraformaldehyde; #FB002, Thermo Fisher Scientific
Inc., Waltham, MA, USA) at room temperature for 20 min, washed with 1X PBS, permeabilized with
0.1% Triton X-100 (#28314, Thermo Fisher Scientific Inc., Waltham, MA, USA) in 0.01 M PBS (pH 7.4)
for 5 min, blocked with 0.2% bovine serum albumin for 1 h, air-dried and rehydrated in 1X PBS.
The cells were then incubated with rabbit monoclonal antibody against Sox2 (#3579S, Cell Signaling
Technology Inc., Danvers, MA, USA) or Oct-4A (#2840S, Cell Signaling Technology Inc., Danvers, MA,
USA) diluted 1:500 in 1X PBS containing 3% normal goat serum at room temperature for 2 h, washed
thrice in 1X PBS for 10 min each, and then incubated with goat anti-rabbit fluorescein isothiocyanate
(FITC) IgG—conjugated secondary antibody (Jackson ImmunoResearch Inc., West Grove, PA, USA)
diluted 1:500 in 1X PBS at room temperature for 1 h. Thereafter, the cells were washed in 1X PBS,
mounted using Vectashield® antifade mounting medium with 4′,6-diamidino-2-phenylindole (DAPI;
#H-1200, Vector Laboratories, Burlingame, CA, USA) for nuclear staining. Cell images were taken
under a Zeiss Axiophot fluorescence microscope (Carl Zeiss Microscopy LLC, Thornwood, NY, USA).
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2.12. Transwell Matrigel Invasion Assay

For the evaluation of cell invasion, the modified Boyden chambers consisting of Corning®

Transwell® membrane filter inserts (8-µm pore size; Corning Costar Corp., Cambridge, MA, USA) in
24-well tissue culture plates were used. For an invasion assay, 2 × 105 Mahlavu, or Mahlavu-R cells
were seeded into 200 µL serum-free DMEM medium in the upper surface of membranes coated with
100 µL Matrigel (BD Biosciences, San Jose, CA, USA) and allowed to invade toward the underside of
the membrane in 24-well tissue culture plates containing 500 µL complete growth media with 10%
FBS for 24 h. Non-invaded cells were removed by carefully wiping the upper side of the membrane
with sterile cotton buds while the invaded cells on the underside of the membrane were fixed with
ice-cold methanol, and then stained with 0.5% crystal violet dye in 20% ethanol for 30 min. Thereafter,
the invaded cells were counted under a light microscope in 5 randomly selected visual fields at a
magnification of ×400.

2.13. Scratch-Wound Healing Migration Assay

To evaluate cell migration, we used well-established protocol. Briefly, Mahlavu, or Mahlavu-R
cells were seeded into 6-well plates (Corning Inc., Corning, NY, USA) containing complete growth
media with 10% FBS, cultured to 98–100% confluence, then the median axes of the cell monolayers
were denuded with sterile yellow pipette tips. The scratch-wound healing cum cell migration was
monitored over time and images captured under a light microscope with 10× objective lens at the 0
and 48 h time-points after denudation, and then images were analyzed with the NIH ImageJ software
(https://imagej.nih.gov/ij/download.html).

2.14. Small Interfering RNA (siRNA) Transfection

For transient silencing of PDK1, the PDK1-specific siRNA ((PDPK1 siRNA (h), sc-29448)) was
purchased from Santa Cruz (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Lipofectamine
2000 transfection reagent (#11668019, Thermo Fisher Scientific Inc., Waltham, MA, USA) was used for
the transfection of the siRNA following the manufacturer’s protocol. Total protein extracted 48 h after
transfection was used for Western blot analyses.

2.15. Flow Cytometry-Based Side Population Analyses

For identification of the side population (SP), after washing the HCC cells in warm DMEM
supplemented with 3% FBS and 10 mmol/L GibcoTM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer (#15630106, Invitrogen-Life Technologies, Carlsbad, CA, USA), 1 × 106 cells were
resuspended per mL of DMEM supplemented with 3% FBS, 10 mmol/L HEPES buffer and 5 µg/mL
Hoechst 33342 dye, then incubated for 1.5 h at 37 ◦C with gentle agitation. Hoechst dye excitation was
at 350–356 nm, while fluorescence was quantified at 424/44 nm or 620 nm for Hoechst blue or Hoechst
blue, respectively. Dead cells or doublets were gated out. SP phenotype sorting gates were defined by
100 µM/L reserpine, an ABC-transporter inhibitor (#R0875, Sigma-Aldrich Corp., St. Louis, MO, USA).
Single cell suspension was obtained by filtering cells through a 70 µm filter, sorted into SP and non-SP
cell fractions and then analyzed in the BD FACSAria II System (BD Biosciences, San Jose, CA, USA).
SP cell purity was ≥98%.

