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According to GLOBOCAN 2020 data, colorectal cancer (CRC) represents the third
most common malignancy and the second most deadly cancer worldwide [1–3]. In a
clinical setting, despite advances in diagnosis and surgical procedures, 20% of patients with
CRC present with metastasis at the time of diagnosis due to residual tumor cells that have
spread to distant organs prior to surgery, affecting the patient’s survival rate [4]. Standard
systemic chemotherapy, alternative therapies targeting mechanisms in cancer progression
and metastasis, immunotherapy, and combination therapies are the primary strategies
for treating CRC [5,6]. Unfortunately, these treatment strategies are expensive and often
lack selectivity in targeting cancer cells, leading to severe toxicity in normal tissues and
various side effects [7]. The main purpose of this Editorial is to provide a concise and
state-of-the-art overview of novel therapeutic approaches for CRC treatment.

Mutations in different signaling pathways contribute to the initiation, progression,
and chemoresistance of CRC, and among them, the overactivation of the phosphoinositide
3-kinase (PI3K)/AKT/mechanistic target of rapamycin (mTOR) signaling axis is of piv-
otal importance for tumorigenicity [8–10]. Although there are conflicting data regarding
the effectiveness of agents directed against the PI3K axis in CRC, several studies have
shown favorable results for these drugs, whether used in primary or metastatic cases.
Among them, Pictilisib, a potent small-molecule class I PI3K inhibitor (PI3Ki), has shown
promising results in reducing mucinous colorectal adenocarcinoma (MCA) progression;
however, its effectiveness as single-agent therapy is limited due to the potential devel-
opment of drug-induced resistance [11–13]. Kuracha et al. demonstrated that, in MCA
cells, Pictilisib-induced adaptive resistance is regulated by the forkhead box O (FOXO)-
dependent rebound activity of receptor tyrosine kinases (RTKs) [14]. The results revealed
that pictilisib treatment led to an increased accumulation of nuclear FOXO1 compared
to vehicle-treated CRC cells, and the authors proposed FOXO1 as a putative co-target to
rescue PI3Ki single-agent resistance in MCA therapy. In CRC, as well as for the majority of
tumors, cancer stem cells (CSCs) are recognized as a primary contributor to drug resistance,
tumor progression, and metastasis [15–18]. Several signaling pathways are implicated
in maintaining cancer stemness; consequently, targeting these pathways emerges as a
feasible strategy for eliminating CSCs and potentially tumor eradication [19]. Recently,
some studies have shown that CD44, a cell surface glycoprotein, and its isoforms generated
from alternative splicing involving standard and variant exons (CD44v) play a crucial role
in the progression of CRC [20,21]. Notably, overexpression of CD44v6 is associated with
an unfavorable prognosis in CRC patients, influencing adhesion, proliferation, stemness,
invasiveness, and chemoresistance [22]. Accordingly, CD44v6 emerges as a promising
target for both cancer diagnosis and therapy in CRC. Ejima et al. established a novel
anti-CD44mAb, C44Mab-5 (IgG1, kappa), and C44Mab-46 (IgG1, kappa), and they eval-
uated their applicability through enzyme-linked immunosorbent assay, flow cytometry,
western immunoblotting, and immunohistochemical analyses on several CRC cells [23].
Another widely recognized CSCs marker is ATP-binding cassette superfamily G member 2
(ABCG2), a multidrug transporter that mediates the translocation of diverse physiological
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and xenobiotic substrates across cellular membranes in an ATP-dependent manner [24].
The expression of the ABCG2 gene has demonstrated negative prognostic implications in
various malignancies, while in CRC, its prognostic significance remains undefined [25–27].
By analyzing publicly available datasets, Sałagacka-Kubiak et al. demonstrated that ABCG2
is downregulated in colon and rectum adenocarcinomas, exhibiting lower expression levels
compared to both adjacent non-malignant tissues [28]. This deregulation is suggested to be
associated with the methylation level of specific sites within the ABCG2 gene and correlated
with microsatellite instability (MSI), weight, and age, whilst in rectum adenocarcinoma
patients, it was linked to tumor localization, population type, and age. Furthermore, an
ABCG2-centered protein—protein interaction network, constructed using STRING, re-
vealed that the associated proteins are involved in leukotriene, organic anion, xenobiotic
transport, endodermal cell-fate specification, as well as histone methylation and ubiqui-
tination. Therefore, the downregulation of ABCG2 may serve as a marker of the activity
of specific signaling pathways or protein interactors crucial for colorectal carcinogenesis.
Another protein engaged in CRC progression is the muscarinic acetylcholine receptor M3
(M3R) [29–31]. Analyzing 754 surgical CRC tissue samples, Lobbes et al. demonstrated that
high expression of M3R correlated with enhanced survivability, particularly in cases with
lower tumor grade and a non-mucinous subtype. This association was linked to a more fa-
vorable outcome compared to cases with low M3R expression, where survival significantly
decreased and higher tumor grade and mucinous subtype were prevalent [32]. Genomic
instability is a hallmark of CRC, and metastatic CRC (mCRC) characterized by deficient
mismatch repair (dMMR) and MSI can effectively be treated using immune checkpoint
inhibitors (ICI) such as pembrolizumab and nivolumab, approved by both the FDA and
EMA [12,33,34]. Alternatively, combinations of programmed cell death protein-1 (PD-1)
inhibitors with ipilimumab, an antibody targeting cytotoxic T-lymphocyte-associated pro-
tein 4 (CTLA-4), have also demonstrated efficacy in this context [35–37]. Krekeler et al.
described the case of a 63-year-old male with microsatellite instability (MSI-H) and mCRC
associated with Lynch syndrome [38]. The patient experienced rapid normalization of
tumor markers and achieved a complete metabolic remission (CMR) that has persisted
for ten months. This notable outcome was observed through a sequential ICI treatment
approach involving the combination of nivolumab and ipilimumab, followed by nivolumab
maintenance therapy after progression on single-agent PD-1 ICI therapy. This represents
the first reported instance of sustained metabolic complete remission in an MSI-H mCRC
patient who initially showed progression on single-agent anti-PD-1 therapy, suggesting that
individuals with dMMR mCRC may have benefited from sequential immune checkpoint
regimens, even exhibiting long-term responses.

In conclusion, personalized therapeutic regimens represent the cutting edge in CRC
treatment. Strategies focused on targeting patient-specific markers have the potential to
augment standard chemotherapy efficacy and mitigate tumor progression.
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Abstract: Bafilomycin A1 inhibits V-type H+ ATPases on the molecular level, which acidifies endo-
lysosomes. The main objective of the study was to assess the effect of bafilomycin A1 on Ca2+

content, NAADP-induced Ca2+ release, and ATPase activity in rat hepatocytes and human colon
cancer samples. Chlortetracycline (CTC) was used for a quantitative measure of stored calcium in
permeabilized rat hepatocytes. ATPase activity was determined by orthophosphate content released
after ATP hydrolysis in subcellular post-mitochondrial fraction obtained from rat liver as well as from
patients’ samples of colon mucosa and colorectal cancer samples. In rat hepatocytes, bafilomycin A1
decreased stored Ca2+ and prevented the effect of NAADP on stored Ca2+. This effect was dependent
on EGTA–Ca2+ buffers in the medium. Bafilomycin A1 significantly increased the activity of Ca2+

ATPases of endoplasmic reticulum (EPR), but not plasma membrane (PM) Ca2+ ATPases in rat liver.
Bafilomycin A1 also prevented the effect of NAADP on these pumps. In addition, bafilomycin
A1 reduced Na+/K+ ATPase activity and increased basal Mg2+ ATPase activity in the subcellular
fraction of rat liver. Concomitant administration of bafilomycin A1 and NAADP enhanced these
effects. Bafilomycin A1 increased the activity of the Ca2+ ATPase of EPR in the subcellular fraction
of normal human colon mucosa and also in colon cancer tissue samples. In contrast, it decreased
Ca2+ ATPase PM activity in samples of normal human colon mucosa and caused no changes in colon
cancer. Bafilomycin A1 decreased Na+/K+ ATPase activity and increased basal Mg2+ ATPase activity
in normal colon mucosa samples and in human colon cancer samples. It can be concluded that
bafilomycin A1 targets NAADP-sensitive acidic Ca2+ stores, effectively modulates ATPase activity,
and assumes the link between acidic stores and EPR. Bafilomycin A1 may be useful for cancer therapy.

Keywords: molecular mechanisms; colon cancer; ATPase; autophagy; hepatocytes; liver; NAADP;
biomarkers; bafilomycin A1; Ca2+ store

1. Introduction

A class of macrolide antibiotics known as bafilomycins is created from several different
streptomycetes. These compounds’ chemical structure is determined by a 16-membered
lactone ring scaffold. A variety of biological activities, including anti-parasitic, anti-
tumor, immunosuppressive, and anti-fungal action, are connected with bafilomycins [1].
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Bafilomycin A1 is widely used as an autophagy inhibitor in various tissues [2–4]. In addi-
tion, bafilomycin A1 is also used as a specific inhibitor of V-type H+ ATPase [5,6], which
pumps protons into the lumen of organelles such as lysosomes [7]. It is well known that
endosomes and lysosomes are important membrane-bound organelles that are essential for
the normal functioning of the eukaryotic cell. Interaction disruption between endosomes
and lysosomes may contribute to cancer development [8].

By preventing V-ATPase-dependent acidification and autophagosome-lysosome fu-
sion, bafilomycin A1 has been demonstrated to interfere with autophagic flux [9]. Because
autophagy involves the recycling of organelles and lysosomal breakdown, it is thought to
be a crucial survival strategy for both cancerous and healthy cells. Research has demon-
strated that bafilomycin A1-induced macroautophagy suppression reduces colon cancer
cell proliferation and triggers apoptosis [10], suppresses the growth of HCC cells [11],
inhibits autophagy flux in diffuse large B-cell lymphoma [12], and inhibits respiration
in mitochondria of Nemeth-Kellner lymphoma [13]. Thus, bafilomycin A1 could be an
effective therapeutic agent in cancer therapy [14]. Furthermore, bafilomycin A1 inhibited
autophagosome–lysosome fusion and acidification, which resulted in a marked rise in
cytosolic calcium concentration [9]. These acidic organelles are known to contain high
amounts of Ca2+ [15]. Faris and others demonstrated that nicotinic acid adenine dinu-
cleotide phosphate (NAADP) induces intracellular Ca2+ release in primary cultures of
metastatic colorectal cancer Ca2+ imaging and molecular biology techniques [16]. The
ATPase activity of the subcellular fraction of human colon cancer samples has recently been
revealed to be impacted by NAADP, which helps to stimulate Ca2+ release from acidic
organelles [17]. Bafilomycin A1 has been shown to inhibit NAADP-induced Ca2+ release
from these organelles in rat hepatocytes [18], though it is unknown how bafilomycin A1
affects ATPase activity in cancer tissues.

Ca2+ ATPases are in charge of creating sharp Ca2+ gradients across intracellular
membranes or the plasma membrane and preserving a low baseline Ca2+ level in the
cytoplasm. [19], and remodeling Ca2+ signaling is an important step in cancer progres-
sion [19–21]. The growth of cancer is facilitated by changes in colon cancer cells’ expression
of the plasma Ca2+ pump (PMCA) and the corresponding modifications in the calcium
released by the cell [21,22]. Differentiation of HT-29 colon cancer cells is associated with the
upregulation of PMCA4, but no significant change in PMCA1 [22]. It was found that the
simultaneous presence of bafilomycin A1 and NAADP completely inhibits PMCA activity
in mouse NK/Ly cells [23], but the effect of bafilomycin A1 on PMCA activity in human
colon cancer has not been studied.

Maintenance of high endoplasmic reticulum calcium concentration through the action
of sarco/endoplasmic reticulum calcium ATPases (SERCAs) is critical for many cellu-
lar functions involved in intracellular signaling, control of proliferation, programmed
cell death, or synthesis of mature proteins [24]. Increased expression of SERCA 2 was
found in human colorectal cancer and was associated with advanced tumor stage and
tumorigenesis [25]. Meanwhile, in several other cancers, SERCA3 expression is selectively
downregulated [24]. We found that NAADP decreased the activity of SERCA and basal
Mg2+ ATPase in the post-mitochondrial fraction of mouse lymphomas, and bafilomycin
A1 prevented the effects of NAADP on the activity of these pumps [13]. This confirmed
the function of these pumps in the context of bafilomycin-sensitive acid stores. Recently, it
was found that NAADP causes a decrease in Ca2+ ATPase EPR activities and an increase
in basal ATPase activity in human colon cancer samples [17], but the effect of bafilomycin
A1 on the activity of these pumps has not been studied. It is known that Na+/K+ ATPases
are crucial for cancer cell adhesion, motility, and migration [20,26]. Inhibitors of Na+/K+

ATPase (ouabain and digoxin) showed anti-tumor effects on multicellular tumor spheroids
of hepatocellular carcinoma [27], and another inhibitor (gentiopicrin) exerted anticancer
activity on human colon cancer [28]. Such glycosides as gentiopicrin are known to be used
in traditional medicine for the treatment of heart disease, as they selectively inhibit Na+/K+

ATPase and increase intracellular Ca2+ concentration.
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NAADP decreased Na+/K+ ATPase activity in mouse NK/Ly cells [13], and the
simultaneous presence of bafilomycin A1 and NAADP caused a stronger inhibition of
Na+/K+ ATPase activity and, at the same time, a strong decrease in molecular oxygen
consumption in mitochondria and uncoupling of oxidative phosphorylation and respiration
was observed in mouse NK/Ly cells [13]. Moreover, there was a dramatic decrease in
Na+/K+ ATPase activity by application of NAADP, which could be explained by the release
of Ca2+ from acid stores by NAADP in human colon cancer tissue samples [17]. Thus,
attacking acid stores is an effective tool in cancer therapy. The effect of bafilomycin A1 on
Na+/K+ ATPase activities in human colon cancer remains unexplored.

Therefore, the primary goal of the investigation was to determine the functional
connections between acid Ca2+ storage (endo-lysosomes), extracellular phosphatase (EPR),
and other active ion transport systems (ATPases) by examining the impact of bafilomycin
A1 on Ca2+ content, NAADP-induced Ca2+ release, and ATPase activity in rat hepatocytes.
The study also included an investigation into the impact of bafilomycin A1 on ATPase
activity in human colon cancer samples to evaluate its potential use as a pharmacological
agent in cancer therapy.

2. Results

2.1. Bafilomycin A1 Effect on ATPase Activity in Subcellular Fraction of Human Colon Mucosal
Tissue Samples and Colorectal Cancer Tissue Samples

It was found that the average Na+/K+ ATPase activity in the human colon mucosa
samples was 4.00 ± 0.61 μmol Pi/mg protein per h. After the addition of bafilomycin A1
(0.001 mM) to the incubation solution of the post-mitochondrial subcellular fraction, this
index decreased to 2.43 ± 0.23 μmol Pi/mg protein per h. Consequently, 1.6 times less
Na+/K+ ATPase activity was seen in the subcellular portion of human colon mucosal tissue
when bafilomycin A1 (0.001 mM) was added (n = 10; p ≤ 0.05) (Figure 1).

Figure 1. ATPase activity of subcellular fraction of colorectal cancer samples (cancer) and unchanged
tissue (control): *** p ≤ 0.001 vs. control; ** p ≤ 0.01 vs. control; * p ≤ 0.05 vs. control, ## p ≤ 0.05 vs. cancer.

In the subcellular fraction of human colon cancer samples, the average Na+/K+ ATPase
activity was 2.37 ± 0.34 μmol Pi/mg protein per h. Bafilomycin A1 (0.001 mM) caused the
statistically significant (n = 10; p ≤ 0.05) decrease in this index to 0.94 ± 0.32 μmol Pi/mg
protein per h. Thus, bafilomycin A1 (0.001 mM) decreased Na+/K+ ATPase activity in the
subcellular fraction of human colorectal cancer samples by 2.52 folds. This effect is more
pronounced than in samples of healthy mucosa.

The median gene expression of Na+/K+-ATPase subunits (Figure 2) of colon tu-
mor vs. normal samples for Na+/K+ ATPase (ATP1A1)—2.88-fold increase in cancer
(535.19 cancer/186.04 normal); Na+/K+ ATPase (ATP1B1)—3.47-fold increase in cancer
(235.35 cancer/67.88 normal); Na+/K+ ATPase (ATP1B3)—1.46-fold increase in cancer
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(174.84 cancer/119.05 normal) according to Gepia (http://gepia.cancer-pku.cn/detail.php?
gene, accessed on 9 January 2024).

Figure 2. Increased expression of Na+/K+ ATPase’ genes subunits in colon cancer vs. normal
(according to Gepia (http://gepia.cancer-pku.cn/detail.php?gene, accessed on 9 January 2024).

In the human colon mucosa samples, the values of endoplasmic reticulum Ca2+ ATPase
of EPR activity were 1.95 ± 0.30 μmol Pi/mg protein per h (Figure 1). After the addition of
bafilomycin A1 (0.001 mM), the activity of EPR Ca2+ ATPase increased to 2.59 ± 0.24 μmol
Pi/mg protein per h. Thus, bafilomycin A1 increased the activity of Ca2+ ATPase of EPR
by 1.32-fold in the colon mucosa tissue samples (n = 10; p ≤ 0.05). In human colon cancer
samples, Ca2+ ATPase EPR activity was 1.42 ± 0.45 μM μmol Pi/mg protein per h (Figure 1).
After the addition of bafilomycin A1 (0.001 mM) to the incubation medium of the cancer
tissue samples, the average value of ATPase activity was 3.59 ± 0.34 μmol Pi/mg protein
per h. Thus, bafilomycin A1 (0.001 mM) statistically (n = 10; p ≤ 0.05) increased the activity
of Ca2+ ATPase EPR in colon cancer tissue samples by 2.58-fold. In human colon mucosal
tissue samples, plasmatic membrane (PM) Ca2+ ATPase activity was 6.25 ± 0.56 μmol
Pi/mg protein per h. Under the influence of bafilomycin A1, the activity of the Ca2+ ATPase
of the PM was 4.44 ± 0.28 μmol Pi/mg protein per h. Thus, bafilomycin A1 (0.001 mM)
decreased PM Ca2+ ATPase activity 1.40-fold in human intestinal mucosal tissue samples
(n = 10; p ≤ 0.05). In human colon cancer samples, PM Ca2+ ATPase activity averaged
1.79 ± 0.26 μmol Pi/mg protein per h. After the addition of bafilomycin A1, the average
Ca2+ ATPase activity of PM was 1.66 ± 0.28 μmol Pi/mg protein per h. Thus, bafilomycin
A1 caused no changes in the Ca2+ ATPase activity of PM in the cancer tissue samples. In
the colon mucosa tissue samples, the basal ATPase activity was 6.41 ± 1.03 μmol Pi/mg
protein per h.

When bafilomycin (0.001 mM) was added, the basal ATPase activity increased to
14.78 ± 6.21 μM μmol Pi/mg protein per h. Thus, bafilomycin A1 increased basal ATPase
activity 2.30-fold in human intestinal mucosal tissue samples (n = 10; p ≤ 0.05). In colon
cancer tissue samples, the indicators of basal ATPase activity varied from 2.10 to 25.63 and
averaged 12.56 ± 3.11 μmol Pi/mg protein per h (see Figure 1). When bafilomycin A1
(0.001 mM) was added to the cancer samples, the indicators of ATPase activity ranged from
3.34 to 35.72, with an average value of 18.60 ± 6.29 μmol Pi/mg protein per h. Thus, the
results are underlying the statistically 1.48-fold increase in basal ATPase activity of human
colon cancer tissue samples by bafilomycin A1 (n = 10; p ≤ 0.05).
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2.2. Modulation of ATPase Activity by Bafilomycin A1 and Its Impact on NAADP-Induced Effects
in Subcellular Rat Liver Fractions

To investigate the effect of bafilomycin A1 (0.001 mM) on ATPase activity, the post-
mitochondrial subcellular fraction of rat liver obtained by the differential centrifugation
method was used. The results indicate that the mean activity of Na+/K+ ATPase of the
post-mitochondrial fraction in rat liver was 3.20 ± 0.24 μmol Pi/mg protein per h (n = 6) in
the control (Figure 3).

Figure 3. Simultaneous effect of bafilomycin A1 (0.001 mM) and NAADP (7 μM) on ATPase activity
of rat liver post mitochondrial fraction: * p ≤ 0.05 vs. control; ** p ≤ 0.01 vs. control.