2.16. ALDH Aldefluor Activity

The AldefluorTM kit (#01700, Stem Cell Technologies) was used for the profiling and
isolation of Huh7 or Huh7-R cells with high or low ALDH activity following the manufacturer’s
instruction. Briefly, after incubating the cells in AldefluorTM assay buffer containing ALDH substrate,
BODIPY-aminoacetaldehyde (BAAA) for 45 min at 37 ◦C. ALDH+ cells were delineated by the ability to
catalyze BAAA to its fluorescent product, BODIPY-aminoacetate (BAA), and ALDH enzymatic activity
was blocked by AldefluorTM DEAB reagent (#01705), a specific ALDH inhibitor. Fluorescence-activated
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cell sorting (FACS) gates were defined relative to the DEAB-treated samples-based baseline fluorescence.
The cells were resuspended in fresh assay buffer after incubation. ALDH+ and ALDH− cells were
sorted in the BD FACSAria II System (BD Biosciences, San Jose, CA, USA).

2.17. Determination of Synergism of Combinatorial Therapy

The synergistic effect of combining IR and BX795 was evaluated by adapting the Chou-Talalay
algorithm of multiple drug combination. CompuSyn software (ComboSyn Inc., Paramus, NJ, USA)
was used following the guideline of two therapies combination analysis. All combination dose-points
falling within the right-angled ‘isobologram’ triangle, was defined as synergism, if the dose-points laid
on the hypotenuse, additivity was considered, and when the dose-points fell outside the isobologram,
the combination was designated as antagonistic.

2.18. Statistical Analysis

All results represent the mean ± SD of assays performed at least three times in triplicates.
The 2-sided Student’s t-test was used for intergroup comparison, while 1-way ANOVA with a Tukey’s
post-hoc test was used for comparisons between multiple groups. All statistical analyses were
performed using the GraphPad Prism version 7.0 for Windows (GraphPad Software, Inc., La Jolla, CA,
USA). p-value < 0.05 was considered statistically significant.

3. Results

3.1. PDK1 Is an Independent Driver of the PI3K/AKT/mTOR Signaling Pathway and Its Aberrant Expression
Characterizes Poorly Differentiated Aggressive HCC Cells

Following our in-house mining of high through-put gene expression data from public repositories,
to unravel the role of the PI3K/AKT/mTOR signaling axis, and more specifically PDK1 signaling in
HCC, we performed in silico proteotranscriptomic analyses of selected molecular components of the
pathway in question. Results of our differential expression profiling of the Wurmbach liver cohort
(n = 75), with 45 context-relevant sample, revealed concomitant significant up-regulation of PI3K
(1.22-fold, p = 0.030), PDK1 (2.17-fold, p = 8.95× 10−6), mTOR (1.37-fold, p = 6.26× 10−4) and statistically
insignificant down-regulation of AKT mRNA (−1.14-fold, p = 0.847) in HCC samples (n = 35) compared
to the normal liver tissues (n = 10; Figure 1A). Protein–protein interaction (PPI) enrichment analyses
using the STRING-db (https://string-db.org) platform for PPI network prediction revealed very strong
association between PI3K, PDK1, AKT, mTOR and other indicated effectors and/or mediators of the
PI3K/AKT/mTOR signaling axis, as expressed by the relatively high mean local clustering coefficient
of 88.3% (p < 1.0 × 10−16 (Figure 1B)). Furthermore, results of our Western blot analyses showed that
compared to its non-expression in the normal adult liver epithelial THLE-2 cells, the expression of
p-PI3K p85 (Tyr458)/p55 (Tyr199), PI3K, p-PDK1 (Ser 241), PDK1, p-AKT (Ser 473), AKT, p-mTOR (Ser
2448) and mTOR proteins were highly or moderately highly enhanced in the poorly differentiated
SK-HEP1 and Mahlavu, and Hep3B cell lines, moderately enhanced in poorly differentiated FOCUS
(CVCL_7955) cells, but mildly or not expressed in the well-differentiated Huh7 cells (Figure 1C).
Moreover, coupled with the consistent high mRNA intensity and protein expression levels of PDK1
in earlier data, from IHC-based proteome analyses using the human protein atlas platform version
18.1 (https://www.proteinatlas.org/ENSG00000152256-PDK1/pathology/tissue/liver+cancer#img) we
observed a significant positive correlation between PDK1 immunoreactivity/expression and disease
stage/progression (Figure 1D). These data did indicate, at least in part, that PDK1 was an independent
driver of the PI3K/AKT/mTOR signaling pathway and its aberrant expression characterized poorly
differentiated aggressive HCC cells (Figure 1D).
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Figure 1. PDK1 is an independent driver of the PI3K/AKT/mTOR signaling pathway and its aberrant
expression characterizes poorly differentiated aggressive hepatocellular carcinoma (HCC) cells. (A) Box
and whisker plots of the differential expression of PI3K, PDK1, AKT and mTOR in HCC or normal liver
tissues from the Wurmbach liver cohort. (B) STRINGdb-generated visualization of the protein–protein
interaction between PDK1/PDPK1, and molecular components of the PI3K/AKT/mTOR signaling
pathway. (C) Representative Western blot images and histograms showing the differential expression
of p-PI3K p85 (Tyr458)/p55 (Tyr199), PI3K, p-PDK1 (Ser 241), PDK1, p-AKT (Ser 473), AKT, p-mTOR
(Ser 2448) and mTOR proteins in THLE-2, CVCL_7955, Mahlavu, Huh7, SK-HEP1 or Hep3B cell lines.
(D) Representative IHC images of PDK1 immunoreactivity in Stages I–IV HCC, compared to normal
liver tissue. β-actin served as loading control. * p < 0.05, @ p < 0.01, # p < 0.001 vs. THLE-2; Green
nodes, PI3K/AKT signaling; red nodes, mTOR signaling; PPI, protein–protein interaction.