Bafilomycin A 1 (0.001 mM) addition to the incubation medium of the post-mitochondrial
fraction of rat liver resulted in a decrease in the mean activity of Na+/K+ ATPase to
1.95 ± 0.98 μmol Pi/mg protein per h (n = 6). Thus, bafilomycin A 1 (0.001 mM) reduced
Na+/K+ ATPase activity by 41.67% (p > 0.05) in the post-mitochondrial fraction of rat liver.
Bafilomycin A1 (0.001 mM) significantly increased the activity of Ca2+ ATPases of EPR in
the subcellular fraction of rat liver from 3.03 ± 0.93 to 8.09 ± 4.47 μmol Pi/mg protein per
h. This was an approximately three-fold increase in Ca2+ pump activity of EPR (p ≤ 0.05,
n = 6). In contrast, bafilomycin A1 (0.001 mM) did not statistically alter PM Ca2+ ATPase
activity of the post-mitochondrial fraction in rat liver, but it increased basal Mg2+ ATPase
activity more than two-fold from 12.26 ± 1.29 to 20.33 ± 2.50 μmol Pi/mg protein per h
(p ≤ 0.05, n = 6) (Figure 3).

Simultaneous addition of bafilomycin A1 (0.001 mM) and NAADP (7 μM) to the
incubation medium caused a greater decrease in the activity of Na+/K+ pumps of the
rat liver subcellular fraction compared with the control (0.33 ± 0.29 μmol Pi/mg protein
per h) (p ≤ 0.05, n = 6). NAADP and bafilomycin A1 caused a greater increase in basal
ATPase activity to 30.24 ± 2.32 μmol Pi/mg protein per h, statistically significant compared
with both the medium containing NAADP alone and bafilomycin A1 alone. The activity
of Ca2+ ATPases of PM in the simultaneous presence of bafilomycin A1 and NAADP in
the incubation medium was 3.25 ± 1.63 μmol Pi/mg protein per h. This was statistically
significant (p ≤ 0.05) compared with the medium containing bafilomycin A1 alone and
much lower compared with the medium containing NAADP. The activity of the Ca2+

ATPases EPR of the rat liver subcellular fraction was 6.85 ± 2.57 μmol Pi/mg protein per h
when bafilomycin A1 and NAADP were added simultaneously to the incubation medium
(see Figure 3). This was not statistically authentic to the medium with NAADP or to the
medium with bafilomycin A1 alone. Thus, bafilomycin A1 also prevented the effect of
NAADP on the activity of the Ca2+ ATPases of EPR in rat liver.

2.3. Bafilomycin Affected Stored Calcium Content and Prevented NAADP-Induced Changes of
Stored Calcium in Rat Hepatocytes

In the first phase of our investigation, we assessed the effects of bafilomycin in a
medium without EGTA–Ca2+ buffer on the calcium content in permeabilized rat hepato-
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cytes as well as the simultaneous effects of bafilomycin (20, 0.001 mM) and NAADP on the
calcium content in the permeabilized rat (Figure 4).

Figure 4. Bafilomycin (20; 0.04; 0.001 mM) addition effect in the medium without EGTA–Ca2+ buffers
on calcium content in permeabilized rat hepatocytes (A) and simultaneous effect of bafilomycin (20,
0.001 mM) and NAADP (7 μM) on calcium content in permeabilized rat hepatocytes (B): * p ≤ 0.05
vs. control, ** p ≤ 0.01 vs. NAADP, *** p ≤ 0.001 vs. control.

To find out the effect of bafilomycin A1 on endo-lysosomal stores, its effect on Ca2+

content in permeabilized rat hepatocytes was investigated. Bafilomycin A1 at different
concentrations (20; 0.04; 0.001 mM) was used to study its effect on stored calcium in
permeabilized rat hepatocytes incubated in a medium without EGTA–Ca2+ buffer. We
observed that bafilomycin A1 significantly decreased CTC–Ca2+ chemiluminescence in the
millimolar concentration range (20 and 0.04 mM), corresponding to the decrease in the
content of Ca2+ in intracellular organelles of permeabilized rat hepatocytes. The amount
of calcium that was stored remained unchanged despite the reduced bafilomycin A1
concentration (0.001 mM) (Figure 4A).

To investigate the relationships between NAADP-sensitive stores and bafilomycin-
sensitive ones, we used these two drugs in the incubation medium. No changes in stored
calcium were observed in permeabilized hepatocytes incubated in the medium with simulta-
neous presence of bafilomycin A1 (20 mM) and NAADP (7 μM) compared with the medium
with only bafilomycin A1 (Figure 4B). The simultaneous effect of a lower concentration of
Bafilomycin A1 (0.001 mM) and NAADP (7 μM) resulted in a statistically significant increase
in stored calcium by 40.23 ± 3.47% (p ≥ 0.001) compared to the medium with bafilomycin
A1 (0.001 mM) alone. These series of experiments were performed in an incubation solution
without chelating agents. Previously, we found that NAADP releases Ca2+ in permeabilized
rat hepatocytes and that the NAADP-induced changes in Ca2+ storage in these cells depend
on the concentration of EGTA–Ca2+ buffer in the cell incubation medium.

A series of experiments were conducted using EGTA–Ca2+ buffers to change the
concentration of free calcium in the incubation medium in order to control the amount of
calcium present better (Figure 5).

Ca2+ salts (0.050 mM) and EGTA (0.100 mM) were present in high amounts in medium
A, while EGTA (0.05 mM) and Ca2+ salts (0.025 mM) were present in lower concentrations in
medium B. The EGTA–Ca2+ buffer solution kept the concentration of free calcium constant
in both situations at 240 nM, which is the hepatocytes’ physiological resting state.

In any solution containing Ca2+ chelators, bafilomycin A1 (0.001 mM) did not affect the
amount of calcium that was stored in rat hepatocytes (see Figure 4). The impact of NAADP
was influenced by the concentration of EGTA, as we have found in our previous work [18].
In medium B with low EGTA content as well as in medium without chelators, NAADP
(7 μM) led to a reduction in calcium that was stored. When bafilomycin A1 (0.001 mM)
and NAADP (7 μM) were mixed, we discovered that the calcium content increased by
41.36 ± 3.92% (p ≥ 0.001) compared to NAADP alone (Figure 5B). However, this effect was
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not statistically significant against either the control or bafilomycin A1. Consequently, it was
found that bafilomycin A1 (0.001 mM) blocked NAADP’s effects across all medium types.

Figure 5. Simultaneous effect of bafilomycin (0.001 mM) and NAADP (7 μM) on calcium content (%) in
permeabilized rat hepatocytes in the medium with different EGTA–Ca2+ buffers: [Ca2+]cyt. = 243 nM
(EGTA: 100 μM, CaCl2: 50 μM) (A); [Ca2+]cyt. = 240 nM (EGTA: 50 μM, CaCl2: 25 μM) (B).
*** p ≤ 0.001 vs. control; # p ≤ 0.01 vs. NAADP.

3. Discussion

Previously, we found that NAADP affects ATPase activity in cancer samples, probably
due to Ca2+ release from acidic stores, as we had suspected [17]. In this article, we inves-
tigated the effect of bafilomycin A1 on the ATPase activity of human colon cancer tissue
samples. It is well known that differentiation of colorectal cancer cells is associated with
altered Ca2+ homeostasis and expression of specific sarcoplasmic/endoplasmic reticulum
calcium ATPase (ERCA) isoforms [21]. Changes in SERCA expression and activity cause
cellular cancer, induce ER stress, and trigger apoptosis linked to ER stress. [29]. In addition
to the Ca2+ ATPase of the EPR (SERCA), the important role of the Ca2+ ATPase of the
PM (PMCA) has also been demonstrated, playing an important role in remodeling Ca2+

homeostasis in human colon cancer cells [22].
We observed a three-fold higher activity of Ca2+ ATPase of PM compared with

the activity of Ca2+ ATPase of EPR in normal human colon mucosa (6.25 ± 0.56 vs.
1.95 ± 0.30 μmol Pi/mg protein per h) (Figure 1). However, in colon cancer tissue samples,
the activity of these two pumps was low (1.79 ± 0.26 μmol Pi/mg protein per h for PMCA).
At the same time, the activity of the Ca2+ ATPase of EPR (SERCA) only tended to decrease
and remained low in colon cancer tissues (1.42 ± 0.45 μmol Pi/mg protein per h). It is
important to note that the activity of PMCA was reduced more than 3.5-fold in cancer
tissue compared to healthy mucosa (Figure 1). Our results are consistent with other studies
on colorectal cancer that have shown lower PMCA4 expression in tumors compared to
normal tissues [21,30,31], and loss of SERCA3 expression was an early event during colon
carcinogenesis [24,32]. Additionally, it has been shown that the expression of the SERCA3
protein is down-regulated in gastric and colorectal cancer cell lines, indicating that cell dif-
ferentiation in vitro enhances its expression [33]. Moreover, the expression of Ca2+ pumps
was shown to be highly regulated in breast cancer cells in a subtype-specific manner [34].
Thus, we observed decreased activity of both Ca2+ ATPase of EPR and PM in cancer tissues
compared to normal human mucosa, which is consistent with protein expression data ob-
tained by other research groups. It was found here that bafilomycin A1 (Figure 1) effectively
increased EPR Ca2+ ATPase activity in both normal human mucosa and colon cancer tissue
samples by 1.32-fold in colon mucosa tissue samples (n = 10; p ≤ 0.05) and by 2.58-fold
(n = 10; p ≤ 0.05) in colon cancer tissue samples. We hypothesize that this is due to the re-
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lease of Ca2+ from endo-lysosomal stores due to inhibition of the H+ pump by bafilomycin
A1, resulting in locally high Ca2+ concentrations that activate the Ca2+ ATPase of the EPR.
This is further confirmation of a very close and strong contact site between these different
Ca2+ pools (lysosomes and EPR), which are still present even in the subcellular fraction
under these experimental conditions. A clearly visible membrane contact sites between
lysosomes and ER membranes in human cardiac mesenchymal stromal cells were recently
confirmed by transmission electron microscopy [16,35], and early similar nanojunctions
between lysosomes and sarcoplasmic reticulum were shown in pulmonary artery smooth
muscle cells [36]. Therefore, bafilomycin A1 increases the activity of the EPR Ca2+ pump
due to tight colocalization of EPR membranes with lysosomes. Based on our experimental
data, we hypothesized that there are similar contact sites between bafilomycin-sensitive
acidic stores and EPR in the subcellular fraction of normal human intestinal mucosa as in
colorectal cancer. This assumption is consistent with the observations of other research
groups [35–37].

We also observed that bafilomycin A1 decreased the activity of Ca2+ ATPase of PM by
1.40-fold in human colon mucosa tissue samples (n = 10; p ≤ 0.05). This may be due to the
fact that bafilomycin A1 induces a significantly lower cytosolic pH due to the inhibition
of the H+ pump of the acidic store. It is known that cytosolic acidification can inhibit
PMCA [38], just as PMCA simultaneously affects intracellular Ca2+ regulation and pH [39].

It was also shown that in the subcellular fraction of human colorectal tissue samples,
bafilomycin A1 did not alter the activity of Ca2+ ATPase of PM (Figure 1). We hypothesized
that the Ca2+ ATPase of PM in cancer cells is not in close colocalization with the endo-
lysosomal system, possibly as a consequence of a disturbance in membrane circulation. It
was found that the activity of basal Mg2+ ATPase was two-fold higher in the subcellular
fraction of human colorectal cancer tissue samples than in normal mucosa tissue.

It was observed that bafilomycin A1 increased basal ATPase activity in normal human
intestinal mucosal tissue samples as well as in human colon cancer tissue samples. This
effect could not be related to the release of Ca2+ from acidic stores because basal Mg2+

ATPase activity was estimated in solution with EGTA. The effect of bafilomycin A1 on basal
Mg2+ ATPase activity is realized by a change in pH due to inhibition of the H+ pump. It
was shown that the pH dependence of the enzymatic activity of basal Mg2+ ATPase was not
bell-shaped [40] but was characterized by the linearity in the range of values of hydrogen
index 6.0–8.0 [41].

It was found that the activity of Na+/K+ ATPase of the subcellular fraction was higher
in the human colon mucosa samples than in the colon cancer samples (4.00 ± 0.61 vs.
2.37 ± 0.34 μmol Pi/mg protein per h). Apparently, this is related to the type of isoform of
Na+/K+ ATPase. It was shown that the alpha-3 isoform of Na+/K+ ATPase was upregulated
in human colon cancer (Figure 2), but the alpha-1 isoform was downregulated [42]. The
activity of Na+/K+ ATPase can lead to the invasion of endocrine-resistant breast cancer
cells [43]. High expression of the alpha-1 subunit of Na+/K+ ATPase has been associated
with tumor development and clinical outcomes in gastric cancer [44]. We also observed that
bafilomycin A1 decreased Na+/K+ ATPase activity in human colon mucosal tissue samples
and in human colon cancer samples. Importantly, the inhibitory effect of bafilomycin A1 on
Na+/K+ pump activity was more pronounced in cancer tissue than in healthy tissue (see
Figure 1). Previously, we observed a similar effect of NAADP on the activity of this protein
in colon cancer tissue samples [17]. The simultaneous presence of bafilomycin A1 and
NAADP resulted in a stronger inhibition of Na+/K+ ATPase activity in mouse NK/Ly
cells [13]. There is a favorable correlation between the expression levels of the sodium
pump-α3 subunit and metastasis in colorectal cancer [45]. Thus, inhibition of Na+/K+

ATPase could significantly inhibit the migration of colorectal cancer cells. Our results imply
that endo-lysosomal agents bafilomycin A1 or NAADP [17] or both [13] are effective in
inhibiting Na+/K+ ATPase activity in various cancers.

The ATPase activity of the rat subcellular fraction under the combined action of
bafilomycin A1 was also examined (Figure 3). We found that bafilomycin A1 significantly
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increased the activity of the Ca2+ ATPases of the EPR in the subcellular fraction of rat
liver but not that of the Ca2+ ATPases of the PM. This observation fully confirmed our
assumption about the activation of the Ca2+ ATPase of the EPR by bafilomycin A1, as
we had suspected above on the basis of experiments on its effect on Ca2+ content in rat
hepatocytes. Furthermore, because bafilomycin A1 increases the activity of the Ca2+ ATPase
in the EPR but not the PM, it was postulated that the bafilomycin-responsive acid storage is
tightly associated with the EPR but not the PM. This observation is consistent with Ronco
V. (2015) [37] that there is a functional Ca2+-mediated cross-talk between endolysosomal
and endoplasmic reticulum Ca2+ pools during NAADP-induced Ca2+ signaling.

It was also observed that bafilomycin A1 reduced Na+/K+ ATPase activity in the
post-mitochondrial fraction of rat liver (Figure 3). It is important to note that the subcellular
fraction is a heterogeneous mixture of membrane vesicles formed from different membranes:
endosomes, lysosomes, EPR, and PM. In addition to Na+/K+ ATPase in the PM, it is also
possible that it is present in the membranes of the endo-lysosomal store [36] as a result of
PM invagination. Most likely, the effect of bafilomycin A1 on Na+/K+ ATPase is realized
by a change in pH or/and released Ca2+. It is likely that the Ca2+ that bafilomycin A1
releases from acidic storage inhibits the function of Na+/K+ ATPase. Higher intracellular
Ca2+ has been shown to have this inhibitory impact on the sodium pump in human red
blood cells, for instance [46]. Another explanation could be that bafilomycin A1 decreases
Na+/K+ ATPase activity due to a change in pH. It has been shown that acidification to pH
values below 6.0 inhibits this protein [41]. In lysosomal membranes of the liver, in addition
to the bafilomycin A1-sensitive H+ ATPase, the bafilomycin A1-insensitive Mg2+ ATPase
has also been identified [47]. Bafilomycin A1 was also found to increase the activity of
basal Mg2+ ATPase by more than two-fold. It is explained that the effect of bafilomycin A1
on the activity of basal Mg2+ ATPase is more likely due to a change in pH. The combined
action of bafilomycin A1 and NAADP causes an even greater inhibition of Na+/K+ pump
activity and results in an even greater increase in basal ATPase activity. It has already been
established that NAADP decreases the activity of basal Mg2+ ATPase and the activity of
Na+/K+ ATPase [48].

Therefore, bafilomycin enhances the effect of NAADP on inhibiting the activity of
Na+/K+ pumps. We hypothesize that Na+/K+ ATPase may be active in endosomal or-
ganelles, i.e., bafilomycin and NAADP may reduce pump activity by increasing acidifica-
tion. It is also possible that there is a NAADP-sensitive but bafilomycin-insensitive store in
this intracellular fraction. The basal activity of Mg2+ ATPase is determined in the presence
of Mg2+ and ATP ions at millimolar concentrations and with the addition of EGTA. Thus,
the effect of bafilomycin A1 on basal Mg2+ ATPase is not associated with an increase in
Ca2+ concentration due to the presence of high EGTA in the incubation medium of the
subcellular fraction. The effect is most likely due to the pH change caused by bafilomycin.
It is known that basal Mg2+ ATPase activity has a distinct optimum at physiological pH
values (7.5–8.5) in the membrane of various tissues and significantly inhibits higher and
lower pH values [49–51]. Therefore, NAADP, like bafilomycin A1, exerts a unidirectional
effect on these systems of active ion transport. Therefore, our assumption above was
correct: the effect of bafilomycin A1 on the activity of the Na+/K+ pump and basal Mg2+

ATPase is achieved by a change in pH or Ca2+. NAADP was previously found to cause a
significant increase in Ca2+ ATPase activity of the subcellular fraction of rat liver [48] due
to the increase in Ca2+ ATPase of EPR and PM. NAADP has been found to release Ca2+

from lysosomal organelles through TPCs, and this, in turn, causes the release of Ca2+ from
the ER store, which has possible morphological and functional links with acidic cell com-
partments in rat hepatocytes [18]. In the present article, we have shown that the combined
influence of bafilomycin A1 and NAADP prevents the effect of NAADP on the activity of
Ca2+ ATPases EPR in the subcellular fraction of rat liver (Figure 3). This demonstrates the
relationship between acid storage and EPR in rat liver cells. Bafilomycin A1 most likely
inhibited the H+ gradient at the acid store’s membranes, which is what drives the transit
of Ca2+ ions, by blocking the acid store’s H+ pump. As a result, NAADP did not release
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calcium, which in turn did not alter the Ca2+ activity of the EPR pump. This confirms that
NAADP-responsive receptors are localized in the endo-lysosomal store closely associated
with the EPR. Apparently, there is some morphological contact between the EPR and the
endo-lysosomal store [36,37], persisting even after obtaining the subcellular fraction by
centrifugation. The combined effect of bafilomycin A1 and NAADP prevented the effect
of NAADP on the activity of Ca2+ ATPases of PM; bafilomycin alone caused no change
in the activity of this pump but prevented the effect of NAADP. This implies that the
NAADP-induced increase in the activity of the Ca2+ ATPases of the PM is also dependent
on a bafilomycin-sensitive store. Thus, our experiments in rat hepatocytes demonstrate that
bafilomycin A1, targeting the endo-lysosomal system, that is, the NAADP-sensitive Ca2+

store, effectively modulates ATPase activity in membranes that are in close co-localization
with the acidic store.

Initially, the experiments were performed on rat hepatocytes to investigate the effect
of bafilomycin A1 on Ca2+ stores. We found that Ca2+ stores in rat hepatocytes decreased
with the application of bafilomycin A1 (20 and 0.04 mM). Since it is known [52] that
CTC is utilized to monitor Ca2+ signal from the EPR (pH 7.2) as well as from weakly
acidic organelles presented by endosomes with pH between 6 and 6.4, it is likely that
this drop (Figure 4A) represents a change in Ca2+ concentration primarily in the EPR
and/or endosomes. Lysosomes have substantially lower pH values, typically between
4.5 and 5 [53]. This decrease in the stored calcium in rat hepatocytes by bafilomycin
(20 and 0.04 μM) can be explained as follows (Figure 6): the direct binding of bafilomycin
A1 to the H+ pump of the acid store membranes prevents the filling of these organelles
with calcium because the driving force for its transport—the proton gradient—is disrupted,
releasing calcium from the lysosomes, as shown for epithelial cell lines [54], which should
create local areas of increased calcium concentration like “hot spots” [55–57], activating
the EPR Ca2+ pump to fill the EPR, with possible subsequent release of Ca2+ from the
EPR due to overload, and/or activating the EPR Ca2+ channels, possibly via Ca2+ induced
Ca2+ release (CIRC). The interaction between various calcium stores, attributed to the
Calcium-Induced Calcium Release (CIRC) mechanism, has also been documented by other
researchers [37,58]. The lysosomal Ca2+ release, which was caused by bafilomycin A1,
may also be amplified by the release of Ca2+ from EPR through the CICR. Thus, applying
bafilomycin A1 (20 and 0.04 mM) caused decreased calcium content in EPR after calcium
release from acidic stores (autophagosomes, late endosomes, and lysosomes). The effect
of bafilomycin A1 (0.04 mM) is stronger than that of bafilomycin A1 (20 mM) because, at
higher concentrations, bafilomycin A1 likely inhibits SERCA to pump Ca2+ into the ER, so
no subsequent CICR occurs (Figure 4).