3.2. Altered PDK1 Expression Is Sufficient for the Deactivation of the PI3K/PDK/AKT/mTOR Oncogenic
Signaling and Sensitizes Aggressive HCC Cells to Radiotherapy

Having shown that enhanced PDK1 expression plays an essential role in the PI3K/AKT/mTOR
signaling axis and characterizes poorly differentiated aggressive HCC cells, to gain some insight into
the mechanistic underlining of PDK1 on HCC oncogenicity and therapy response, we evaluated the
effect of increasing doses of IR on different HCC cells. We observed that while 24 h exposure to 0.5–2 Gy
IR significantly reduced the viability of PDK1low Huh7 (46.1%, p < 0.05 at 2 Gy) and PDK1low/moderate

FOCUS cells (38.4%, p < 0.05 at 2 Gy), its effect on the PDK1moderate Hep3B cell was mild (~24% at
2 Gy), and it had no apparent or insignificant cytocidal effect on the PDK1high SK-HEP1 and Mahlavu
cells, respectively (Figure 2A). Furthermore, we demonstrated that aside from eliciting a 59% decline
in the viability of PDK1high Mahlavu cells, siRNA-mediated loss-of-PDK1 function (siPDK1) enhanced
their sensitivity to 2 Gy IR by a significant 80%; similarly in synergism with siPDK1, the cytocidal effect
of 2 Gy IR was increased to 97% from 42% alone in PDK1low Huh7 cells, and to 93% from 26% alone in
PDK1moderate Hep3B cells (Figure 2B), thus, indicating a vital role for PDK1 expression and/or activity
in the radiosensitivity of HCC cells. In addition, compared to the 27%, 14% or 51% loss of clonogenicity
elicited by exposure to 2 Gy IR in Mahlavu, Hep3B or Huh7 cells, respectively, siPDK1 inhibited
the ability of Mahlavu, Hep3B or Huh7 cells to form colonies by 91%, 96% or 99.8%, respectively
(Figure 2C). Combining siPDK1 with 2 Gy IR was incompatible with clonal survival in all three cell
lines (data not provided). Interestingly, the observed inhibition of cell viability and attenuation of
clonogenicity by siPDK1 alone or in synergism with 2 Gy IR, were associated with down-regulated
p-PDK1, PDK1, p-PI3K p85 (Tyr458)/p55 (Tyr199), PI3K, p-AKT, AKT, p-mTOR and mTOR in the
PDK1high Mahlavu cells (Figure 2D). These results do indicate that altered PDK1 expression via specific
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targeting of PDK1 was sufficient to deactivate the PI3K/AKT/mTOR oncogenic signaling in HCC cells
and sensitized the aggressive cells to IR.
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Figure 2. Altered PDK1 expression is enough for the deactivation of the PI3K/PDK/AKT/mTOR
oncogenic signaling and sensitizes aggressive HCC cells to radiotherapy. (A) Histograms of the effect
of 24 h exposure to 0.5–2 Gy IR on the viability of SK-HEP1, Huh7, Hep3B, CVCL_7955 or Mahlavu
cell lines. (B) Representative photo-images of the effect of 2 Gy, siPDK1 or 2 Gy+siPDK1 on the
viability/proliferation, and morphology of Mahlavu, Huh7 or Hep3B cells. Scale bar: 100 µm, 10×
objective. (C) Representative photo-images showing the effect of 2 Gy or siPDK1 on clonogenicity of
Mahlavu, Huh7 or Hep3B cells. Scale bar: 100 µm, 10× objective. (D) Representative western blot
images and histograms showing the effect of 2 Gy, siPDK1 or 2 Gy+siPDK1 on the expression levels of
p-PI3K p85 (Tyr458)/p55 (Tyr199), PI3K, p-PDK1 (Ser 241), PDK1, p-AKT (Ser 473), AKT, p-mTOR (Ser
2448) and mTOR proteins in Mahlavu cells. * p < 0.05, @ p < 0.01, # p < 0.001 vs. CTL; ns, not significant.