The absence of changes in stored Ca2+ under the action of bafilomycin A1 (0.001 mM)
(see Figure 4A) could be explained by the fact that its action at this concentration is re-
stricted only to lysosomes and does not affect other Ca2+ stores, such as EPR and therefore
does not alter the fluorescence intensity of the Ca2+–CTC complex therein. Next, the effect
of bafilomycin A1 (0.001 mM) on NAADP-induced calcium release in permeabilized rat
hepatocytes was examined (Figure 4B) to determine the role of acidic stores (autophago-
somes, late endosomes, and lysosomes) in this process. It is known that NAADP is able to
release Ca2+ from acidic stores [28,59], which has been confirmed for various tissues [16,35],
including rat hepatocyte microsomes [60], liver lysosomes [28], and rat hepatocytes [18].
Previously, it was shown that the effects of NAADP on stored Ca2+ depend on the concen-
tration of buffers in the cell incubation medium of rat hepatocytes [18].

Thus, two different types of solutions were performed with the addition of an EGTA
buffer (Figure 4) or without an EGTA buffer (Figure 4B). It was observed that the fluores-
cence intensity of the Ca2+–CTC complex in permeabilized hepatocytes did not change with
simultaneous exposure to bafilomycin A1 (20 or 0.04 mM) and NAADP (7 μM) compared
with the medium with bafilomycin A1 alone in a medium without EGTA–Ca2+ buffer
(Figure 4B). This indicates that bafilomycin A1 (20 μM) effectively inhibits the effect of
NAADP. In contrast, the simultaneous action of NAADP (7 μM) and a lower concentration

14



Int. J. Mol. Sci. 2024, 25, 1657

of bafilomycin (0.001 mM) resulted in an increase in stored calcium, which we assume is
due to its accumulation in the EPR. This is possible because, in the series described above,
the incubation medium was used without EGTA–Ca2+ buffer. When used in different
combinations to maintain free calcium at physiological levels, bafilomycin A1 (0.001 μM)
did not alter the stored calcium content of rat hepatocytes (Figure 4), but it prevented the
effects of NAADP. This is confirmation that the bafilomycin-sensitive Ca2+ store is also
NAADP-sensitive, corresponding to the endo-lysosomal organelle of the cell. In addition,
the effect of bafilomycin A1 on NAADP-induced changes in Ca2+ content in rat hepatocytes
was found to be dependent on the presence of EGTA–Ca2+ buffer in the cell incubation
medium. This may indirectly confirm that Ca2+ “hotspots” and/or CICR play an important
role in the interplay between the lysosome and EPR in bafilomycin A1-induced Ca2+ release
in rat hepatocytes, as hypothesized above.

Figure 6. The hypothetical scheme of the molecular mechanisms of bafilomycin A1 effect on acid
Ca2+ store and EPR: the bafilomycin A1 inhibits the H+ pumps of acid store (1), this creates a local
areas of increased calcium concentration like “hot spots” close to membranes of EPR (2), Activating
the SERCA to fill the EPR by Ca2+ (3), this leads to overload the EPR and next activating the EPR
Ca2+ channels (4), possibly via Ca2+ induced Ca2+ release (CIRC). Explanation: green dots and
arrows—movement of Ca2+ ion; blue dots and arrows—movement of H+ protons; the red arrow
indicates the inhibition of the H+-pump by bafilomycin A1; brown squares are NAADP molecules.

Thus, the obtained results show promise for modulating ion transport across the
membrane of cancer cells by affecting the “acid stores” (autophagosomes, late endosomes,
and lysosomes), which could be used as a potential new approach for the treatment of
colorectal cancer. Moreover, with the results, potential therapeutic targets for the treatment
of cancer could be identified and contribute to the understanding of the mechanisms behind
carcinogenesis and the function of NAADP-sensitive acid storage in these processes.

4. Materials and Methods

4.1. Ethical Standards and Characteristics of Patients

Under the authorization of the Bioethics Committee of the Biological Faculty of the National
Ivan Franko University of Lviv, Protocol No. 11/10, 2022, all procedures involving animals were
carried out in compliance with the “International Convention for Working with Animals”. The
Institutional Review Board (Ethics Committee) of the Department of Therapy No. 1, Medical
Diagnostics and Haematology and Transfusiology of the Faculty of Postgraduate Education,
Danylo Halytsky Lviv National Medical University, approved the study using human samples
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on 2 September 2022, in accordance with the Declaration of Helsinki’s guidelines. A total of
20 patients with colorectal cancer (mean age 54.3 ± 1.7 years) were complexly studied, all of
whom agreed to give colonic mucosa samples during endoscopy.

We analyzed cancer samples from 12 women and 8 men. Six women had colorectal
cancer type I, and 6 had type II (Table 1). Among men, 5 patients had cancer of type I and
3 had type II. Neoplasms without nodes and metastases, when the cancer affected the
submucosa, were included in the It type of cancer. The type II tumor invades through the
muscularis propria into the subserosa with no nodes and no metastases.

Table 1. The characteristics of patients, types, and stages of colorectal cancer.

Number of
pts.

Age of pts. Sex Stage Definition

1 53 female I The tumor invades the submucosa—no nodes, no metastases

2 52 female I The tumor invades the submucosa—no nodes, no metastases

3 76 female II The tumor invades through the muscularis propria into the
subserosa—no nodes, no metastases

4 53 female II The tumor invades through the muscularis propria into the
subserosa—no nodes, no metastases

5 52 female I The tumor invades the submucosa—no nodes, no metastases

6 50 female II The tumor invades through the muscularis propria into the
subserosa—no nodes, no metastases

7 74 female I The tumor invades the submucosa—no nodes, no metastases

8 51 female I The tumor invades the submucosa—no nodes, no metastases

9 51 female I The tumor invades the submucosa—no nodes, no metastases

10 48 female II The tumor invades through the muscularis propria into the
subserosa—no nodes, no metastases

11 45 female II The tumor invades through the muscularis propria into the
subserosa—no nodes, no metastases

12 56 female II The tumor invades through the muscularis propria into the
subserosa—no nodes, no metastases

13 55 male I The tumor invades the submucosa—no nodes, no metastases

14 45 male I The tumor invades the submucosa—no nodes, no metastases

15 56 male I The tumor invades the submucosa—no nodes, no metastases

16 55 male II The tumor invades through the muscularis propria into the
subserosa—no nodes, no metastases

17 50 male II The tumor invades through the muscularis propria into the
subserosa—no nodes, no metastases

18 54 male II The tumor invades through the muscularis propria into the
subserosa—no nodes, no metastases

19 50 male I The tumor invades the submucosa—no nodes, no metastases

20 60 male I The tumor invades the submucosa—no nodes, no metastases

M 54.3

m 1.7

Samples of the patients’ colonic mucosa were taken during endoscopy from both
the cancer-affected and healthy (control) regions of their mucosa. Two samples—one
of malignant tissue and the other of unaltered tissue—were taken from a single patient
(control). The vehicle control of the study had the same parameters as “control” because
we added to the control the same volume of solution without reagents. Before being a part
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of the initiative, every patient signed an informed permission form for diagnosis and tissue
sample research.

4.2. Rat Hepatocytes Isolation

The “two-step” collagenase II type (Sigma, Burlington, MA, USA) perfusion method
was used to generate hepatocytes, as previously mentioned [18]. Briefly, male wild-type
rats (180–200 g) were anesthetized by inhalation of chloroform and then decapitated. The
liver was isolated and digested using the “two-step” collagenase perfusion method as
recommended for the preparation of isolated hepatocytes [61]. The liver is nonrecircu-
latingly perfused with Hank’s Balanced Salt Solution (HBSS), which is free of Ca2+ and
Mg2+ and contains EGTA (0.1 mM) for 10 min. The liver is then briefly washed with
EGTA-free HEPES-containing (10 mM) buffer at 37 ◦C for 2 min. After that, the blanched
liver was perfused for ten to fifteen minutes with 0.01% collagenase in 1 mM HBSS that
contained Ca2+. Following the collagenase treatment, the liver was removed, chopped, and
mixed with HBSS and Ca2+. The resulting cell suspension was filtered using successive
nylon mesh filters and centrifuged at 50× g for a duration of two minutes. Cells were
resuspended in Ca2+-containing HBSS supplemented with 10% fetal bovine serum after
the supernatant was removed. Trypan blue exclusion was used to determine the vitality of
hepatocytes, and each experiment’s preparation contained about 90% viable cells. HBSS
contained (mM): 137 NaCl, 5.4 KCl, 0.2 Na2HPO4, 0.4 KH2PO4, 0.4 MgSO4, 1.3 CaCl2,
4.1 Na2CO3, and 5.6 glucose. For Ca2+ and Mg2+ free HBSS, CaCl2 and MgSO4 were
omitted from the medium.

4.3. Chlortetracycline Chemiluminescent Imaging as a Quantitative Measure of Stored Calcium in
Rat Hepatocytes

Stored calcium was measured by chemiluminescence of the Ca2+ chlortetracycline
complex (CTC). This Ca2+-sensitive indicator is used to monitor the stored Ca2+ concentra-
tion [52,53] in the lumen of the organelle. Prior to Ca2+ imaging, isolated hepatocytes were
permeabilized in suspension with saponin (0.1 mg/mL) for 10 min in an intracellular solu-
tion. Following an intracellular solution wash, the cells were treated with the suitable drug
for ten minutes. Permeabilized hepatocyte suspensions were treated for 10 min in intracellu-
lar solutions containing the necessary reagents prior to being loaded with chlortetracycline
(CTC). After that, an intracellular solution was used to wash the permeabilized cell suspen-
sions. 20 NaCl, 120 KCl, 1.13 MgCl2, 1.3 CaCl2, 10 HEPES, 5 μg/mL oligomycin, 1 μg/mL
rotenone, and 2 ATP (pѝ 7.0) were the contents of the intracellular solution (mM). Every
step of the experiment was carried out at 37 ◦C. To adjust the amount of free calcium present
in the permeabilized rat hepatocytes’ incubation medium, we used EGTA–Ca2+ buffer with
the following Ca2+ concentrations (maxchelator.stanford.edu/CaEGTA–TS.htm): [Ca2+]cyt.
= 2.47 nM (EGTA 100 μM, CaCl2 1 μM); [Ca2+]cyt. = 243 nM (EGTA 100 μM, CaCl2 50 μM);
[Ca2+]cyt. = 240 nM (EGTA 50 μM, CaCl2 25 μM). Hepatocytes were loaded with 100 μM
CTC and allowed to sit at room temperature for 20 min without light in order to measure
the changes in internal Ca2+ concentrations. This Ca2+ sensitive chemiluminescent probe is
widely used in biological systems [52,53] to monitor the free internal Ca2+ concentration in
the lumen of organelles by the following mechanism: CTC permeates in neutral, uncom-
plexed form and internal and external CTC concentrations are equal at equilibrium. A tiny
rise in chemiluminescence occurs within the lumen as a result of Ca2+ complexing with
CTC. Additionally, this complex attaches itself to the membrane’s inner surface, greatly
enhancing chemiluminescence. As a result, it is believed that CTC-Ca2+ chemilumines-
cent signals the Ca2+ concentration in intracellular organelles following depolarization of
the mitochondria.