3.3. Aberrant PDK1 Expression Is Implicated in the Acquisition of Radioresistance and Evasion of DNA
Damage by HCC Cells

Due to the implication of DNA damage in the death of cancerous cells exposed to IR and the
therapeutic benefit of exploiting the reduced resolution of IR-induced clustered DNA damage [16] and
altered DNA damage repair (DDR) genes in liver cancer [17], firstly, we probed and reanalyzed Huynh
H et al.’s E-GEOD-6465, A-AFFY-44, AFFY_HG_U133_PLUS_2 data set on the array expression profiling
of xenografts of HCC (n = 53 samples, 54,675 genes) (https://www.ebi.ac.uk/arrayexpress/experiments/
E-GEOD-6465/). Generated expression-based heat-map revealed a dichotomization of our selected
gene-sets, such that the PDK1, ALDH1A1, CD133/PROM1, OCT4A/POU5F1, SOX2 and KLF4 genes
clustering with TP53 were up-regulated, while the DDR genes RAD50, MSH3, MLH3, ERCC2,and BLM
gene cluster were down-regulated (Figure 3A). Additional analyses using the STRING-db platform
(https://string-db.org) for PPI network prediction further confirmed earlier results, as we observed a
very strong association between components of the PI3K/AKT signaling, namely PDK1/PDPK1, AKT1,
MTOR and stemness marker complicit in IR-resistance ALDH1Al, CD133/PROM1, OCT4A/POU5F1,
SOX2 and KLF4 pooled together, while DNA damage markers RAD50, MSH3, MLH3, ERCC2 and
BLM pooled together (Figure 3B). The average local clustering coefficient for the clustered proteins was
0.827 and PPI enrichment p-value was p < 2.45 × 10−10 (Figure 3B). Due to the suggested implication
of cancer stem cell (CSCs) markers in PDK1-induced IR-resistance, we further examined if and to
what extent PDK1-induced IR-resistance affects the side population (SP), which is representative of the
CSCs pool in vitro. Comparative analyses of the HCC wild type and PDK1-rich IR-resistant clones
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(HCC-R) revealed a 1.40-fold increase in the SP in Mahlavu-R compared to its wild type counterpart;
similarly compared to Hep3B or Huh7 cells, the SP was increased by 2.14-fold or 7.03-fold in Hep3B-R
or Huh7-R cells, respectively (Figure 3C). More so, because of the documented implication of ALDH1
in IR-resistance [18], we probed the GDC TCGA liver cancer (LIHC, n = 469) for probable relationship
between PDK1 and ALDH, and showed a positive correlation between ALDH1A1 and PDK1 (R = 0.27,
p = 1.6 × 10−8; Figure 3D). Consistent with the ‘coexpression - function similarity’ paradigm, and
in conformity with conventional knowledge that when an inactive enzyme, otherwise known as an
‘apoenzyme’, (in this case, apoALDH1A1) binds with an organic or inorganic helper-molecule/cofactor,
a complete and catalytically active form of the enzyme called an ‘holoenzyme’ is formed, we generated
a spatiotemporal visualization of the probable interaction between PDK1 and ALDH1 using the
Schrödinger’s PyMOL molecular graphics system (https://pymol.org/2/), and demonstrated that the
catalytic domain of PDK1 (protein data bank, PDB: 1H1W) binds directly with human apoALDH1A1
(PDB: 4WJ9) with an interaction score of 17.5, an atomic contact energy (ACE) of -50.05 kcal/mol,
and root-mean-square deviation (RMSD) of 23.52Å (Figure 3E, also see Supplementary Figure S1).
In parallel assays, we observed significantly enhanced ALDH1 activity in the PDK1-rich Huh7-R cells,
as demonstrated by a 24.16-fold increase in ALDH activity in the former PDK1low Huh7 cells when
they acquire an IR-resistant phenotype (Huh7-R; Figure 3F), which is consistent with our predicted
PDK1-ALDH1 interaction probability of 0.80 or 0.99 using the random forest (RF) or support-vector
machine (SVM) classifier algorithm, respectively, as shown in Figure 3D. PDK1 interacts with ALDH
and directly modulate the expression and/or activity of ALDH in HCC cells. Representative Western
blot image and histograms of the differential expression of PDK1 and ALDH1 in adherent wild-type
Mahlavu cells or their tumorsphere counterparts (Supplementary Figure S2). These data indicate,
at least in part, that PDK1 directly interacts with and activates ALDH1A1, and implicates the aberrant
PDK1 expression in the acquisition of IR-resistance and evasion of DNA damage by HCC cells.
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Figure 3. Aberrant PDK1 expression is implicated in the acquisition of radioresistance and evasion of DNA
damage by HCC cells. (A) Heatmap of gene-set expression in the E-GEOD-6464, AFFY_HG_U133_PLUS_2
data set. Rows are centered; unit variance scaling is applied to rows. All 29 rows and 53 columns were
clustered using correlation distance and average linkage. (B) STRINGdb-generated visualization of the
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protein-protein interaction between PDK1/PDPK1, PI3K/AKT/mTOR signaling pathway (red nodes),
CSCs markers (blue nodes) and DNA damage markers (green nodes). (C) Graphical representation of
the differential SP in Mahlavu, Mahlavu-R, Hep3B, Hep3B-R, Huh7 or Huh7-R cells, in the presence
or absence of reserpine. (D) Graphical representation of the correlation between ALDH and PDK1
expression in the GDC TCGA liver cancer cohort, n = 469. (E) Schrödinger’s PyMOL molecular graphics
system-generated molecular docking of PDK1 and ALDH1. (F) Representative images showing the
differential ALDH activity in Huh7 or Huh7-R cells in the presence or absence of DEAB. DEAB,
Aldefluor inhibitor; DEAB+, negative control; Reserpine served as inhibitor of Hoechst 33342 dye efflux;
PPI, protein–protein interaction; RSMD, root-mean-square deviation; TPM, transcript per million.

3.4. PDK1-Dependent Radioresistance Is Associated with the Enhanced Metastatic and Cancer Stem Cell-Like
Phenotypes of HCC Cells

Having implicated the aberrant expression of PDK1 in the acquisition of IR-resistance by HCC cells,
we sought to rule out its complicity in the enhanced oncogenicity and CSCs-like phenotypes of the HCC
cells. We demonstrated that the Mahlavu-R cells were significantly more mobile than the Mahlavu cells,
as indicated by a 2.15-fold (p < 0.001) enhanced cell migration in the Mahlavu-R compared with the
Mahlavu cells (Figure 4A). Additionally, we observed that compared to the Mahlavu cells, a significant
time-dependent increase was induced in the number of invaded Mahlavu-R cells (wild-type (WT) vs.
R: 24 h, 1.48-fold, p < 0.01; 48 h, 1.47-fold, p < 0.001; Figure 4B). In addition, compared to their wild type
counterpart, the clonogenicity in the Huh7-R (6.21-fold, p < 0.001), Mahlavu-R (13.18-fold, p < 0.01) and
Hep3B-R (5.30-fold, p < 0.01) was significantly enhanced (Figure 4C). We also demonstrated that the
observed enhanced migration, invasion and colony formation potentials in the PDK1-rich Hep3B-R,
Mahlavu-R and Huh7-R cells were concomitantly associated with marked up-regulation of p-PDK1,
PDK1, N-cadherin, Vimentin and Snail protein expression levels, with converse down-regulation of
E-cadherin, compared to their expression in the HCC-WT cells (Figure 4D). Moreover, the Huh7-R or
Mahlavu-R cells exhibited a marked increase in the tumorsphere sizes (Huh7 vs. Huh7-R: 2.01-fold,
p < 0.001; Mahlavu vs. Mahlavu-R: 2.48-fold, p < 0.001), number (Huh7 vs. Huh7-R: 3.29-fold, p < 0.001;
Mahlavu vs. Mahlavu-R: 4.72-fold, p < 0.001) and formation efficiency (Huh7 vs. Huh7-R: 4.14-fold,
p < 0.001; Mahlavu vs. Mahlavu-R: 1.83-fold, p < 0.01; Figure 4E). For tumorsphere formation efficiency
(TFE), the formula used was TFE = Nx

N1 − 1 , where N1 is the number of formed tumorspheres ≥150 mm
in primary or first generation and Nx is the number of formed tumorspheres≥150 mm in the subsequent
generation. Expectedly, nuclear OCT4A and SOX2 immunoreactivity were enhanced in the Mahlavu-R
and Huh7-R cells compared with their wild type counterparts (Figure 4F). These results are indicative of
existent association between the PDK1-dependent IR-resistance, increased epithelial-to-mesenchymal
transition (EMT) and the enhanced metastatic and CSCs-like phenotypes of HCC cells.
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Figure 4. PDK1-dependent radioresistance is associated with the enhanced metastatic and cancer stem
cell-like phenotypes of HCC cells. Representative photo-images (upper panel) and histograms (lower
panel) comparing (A) migration and (B) invasion potential between Mahlavu and Mahlavu-R cells.
Scale bar: 100 µm, 10× objective. (C) Representative photo-images (left panel) comparing clonogenicity
between Huh7-R, Mahlavu-R, Hep3B-R and their wild-type counterparts. Scale bar: 100 µm, 10×
objective. (D) Representative Western blot images of the differential expression of p-PDK1, PDK1,
E-cadherin, N-cadherin, Vimentin or Snail protein in wild-type and IR-resistant Hep3B, Mahlavu or
Huh7 cells. β-actin was used as a loading control. (E) Representative photo-images (upper panel)
and histograms (lower panel) comparing the tumorsphere formation potential between wild-type
(WT) and IR-resistant Huh7 or Mahlavu cells. Scale bar: 100 µm, 10× objective. (F) Representative
immunofluorescence staining images of SOX2 and OCT4A expression in WT and IR-resistant Huh7 or
Mahlavu cells. DAPI served as nuclear marker. Scale bar: 100 µm, 10× objective. * p < 0.05, ** p < 0.01,
*** p < 0.001.

3.5. Pharmacologic Targeting of PDK1 Resensitizes HCC Cells to Radiotherapy-Induced Apoptosis Signals
Dose-Dependently, and Significantly Suppress Their Oncogenicity