As a selective inhibitor of H+ pumps V-type, bafilomycin A1 (Sigma, USA) was
introduced in concentrations of 20, 0.04, and 0.001 mM, and NAADP (Sigma, USA) in
concentrations of 7 μM. Cells were plated on glass slides for Ca2+ measurements, and a
LUMAM-I-1 luminous microscopy system (40× objective, NA 0.7) was used to examine
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individual cells. A light-emitting diode was used to stimulate the CTC at 380 nm, and
emission fluorescence was measured between 505 and 520 nm. Each subset of studies
involved the examination of a set of thirty cells within the field of view. The relative
variations in Ca2+ in CTC chemiluminescence were standardized to a 100% control value.

4.4. Assay of ATPase Activity in Subcellular Post-Mitochondrial Fraction of Rat Liver and Human
Samples of Colon Mucosa

Isolation of the subcellular post-mitochondrial fraction was performed as previously
described for rat liver [23,48,62] and for human colon mucosa and human colorectal sam-
ples [17], the determination of ATPase activity was based on the determination of the
content of inorganic phosphorus by the spectrophotometric method. ATPase activity was
estimated in the post-mitochondrial subcellular fraction obtained by differential centrifu-
gation. In summary, tissue samples were homogenized at 0 ◦C to 2 ◦C for 10 min at
300 rpm using a glass-glass homogenizer. Supernatant 1 included mitochondria, whereas
the homogenate was centrifuged at 3000× g for 10 min using a Jouan MR 1812 centrifuge
(Saint-Herblain, France) to precipitate nuclei, large cell fragments, and undisturbed cells.
Following another centrifugation of this supernatant for 10 min at 8500× g (0–2 ◦C), the mi-
tochondrial fraction was sedimented. Supernatant 2, or the subcellular post-mitochondrial
fraction, was separated after the mitochondria were sedimented, and it was utilized for the
ATPase activity test. It was separated at 14,000× g for 20 min.

Using the Fiske-Subbarow method, which estimates the quantity of inorganic phos-
phorus (Pi) released during the ATP hydrolase reaction and expresses it in μmol Pi/mg
protein per h, ATPase activity was evaluated spectrophotomically. The goal was to transfer
the post-mitochondrial subcellular fraction, which was obtained using differential cen-
trifugation, to an internal standard solution that contained the following components (in
milligrams) at 37 ◦C: NaCI 50.0, KCl 100, Tris–NCl 20, MgCl2 3, CaCl2 0.01, and pѝ 7.0. The
addition of 3 mM ATP (Sigma, Burlington, MA, USA) initiated the process. To measure their
impact on ATPase activity, bafilomycin A1 (Sigma, USA) and NAADP (Sigma, USA) were
added to the incubation suspension. The difference in Pi between the medium containing
and excluding ouabain was used to indicate the activity of Na+/K+ ATPase (Sigma, USA).
Instead, equivalent volumes of incubation media were present in the samples (devoid
of ouabain). Baseline Mg2+ ATPase activity was assessed in an incubation medium with
ouabain and EGTA but no CaCl2. It was decided to add thapsigargin (Sigma, USA) in
order to suppress the Ca2+ ATP-dependent EPR. Additionally, the difference in Pi between
the medium containing inhibitors (thapsigargin and ouabain) and the one without these
substances was used to quantify the activity of Ca2+ ATP of EPR. The incubation medium
was present in identical amounts in the samples (which did not contain thapsigargin or
ouabain). Prior to being introduced to the incubation medium at a concentration of 1 μmol,
thapsigargin and ouabain were dissolved in DMSO in a separate aliquot and then dissolved
in an internal solution in another aliquot. Other samples (apart from thapsigargin and
ouabain) had the same quantity of an incubation medium present. Micromoles of inorganic
phosphorus, or 1 mg of protein every hour (μmol Pi/mg protein per hour), were used to
express ATPase activity.

4.5. Specific ATPase Activity Calculation

The difference of inorganic phosphorus in the media with varying compositions was
used to calculate the total ATPase activity of the post-mitochondrial fraction: (a) specific
Na+/K+ ATPase activity was calculated as the difference of inorganic phosphorus content
in the medium with or without ouabain (1 mM); (b) the difference between total Ca2+/Mg2+

and Na+/K+ ATPase activity was quantified; (c) the amount of SERCA (sarcoendoplasmic
reticulum Ca2+ ATPase) that contributes to the overall Ca2+/Mg2+ ATPase activity was
calculated using thapsigargin (d) in an incubation medium without ouabain and containing
1 mM EGTA. The incubation medium served as a control for the enzymatic hydrolysis of
ATP in each experiment.
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4.6. Statistical Analysis

The data in the text are expressed as mean ± SEM [63]. ANOVA test to estimate the
significance of differences between experimental groups: p < 0.05 was conducted with the
statistical software using Origin Pro 2018 (www.originlab.com).

5. Conclusions

Bafilomycin A1 significantly raised the basal ATPase activity in both the normal mu-
cosa and the subcellular portion of colon cancer tissue in patient colon samples. It also
successfully boosted the Ca2+ ATPase of EPR activity. It was shown that bafilomycin A1
decreased the activity of Ca2+ ATPase of PM in human colon mucosal tissue samples and
caused no changes in the activity of Ca2+ ATPase of PM in the subcellular fraction of human
colon cancer tissue. It was shown that bafilomycin A1 decreased the activity of Na+/K+

ATPase in human colon mucosa tissue samples as well as in cancer samples. In rat hepato-
cytes, bafilomycin A1 effectively reduced calcium stores and blocked NAADP’s impact on
them. In the subcellular fraction of rat liver, bafilomycin A1 decreased Na+/K+ ATPase
activity and elevated baseline Mg2+ and EPR Ca2+ ATPase activities. When compared to the
medium containing NAADP, the combination action of bafilomycin A1 and NAADP fully
inhibits any change in Ca2+ ATPase and basal Mg2+ ATPase activities. The obtained results
support the following statement: the EPR Ca2+ ATPases and the bafilomycin-sensitive
storage are in close functional and physical contact. We explained the effect of bafilomycin
A1 on these ATPase activities by acidification. Thus, the obtained results show promising
targets for modulating ion transport across the membrane of cancer cells by affecting
the “acidic stores” (autophagosomes, late endosomes, and lysosomes) as a possible new
approach for the treatment of colorectal cancer.
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Abstract: The phosphatidylinositol (PI3K)/AKT/mTOR axis represents an important therapeutic
target to treat human cancers. A well-described downstream target of the PI3K pathway is the
forkhead box O (FOXO) transcription factor family. FOXOs have been implicated in many cellular
responses, including drug-induced resistance in cancer cells. However, FOXO-dependent acute phase
resistance mediated by pictilisib, a potent small molecule PI3K inhibitor (PI3Ki), has not been studied.
Here, we report that pictilisib-induced adaptive resistance is regulated by the FOXO-dependent
rebound activity of receptor tyrosine kinases (RTKs) in mucinous colorectal adenocarcinoma (MCA)
cells. The resistance mediated by PI3K inhibition involves the nuclear localization of FOXO and the
altered expression of RTKs, including ErbB2, ErbB3, EphA7, EphA10, IR, and IGF-R1 in MCA cells.
Further, in the presence of FOXO siRNA, the pictilisib-induced feedback activation of RTK regulators
(pERK and pAKT) was altered in MCA cells. Interestingly, the combinational treatment of pictilisib
(Pi3Ki) and FOXO1i (AS1842856) synergistically reduced MCA cell viability and increased apoptosis.
These results demonstrate that pictilisib used as a single agent induces acute resistance, partly through
FOXO1 inhibition. Therefore, overcoming PI3Ki single-agent adaptive resistance by rational design
of FOXO1 and PI3K inhibitor combinations could significantly enhance the therapeutic efficacy of
PI3K-targeting drugs in MCA cells.

Keywords: FOXO; pictilisib; mucinous colorectal adenocarcinomas

1. Introduction

Phosphatidylinositol 3-kinase (PI3K)-targeting drugs are creating great interest as
therapeutics for human cancers [1]. PI3Ks belong to the lipid kinase family that is divided
into three classes. Class I is further subdivided into classes IA and IB, with class IA PI3Ks
implicated in human cancers [2]. Class IA PI3Ks are heterodimeric, comprised of a regula-
tory subunit (p85α, p55α, p50α, p85β, and p55γ) and a catalytic subunit (p110α, p110β, and
p110γ) encoded by the gene PI3KCA [3]. Commonly, PI3KCA gene mutations occur in the
kinase domain (e.g., H1047R) or in the regulatory domain (e.g., E542K and E545K). These
mutations diminish inhibitory interactions leading to constitutive activation of PI3K and
downstream effectors (e.g., AKT, mTOR, and S6 kinase) [4]. The hyperactivation of these
signaling nodes regulates the PI3K/AKT axis towards the growth and survival of the cancer
cell [2]. However, several small molecule inhibitors that target the key nodes of the PI3K
pathway have been developed and are currently in various preclinical and clinical trials [5].
Effective PI3K-inhibiting drugs are especially desired for hard-to-treat aggressive tumors.
Mucinous colorectal adenocarcinomas (MCA) tend to be very aggressive and comprise a
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significant portion (10–20%) of colorectal cancers (CRC). MCAs are a highly disseminated
heterogeneous group of tumors with a propensity to metastasize to the liver and peritoneal
cavity [6–11]. Clinically, higher mutational rates for KRAS, BRAF, and PI3KCA have been
reported in MCA rather than non-mucinous CRCs [12]. Pictilisib is a small molecule in-
hibitor of PI3K that has been used in chemotherapeutic regimens for a variety of human
cancers, including MCA [13,14]. However, the effectiveness of pictilisib as a single-agent
therapy is limited due to the potential development of drug-induced resistance.