In the light of our accruing evidence implicating PDK1 in the enhanced IR-resistance and associated
CSCs-linked oncogenicity of HCC cells, we evaluated the translatability and probable clinical feasibility
of our findings by investigating the likely efficacy of pharmacologically targeting PDK1 on the
IR-resistant phenotype of HCC cells, using BX795, a potent small molecule ATP-competitive inhibitor
of PDK1. Our results indicate that in the presence of 1.25–10 µM enhanced the cytocidal effect of
0.5–2 Gy IR on the Mahlavu-R cells, dose-dependently (Figure 5A, upper panel). Interestingly, this
synergistic effect was akin to that observed in the wild type Mahlavu subjected to same combinatorial
therapeutic regimen, howbeit greater in the wild type cells (Figure 5A, lower panel). Furthermore,
we performed a synergy evaluation of the BX795/IR combinatorial therapy using the Chou-Talalay
isobologram algorithm, and the results were corroboratory of our earlier data, as demonstrated by
all twelve BX795/IR combination dose-points lying within the isobologram (Figure 5B). In addition,
we demonstrated that the observed therapeutic effect was associated with enhanced Bax/Bcl-2 apoptotic
index as shown by the moderate or strong expression intensity of Bax protein in Mahlavu-R cells
treated with 1.25 µM BX795 alone or 1.25 µM BX795/2 Gy IR combined, respectively, compared to the
null/mild Bax protein expression in the 2 Gy IR alone or untreated control group; conversely, compared
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to the strong expression of Bcl-2 protein in the control or 2 Gy IR alone group, Bcl-2 protein expression
was mild or null in the 1.25 µM BX795 alone or 1.25 µM BX795/2 Gy IR combined group, respectively
(Figure 5C), suggesting an apoptosis-dependent mechanism for the synergistic therapeutic effect.
Consistent with the above, we also observed that in comparison to the control group, treatment with
2 Gy IR, 1.25 µM BX795 or 1.25 µM BX795/2 Gy IR combined elicited a 39% (p < 0.05), 48.3% (p < 0.01)
or 97% (p < 0.001) reduction in the number of invaded wild type Mahlavu cells, respectively, and a
20% (p < 0.05), 27.6% (p < 0.05) or 71.9% (p < 0.001) reduction in the number of invaded Mahlavu-R
cells (Figure 5D). A similar effect trend was also observed for the effect of 2 Gy IR, 1.25 µM BX795 or
1.25 µM BX795/2 Gy IR combined on the ability of Mahlavu and Mahlavu-R cells to form colonies
(Figure 5E). These data do indicate that the BX795-mediated pharmacological targeting of PDK1
resensitizes HCC cells to radiotherapy-induced apoptosis signals dose-dependently, and significantly
suppress their oncogenicity.
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Figure 5. BX795-mediated pharmacologic targeting of PDK1 resensitizes HCC cells to
radiotherapy-induced apoptosis signals dose-dependently and significantly suppresses their
oncogenicity. (A) Histograms of the effect of 24 h exposure to 0.5–2 Gy IR on the viability of
IR-resistant (upper panel) or wild-type (lower panel) Mahlavu cells. (B) Isobologram indicating
synergism between different doses of IR and BX795. (C) The effect of exposure to 2 Gy IR, 1.25 µM
BX795 or 2 Gy IR+1.25 µM BX795 on the expression level of Bax and Bcl-2 proteins in Mahlavu-R
cells as shown by Western blot analyses. Photo-images (upper panel) and histograms (lower panel)
comparing the effect of exposure to 2 Gy IR, 1.25 µM BX795 or 2 Gy IR+1.25 µM BX795 on the (D)
invasion, and (E) colony formation potential of WT or IR-resistant Mahlavu cells. β-actin was used as a
loading control. Scale bar: 100 µm, 10× objective; * p < 0.05, ** p < 0.01, *** p < 0.001; Resist, IR-resistant;
WT, wild-type; CTL, control.

4. Discussion

While the last 3 decades has been characterized by the broadening of our understanding of HCC
pathobiology, and advances in diagnostic and therapeutic strategies for managing patients with HCC,
therapeutic success and clinical outcome remain poor, especially as the incidence of resistance to
conventional anticancer therapies and cancer recurrence after an initial response to treatment, including
IR, continue to rise [1–6]. Given the critical role of oncogene addiction and/or aberrant oncogene
expression in the initiation, metastasis, resistance to therapy and recurrence of HCC, oncogene addiction
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constitutes an ‘Achilles heel’ in any successful molecular anticancer therapy, and its targetability
represents a putative therapeutic strategy with high curative efficacy and strong antirelapse potential.
This necessitates the discovery of novel onco-addictive molecular targets and development of new
therapeutic strategies that are efficacious against HCC oncogenicity, biomolecular drivers of HCC
development, dissemination and the acquisition of a therapy-resistant phenotype, and therapy failure
in patients with PDAC [19–22]. Against this background, this study unravels a role for PDK1 as one
such onco-addictive driver of oncogenicity and IR-resistance.

In the present study, we demonstrated that (i) PDK1 is an independent driver of the
PI3K/AKT/mTOR signaling pathway and its aberrant expression characterizes poorly differentiated
aggressive HCC cells, with (ii) altered PDK1 expression being sufficient for the deactivation of the
PI3K/PDK/AKT/mTOR oncogenic signaling, and sensitization of aggressive HCC cells to radiotherapy.
Mechanistically, we also showed that while (iii) aberrant PDK1 expression is implicated in the acquisition
of IR-resistance and evasion of DNA damage by HCC cells, (iv) PDK1-dependent IR-resistance is
associated with the enhanced metastatic and cancer stem cell-like phenotypes of HCC cells and that
the (v) pharmacologic targeting of PDK1 resensitizes HCC cells to radiotherapy-induced apoptosis
signals dose-dependently and significantly suppresses their oncogenicity. As with all our works, these
findings add to the current repertoire of knowledge on HCC pathobiology, and are posited to help
shape potential therapeutic decision-making for managing patients with HCC, in the context of the
contemporary clinical challenge of IR-resistance, therapy failure, disease recurrence and poor prognosis
amongst patients with HCC.

In the present study, for the first time, to the best of our knowledge, we demonstrated that PDK1
is an independent driver of the PI3K/AKT/mTOR signaling pathway and its aberrant expression
characterizes poorly differentiated aggressive HCC cells (Figure 1). This is consistent with reports
indicating that while PDK1 oncogenic activities are not dependent on PI3K/AKT signaling, the later
more often than not is modulated by PDK1 expression [23], and as rightly put by Tan J et al., while
PDK1 is almost always linked with the PI3K/AKT signaling pathway, evidence abound that it does
also induce other efferent oncogenic signaling, such as demonstrated by its unmediated induction of
Polo-like kinase 1 (PLK1) phosphorylation, with subsequent activation and nuclear accumulation of
MYC, resulting in the growth and survival of cancerous cells, induction of an embryonic stem cell
(ESC)-like gene-signature, which is associated with aggressive cancer traits and robust CSC-driving
signaling, as well as resistance to mTOR-targeted therapy [24]. More so, the characterization of
poorly differentiated aggressive HCC cells by aberration in PDK1 expression is of clinical relevance,
since it is broadly understood that poorly differentiated cancerous cells exhibit greater degree of
resistance to therapy, and are strongly associated with increased metastasis and poor prognosis [25],
thus, highlighting a critical role for PDK1 as a putative molecular target in HCC.

Our data indicating that the aberrant expression of PDK1 characterizes poorly differentiated
aggressive HCC cells is of translational relevance, considering that PDK1 facilitates the phosphorylation
of its protein substrates, and phosphorylation has been shown to modulate the maintenance or
repression of pluripotency, which is the ability of individual cells to differentiate into any somatic cell
lineage [26,27]. Understanding that malignant cells differ from normal cells based, among other traits,
on their propensity to proliferate without terminal differentiation; we posit that the observed aberration
in PDK1 expression and/or activity permits and facilitates the occurrence of perpetual/unlimited
proliferation of HCC lineage-committed progenitors while deterring terminal differentiation of the
cancerous cells [28]. In fact, differentiation-failure and the degree of such differentiation-failure,
as reflected by the undifferentiated or poorly differentiated cell status, distinguish benign from
malignant tumors and dictate the degree of malignant transformations [28]. Our findings thus indicate
the complicity of PDK1 in differentiation-failure oncogenic transformation, and the therapy-resistant
phenotype of HCC cells, especially as cellular differentiation depends on the activity of master
pluripotency transcription factors (TFs) such as MYC, OCT4, or SOX2 and cofactors like PDK1 invariably
serving as important transcriptional coactivator or corepressor that use adenosine triphosphate (ATP)
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for chromatin remodeling, which ‘switches on’ or ‘switches off’ substrates/target genes, enhancing the
proliferative index and consequently eliciting treatment failure and poor prognosis [27,28].

In addition, we demonstrated that altered PDK1 expression is enough for the deactivation of
the PI3K/PDK/AKT/mTOR oncogenic signaling and sensitizes aggressive HCC cells to radiotherapy
(Figure 2). This finding aligns with our evolving understanding of the critical role of PDK1 as a
cancer addictive oncogene. In the light of our findings, we posited a probable dependence of disease
progression in patients with HCC on expression and/or activity aberrations in oncogene PDK1, which
is reminiscent of oncogene addiction, such that the therapeutic targeting of PDK1 or selective blocking
of its activities was enough and sufficient to suppress cell viability, impede proliferation, inhibit
colony formation and deactivate the PI3K/AKT/mTOR signaling cascade. Having said this, our finding
is consistent with the recently demonstrated role of PDK1 as a crucial regulator of cancerous cell
migration, invasion and dissemination, while concomitantly modulating the activation status of several
oncogenic proteins, including PI3K and AKT/PKB [29], as well as evidence indicating that altered
PDK1 expression is a crucial component of the oncogenic PI3K/AKT signaling in breast cancer, and that
the targeting of PDK1 sensitizes cancerous cells to therapy [30].

In addition, we demonstrated that aberrant PDK1 expression is implicated in the acquisition of
IR-resistance and evasion of DNA damage by HCC cells (Figure 3). This is particularly important
considering the role of dysregulated DNA damage/DNA damage repair in the death of cancerous cells
exposed to IR and the exploitable therapeutic benefit of reduced resolution of IR-induced clustered
DNA damage [16] and altered DNA damage repair genes in liver cancer [17]. The last 3 decades has
seen a surge in advocacy for and research into the exploitation of DNA damage response proteins
as potential molecular targets to enhance the anticancer effect of radiotherapy, and numerous agents
or molecular events that impair key response proteins continue to be combined with radiation in
clinical trials [31]. Our data demonstrating an inverse correlation between PDK1 clustered with
CSCs/IR-resistance markers and DNA damage repair gene cluster is of translational relevance. This is
particularly so, considering the therapeutic challenge of innate or acquired resistance to genotoxic
agents or events such as topoisomerase (TOP) inhibitors and ionizing radiation, which are known
to induce some of the most toxic genomic lesions—double-strand DNA breaks (DSBs) [31]. Against
the background that 1 Gy IR elicits 1000 single strand breaks (SSBs) and 35 DSBs per cell [31], and
extrapolating from our presented data, it is probable that the aberrant expression of PDK1 facilitates
replication forks, up-regulates DSB religation while suppressing the conversion of IR-induced primary
DNA damage/lesions into fatal DSBs through the deregulation of non-homologous end joining (NHEJ),
which occurs during late S and G2 cell cycle phases [31]. Intriguingly, we demonstrated for the first time
to the best of our knowledge that PDK1 not only interacts with ALDH1A1, but that it also activates it.