Forkhead (FOXO) family transcription factors, FOXO1, FOXO3a, and FOXO4, are
direct downstream targets of the PI3K/AKT pathway [15,16]. Importantly, FOXO proteins
are involved in several post-translational modifications, including cell cycle inhibition [17],
apoptosis [18,19], defense against oxidative stress, and DNA repair [20,21]. Moreover,
FOXOs can act as critical modulators in cellular processes, including drug-induced resis-
tance in many cell types [18,22]. In particular, FOXO1 is known to modulate paclitaxel-
mediated cytotoxic resistance in ovarian cancers [23,24]. Such drug-induced resistance in
cancer cells could be a result of FOXO1 nuclear migration and subsequent transcriptional
activity. Currently, there is limited information concerning mechanisms and transcriptional
changes mediated by drugs that induce resistance in cancer cells.

In the present study, we examined the consequence of FOXO1 nuclear localization
in mucinous colorectal cancer cell lines associated with PI3K inhibition and pictilisib-
induced resistance.

2. Results

2.1. Nuclear Localization of FOXO Transcription Factors after Pi3K Inhibition in MCA Cells

FOXO protein localization in response to PI3K inhibition in mucinous colorectal cancer
cells (LS174T and RW7213) was examined using immunocytochemistry. Interestingly,
FOXO1 was strongly stained in the nuclear compartment in MCA cells treated with pictilisib
for 96 h compared to DMSO-treated control cells. In both MCA cell lines, the staining
intensity of FOXO1 was significantly elevated in response to pictilisib single-agent treatment
(Figure 1A–D’). Quantification of nuclear stain intensity showed a significant increase in the
number of FOXO1 nuclear-stained positive cells in pictilisib-treated compared to DMSO-
treated LS174T and RW7213 cells (Figure 1E,F). It was also determined that the FOXO3
protein was nuclear-localized following PI3K inhibition in the MCA cells.

2.2. Characterization of FOXO Nuclear Migration following Pictilisib Treatment in LS174T Cells

Western blot was performed to characterize the translocation of FOXO1, FOXO3, and
FOXO4 protein localization in MCA cells. The majority of the FOXO proteins were nuclear-
localized following PI3K inhibition in LS174T cells (Figure 2). In DMSO-treated control
cells, the nuclear fraction of FOXOs was decreased (Figure 2A,B). Surprisingly, FOXO4
proteins were totally restricted to the nucleus after 72 or 96 h of pictilisib and DMSO vehicle
treatment (Figure 2C). Overall, of the FOXO family proteins, FOXO1 and FOXO3 were
found to migrate into the nucleus as a result of PI3Ki treatment. Therefore, these results
suggest that the nuclear fraction of FOXO1 proteins was comparable in PI3Ki-treated
cells and are available for transcriptional enhancement of RTK activity and cell resistance
associated with PI3K inhibition by pictilisib.

2.3. FOXO Knockdown in MCA Cells Mitigates PI3K and MAP Kinase Signaling Induced by
Pictilisib Treatment

To understand the functional role of the FOXO protein in PI3K-inhibited MCA cells,
we performed targeted gene knockdown in LS174T cells. FOXO siRNA (short-interference
RNA) or non-silencing siRNAs were transfected into LS174T cells, and FOXO protein
expression was assessed by Western blot analysis. Results indicate that FOXO protein was
remarkably attenuated in LS174T cells following siRNA-mediated knockdown (Figure 3).
Interestingly, FOXO1 and FOXO3 siRNAs efficiently knocked down target genes at lower
concentrations compared to the FOXO4 siRNA gene attenuation that was achieved at
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higher siRNA concentrations (Figure 3C). Specificity was shown with the non-silencing
siRNA having no effect on FOXO expression levels. Overall, FOXO target genes were
efficiently knocked down using FOXO siRNAs, revealing the relevance of investigating
FOXO factors in PI3K drug-induced resistance in MCA cells.

Figure 1. Nuclear enrichment of FOXOs in PI3Ki-treated MCA cells. (A,A’,C,C’): DMSO vehicle-
treated LS174T and RW7213 cells expressed FOXO1 after 96 h. (B,B’,D,D’): LS174T and RW7213
cells exhibit FOXO1 staining in the nuclear compartment after 96 h of pictilisib treatment. Nuclei
were assigned with pseudo-colored blue and FOXO1 with red. Nuclear enrichment of FOXO1 was
seen at 96 h in both MCA cell lines (nuclei appear pink due to the red–blue overlap (white arrows).
Cytoplasmic FOXO1 peri nuclear red-stained in (A’,C’) (white arrows). Scale bar: (A–D): 25 μm;
(A’,B’,D’): 7.5 μm; (C’):10 μm. Statistical significance of nuclear FOXO1 staining intensity was
measured in both MCA cell lines using a two-tail t-test (E,F): LS174T (vehicle, n = 230 cells; PI3Ki,
n = 249 cells), RW7213 (vehicle = DMSO control, n = 236 cells; PI3Ki, n = 114 cells). p-value significance
p < 0.001; error bars: standard error mean values were plotted.
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Figure 2. Enrichment of FOXO proteins in nuclear fractions after PI3Ki treatment. FOXO1 (A),
FOXO3 (B), and FOXO4 (C) proteins from nuclear and cytoplasmic fractions of the vehicle or PI3Ki-
treated (for 72 or 96 h) LS17T cells were resolved, blotted, and probed with respective antibodies:
FOXO1, FOXO3, FOXO4, mSIN3A, and β-tubulin. Nuclear FOXOs were normalized to mSIN3A, and
cytoplasmic FOXOs were normalized to β-tubulin. Notably, the nuclear fraction of FOXO1 at 72–96 h
was elevated in the PI3Ki-treated cells (A), while FOXO4 proteins were restricted only to the nucleus
with or without PI3K inhibition (1C). C = cytoplasmic; N = nuclear; vehicle = DMSO control.

Figure 3. FOXO1, FOXO3, and FOXO4 were deleted in MCA cells by siRNA-mediated knockdown.
(A–C): LS174T cells were transfected with siRNA smart pools (Dharmacon), targeting FOXO1, FOXO3,
FOXO4, and non-silencing RNA as off-target transfection control. Western blot analysis showed
effective knockdown of FOXO1, 3, and 4 in LS17T cells. Expression levels of proteins on Western
blots were quantified by densitometry, and the percentages of FOXO protein expression relative
to untreated (−) controls are shown below the blots. All values were normalized to β-actin as a
loading control.
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To determine the significance of FOXO protein attenuation during PI3K inhibition and
resistance in MCA cells, we next examined the effect of FOXO knockdown in pictilisib-
treated LS174T cells. The activity of downstream effector molecules (PI3K and MAP
kinase signaling pathways) was evaluated in response to FOXO protein knockdown. In
previous studies, we showed that ERK and AKT phosphorylation is initially reduced after
short-term (24–48 h) pictilisib treatment but later increased after longer treatment periods
(72–96 h) [13]. Here, FOXO1 siRNA transfection followed by pictilisib treatment for 96 h
resulted in reduced pERK1/2 and pAKT activity compared to non-silencing or other FOXO
siRNAs alone or in combination (Figure 4A,B). In contrast, phosphorylated-ERK activity
remained elevated in non-silencing siRNA and pictilisib-treated MCA cells. Moreover,
phosphorylation of AKT, a downstream factor of the PI3K survival pathway, was altered by
FOXO siRNA in PI3Ki-induced LS174T-resistant cells (Figure 4B). FOXO1, FOXO3 alone,
and FOXO4 siRNA showed markedly reduced AKT phosphorylation in PI3Ki-resistant
LS174T cells (Figure 4B). FOXO1 alone knockdown resulted in the complete inhibition
of pAKT, whereas other forms of FOXO siRNAs, including non-target siRNA, alone or
in combination, led to less of a reduction in AKT phosphorylation in the PI3Ki-resistant
cells. Thus, the resistance of MCA cells to pictilisib single-agent treatment was mitigated
by FOXO1 functional gene attenuation and could be correlated to rebound activation of
MAPK and AKT survival pathways. Thus, pictilisib single-agent induction of survival and
growth in resistant cells depends on FOXO1-dependent pERK and pAKT activation.

2.4. FOXO1 Mediates the Redirection of Receptor Tyrosine Kinase mRNA Expression in
PI3Ki-Induced LS174T-Resistant Cells

The contribution of RTK mRNA expression in MCA cell resistance was evaluated by
RT-PCR to determine the possible correlation between pictilisib drug-induced resistance
and FOXO1 attenuation in LS174T cells. The RTKs evaluated included the insulin receptor
(IR), insulin growth factor receptor 1 (IGF-R1), ErbB2, ErbB3, and ephrin receptor A10
(EphA10). The results indicate that the rebound activity of FOXO1-mediated RTKs is seen
with PI3K inhibition that is associated with pictilisib treatment of MCA cells (Figure 5). The
statistical analysis revealed that remarkedly elevated levels of RTK mRNA expression were
seen with PI3K inhibition at 96 h. In contrast, FOXO1 knockdown rescued pictilisib-induced
rebound activity of RTK mRNA overexpression in the LS174T cells (Figure 5A). Further,
we confirmed that RTK mRNA expression positively correlated with FOXO transcription
factors using the Cignal Reporter GFP (green fluorescent protein) expression assay. As
shown in Figure 5B, DMSO-treated MCA cells displayed cytoplasmic GFP expression.
However, functional FOXO/TRE/GFP plasmid transfection followed by pictilisib treatment
resulted in reporter GFP expression that was localized in the nucleus of LS174T cells
(Figure 5C). This indicates that the nuclear fraction of FOXO1 promoter activity is required
for the rebound activation of RTKs in pictilisib-treated MCA cells. Taken together, these
data suggest that FOXO1-dependent RTK mRNA expression is elevated during pictilisib
single-agent treatment.