Intriguingly, our demonstration of direct interaction between the catalytic domain of PDK1 and
human apoALDH1A1 is the first evidence-based documentation of the role of PDK1 in the activation
of ALDH1, to the best of our knowledge (Figure 3). Herein, PDK1 serving as a cofactor, covalently
binds to the inactive ALDH1A1 apoenzyme (apoALDH1A1) to form a complete and catalytically
active ALDH1A1 holoenzyme (holoALDH1A1). This in part, explains the observed clustering of PDK1
with CSC markers, and their association with enhanced oncogenicity, suppressed DNA damage genes
RAD50, MSH3, MLH3, ERCC2, CLK2 and BLM, with resultant resistance to radiotherapy.

We also showed that PDK1-dependent IR-resistance is associated with the enhanced metastatic
and CSCs-like phenotypes of HCC cells (Figure 4 and Supplementary Figure S3). This is consistent with
contemporary knowledge that CSCs-like cells exhibit increased resistance to chemo- and radiotherapy
compared to their non-CSCs counterparts in same tumor niche [32], even as cells undergoing EMT
have been shown to exhibit resistance to genotoxic stress mediated by conventional radio- and
chemotherapy [33,34], thus, linking resistance with CSCs-like and EMT-phenotypes. In fact, it was
recently suggested that the acquisition of EMT and CSCs phenotypes is linked with the activation of
PI3K/AKT/mTOR signaling in IR-resistant prostate cancer cells [11]. Furthermore, we also demonstrated
that the BX795-mediated pharmacologic targeting of PDK1 resensitizes HCC cells to IR-induced
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apoptosis signals dose-dependently, and significantly suppress their oncogenicity (Figure 5), which
is consistent with findings showing that PDK1 signaling is critical for the growth and survival of
cancerous cells, and that small-molecule inhibition of PDK1/PLK1 activity effectively targeted and
impaired MYC dependency with its associated therapy resistance [24].

5. Conclusions

This present study as we depicted in our schematic abstract (Figure 6), demonstrated that
aberrantly expressed PDK1 independently drives PI3K/AKT/mTOR oncogenic signaling, characterizes
poorly differentiated cells, activates ALDH1 and is associated with the desensitization of aggressive
hepatocellular carcinoma cells to radiotherapy. Thus, we provide preclinical evidence for the pleiotropic
contribution of PDK1 to the IR-resistant phenotype of aggressive HCC cells by modulating oncogenic,
stemness, metastatic and DNA damage repair signaling. These findings provide important mechanistic
insights into HCC biology and have significant therapeutic implications.
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Figure 6. Schematic abstract of the aberrantly expressed PDK1 independently drives PI3K/AKT/mTOR
oncogenic signaling in HCC. This present study demonstrated that aberrantly expressed PDK1
independently drives PI3K/AKT/mTOR oncogenic signaling, characterizes poorly differentiated cells,
activates ALDH1 and is associated with the desensitization of aggressive hepatocellular carcinoma
cells to radiotherapy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/3/746/s1,
Table S1. Antibody list. Supplementary Figure S1. PDK1 directly binds to and activates ALDH1. (A) ALDH1-PDK1
protein interaction matrix (upper panel) with local and global RMSD data indicated (lower panel). (B) ALDH1-PDK1
protein sequence alignment confirming complementarity. Supplementary Figure S2. PDK1 interacts with ALDH
and directly modulate the expression and/or activity of ALDH in HCC cells. (A) Representative Western blot
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image and histograms of the differential expression of PDK1 and ALDH1 in adherent wild-type Mahlavu cells or
their tumorsphere counterparts. (B) Graph showing the effect of siPDK1 on the expression level of ALDH1 mRNA
in Mahlavu-R cells. (C) Representative Western blot image and histograms showing the effect of siPDK1-1 and
siPDK1-2 on the expression levels of PDK1 or ALDH1 protein in Mahlavu-R cells. * p < 0.05, ** p < 0.01, *** p < 0.001.
Mahlavu-R, radioresistant Mahlavu cells; WT, wild-type; NC, negative control. Supplementary Figure S3. PDK1
is associated with the modulation of cellular pluripotency and proliferation. Graphical representation of the
correlation between PDK1 and (A) c-MYC/MYC, or (B) Ki-67/MKI67 in the TCGA-liver hepatocellular carcinoma
(LIHC) cohort, n = 374. (C) 2D visualization of the protein–protein interaction network between PDK1, MYC, and
Ki-67. Figure S4. Full-size blots of Figure 1C. Figure S5. Full-size blots of Figure 2D. Figure S6. Full-size blots of
Figure 4D. Figure S7. Full-size blots of Figure 5C. Figure S8. Full-size blots of Figure S3A,B.
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