2.5. FOXO1 Knockdown Sensitizes the Rebound Activity of RTKs during PI3K Inhibition in
Drug-Induced Resistant MCA Cells

The potential of FOXO1 as a regulator of the PI3K pathway led us to investigate the
loss of the FOXO1 functional gene during pictilisib-induced rebound activity of RTKs and
upstream elements of these signaling pathways. The RTK proteome profile array was
analyzed in cells transfected with FOXO1 and non-silencing siRNA along with pictilisib
treatment. Results indicate that FOXO siRNA followed by pictilisib treatment exhibited
less phosphorylation of IGF-R1, IR, EphA10, EphA7, ERbB2, and ErbB3 at 96 h, whereas
transfection with non-silencing siRNA led to significantly elevated RTK phosphorylation
(Figure 6). Our previous reports demonstrated that pictilisib has a synergistic effect. For
instance, linsitinib (IR and IGFR1 inhibitor) vs. pictilisib and lapatinib and EGFR and
ErbB2 inhibitor vs. pictilisib. This combinational synergism resulted in a loss of viability in
MCA cell lines [13]. However, ephrin receptors have been identified as key modulators to
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regulate RAS/MAPK and PI3K/AKT pathways in tumor progression [25]. At present, there
are no inhibitors available to target EphA7 or EphA10. Taken together, the results show
that FOXOs, especially FOXO1, are sensitizing pictilisib drug-induced rebound activity by
attenuating RTKs in MCA cells.

Figure 4. Rebound activation of pERK1/2 and pAKT seen in response to PI3K inhibition and FOXO
knockdown. LS174T cells were transfected with FOXO1, FOXO3, or FOXO4 siRNA alone or in
combination, grown for 24 h, and treated with PI3Ki for 96 h. (A) Western blots were performed
using anti-pERK (pERK1 and ERK2), and (B) anti-pAKT and anti-total-ERK (tERK1 and ERK2), and
total-AKT antibodies. The blot signals were quantified using densitometry and were normalized to
non-silencing controls. Phospho-ERK1/2 levels were reduced in all PI3Ki-treated cells with FOXO
knockdown compared to non-silencing controls (A). A more pronounced reduction in FOXO1 (A)
and FOXO4 (A) siRNA-treated cells was seen than in FOXO3 siRNA-treated cells (A). Phospho-
ERK1/2 levels were reduced when all three FOXO genes were knocked down, but this reduction
was comparable to FOXO1 single knockdown, suggesting that FOXO1 may be the most critical
FOXO protein for mediating rebound activation of pERK levels in response to PI3Ki-treatment.
Similarly, phospho-AKT levels were reduced in FOXO1 (B), FOXO3 (B), and FOXO1 + FOXO4 siRNA-
treated PI3Ki-resistant cells compared to FOXO3, non-silencing siRNA treated cells. Phospho-AKT
levels were reduced with FOXO1 gene knockdown (B). Compared to all other FOXOs alone or
together, knockdown indicates that the FOXO1 protein could be a critical modulator to influence
PI3K inhibitor-treated resistant cell survival through AKT phosphorylation.
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Figure 5. FOXO1-mediated differential expression of receptor tyrosine kinases (RTKs) in PI3Ki-
induced resistant MCA cells. (A). Quantitative RT-PCR results show a reduction in IGFR1, IR,
ErbB2, ErbB3, and EphA10 mRNA relative gene expression levels in LS174T cells transfected with
FOXO1 siRNA subjected to PI3Ki treatment. ErbB2 and ErbB3 mRNA relative gene expression
was not significantly reduced. Error bars indicate the standard error of the mean of relative gene
expression levels (n = 4). p-value significance (* p < 0.01, ** p < 0.001, and *** p < 0.0001). Error
bars: standard error mean values were plotted. (B–C’): FOXO transcriptional activity monitored in
PI3Ki-treated LS174T cells and DMSO vehicle control cells. (B,B’): FOXO1 transcriptional promoter
element contained GFP reporter construct transfected 24 h, upon DMSO vehicle treatment for
96 h. Cytoplasmic GFP expression (white arrows) was seen in LS174T control cells. (C,C’): FOXO1
responsive promoter element contained GFP reporter construct transfected 24 h followed by PI3Ki
treatment. After 96 h, nuclear GFP expression (white arrows) was seen in PI3Ki-resistant LS174T cells.
Scale bar: (B–C’) 20 μm.

Figure 6. Cont.
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Figure 6. RTK phosphorylation in response to FOXO1 knockdown and prolonged exposure to PI3K
inhibitor. (A,B): After 96 h, FOXO1 and non-silencing siRNA followed by PI3Ki treated LS174T cell
lysates were incubated with RTK profiler antibody array containing 49 RTKs (R&D Biosystems),
followed by the anti-phospho-tyrosine antibody. The RTKs that were elevated and downregulated
in the boxes indicate RTK expression. (C): Pixel densities were quantified using ImageJ analysis
software 1.44. The numbers on the x-axis correspond to RTKs and fold elevation relative to non-
silencing siRNA + PI3Ki controls. The x-axis number 1 to 13 corresponds to EGFR, ErbB2, ErbB3,
FGFR3, Insulin R, MSPR, RCR2, Tie 2, Eph A2, Eph A7, ALK, and Eph A10. These RTKs activity was
normalized with non-silencing siRNA + PI3Ki.

2.6. PI3Ki and FOXO1i Synergy in MCA Cell Lines

A major pathway targeted by therapeutic drugs in human cancers is the PI3K/AKT/mTOR
signaling pathway. Several small-molecule inhibitors have been developed to target PI3K; how-
ever, the development of PI3K-dependent resistance mechanisms has limited their success
in the clinical spectrum [1]. In our previous studies, we evaluated IC50 values and initial
sensitivity to pictilisib [13]. However, resistance occurred within 72 h of pictilisib treatment.
Here, we investigated the hypothesis that combined inhibition of PI3K and FOXO1 would
diminish drug-induced resistance. To test this hypothesis, MCA cell lines (LS174T and RW7213)
were treated with increasing concentrations of pictilisib and the FOXO1 inhibitor (AS1842856).
Our results demonstrate that both MCA cell lines are sensitized after individual treatments
for 96 h (Supplementary Figure S1A,B). A four-parameter logistic/sigmoidal dose–response
model was used to assess the sensitivity of both MCA lines to FOXO1i (IC50: 0.28 μM (LS174T)
and 0.17 μM (RW7213)). Subsequently, synergistic responsive experiments were performed
with AS1842856 and pictilisib in the MCA cells. Importantly, the combinational treatment
of pictilisib and AS1842856 synergistically increased cell cytotoxicity in both MCA cell lines
(Supplementary Figure S1C,D). A combination index (CI) value of <1 [26] was seen in both
MCA cell lines (CI = 0.54 for LS174T and CI = 0.47 for RW7213), suggesting synergy between
the two drugs in reducing MCA viability in vitro. Thus, these results demonstrate that the
drug-induced resistance to pictilisib single-agent inhibition in MCA cells could be bypassed
using FOXO1i and PI3Ki combination therapy.

3. Discussion

Although the PI3K/AKT/mTOR axis is a target for cancers, the current use of small
molecule inhibitors against this axis is limited by the development of drug resistance in
patients [23,27,28]. We confirmed that similar resistance occurs with MCA cells in vitro and
that pictilisib-induced drug-resistance can lead to cancer cell survival and aggressiveness in
MCA cells. Additionally, studies have reported that FOXO proteins are putative markers for
poor chemotherapeutic response in various cancer models [24,29]. However, the molecular
mechanism of drug-induced phase resistance in MCA is still uncertain.
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In the present study, we explored the possible underlying mechanism of FOXO protein
involvement in MCA cell drug-induced resistance that is mediated by pictilisib adminis-
tered as a single agent. The results revealed that pictilisib treatment led to an increased
accumulation of nuclear FOXO1 compared to vehicle-treated LS174T cells. FOXO tran-
scription factors are highly competitive transcriptional binders involved in determining the
fate of target cells [30]. Nuclear FOXO1 is most likely to be involved in cell fate decisions
with the influence of RTK gene transcription in resistant cells. MCA cells are sensitized
during pictilisib treatment by FOXO1 proteins migrating from the cytoplasm to the nucleus
and their involvement in the process of drug-induced resistance. It could be possible that
acute phase resistance to pictilisib leads to FOXO1-dependent RTK gene transcription
and reduction in pro-apoptotic gene (e.g., BIM) activity that results in MCA cell survival
following the drug treatment. For instance, a recent study showed that FOXO1 influences
AKT phosphorylation in hepatocytes by suppressing the expression of Tribble 3 (Trb3),
a pseudokinase capable of binding to AKT to block phosphorylation [31]. However, the
rebound activation of RTK receptors, the phosphorylation of ERK and AKT, and the nu-
clear accumulation of FOXO1 were clearly observed in response to pictilisib treatment at
96 h in MCA cells. It appears there is clear evidence that the FOXO1-dependent positive
feedback loop to the MAPK and PI3K/AKT pathways could support the development
of drug-induced resistance and survival in MCA cells. Indeed, several studies have re-
ported that inhibition of the PI3K/AKT axis leads to enhanced phosphorylation of ERK
and AKT in several cancer models, including breast, prostate, and lung cancers [32–34].
However, Serra et al. reported that acquired ERK activity is a major cause of resistance to
PI3K inhibitors in cancer treatment [34]. Similarly, our results show that pictilisib-treated
LS174T cells have elevated ERK1/2 phosphorylation. However, FOXO siRNA followed by
pictilisib treatment of LS174T cells leads to a reduction in IR, IGF-R1, ErbB2, ErbB3, EphA7,
and EphA10 receptor activity and phosphorylation of AKT and ERK. These results suggest
that FOXO-based promoter activity is essential to synthesize target gene receptors which
are involved in cell survival and growth in resistant cancer cells [23,27,31,35]. In addition,
earlier studies demonstrated that the inhibition of the PI3K/AKT axis inhibition leads to
the nuclear localization of FOXO proteins and promotes transcriptional activation of RTK
receptors through ERK signaling in breast cancer cells [33,34]. Here, we observed that
targeting FOXO proteins by blocking functional activity with siRNAs resulted in decreased
AKT and ERK phosphorylation in MCA cells. Thus, the FOXO1-mediated attenuation of
RTKs (MAPK and PI3K signaling pathways) represents a more proximal mechanism that
controls pictilisib drug-induced phosphorylation of ERK (Supplementary Figure S2). We
suggest that FOXO1 acts as a pleiotropic effector on multiple signaling pathways, targeting
drug-induced resistance by interfering with RTK signaling and the apoptotic pathway.
In addition, the utilization of a small-molecule inhibitor against FOXO1 could effectively
target PI3Ki-induced resistance and reduce ERK and AKT activity.

FOXO1i (AS1842856) is emerging as a selective chemotherapeutic drug against FOXO1
which is currently used for the treatment of Type II diabetic mullites (T2DM) [36,37].
Despite the recognition of FOXO1 nuclear localization in the development of pictilisib drug-
induced resistance, how effectively FOXO1i treatment with a combination of PI3Ki causes
ERK activation remains elusive. Based on previous studies, inhibition of the PI3K/AKT
axis induces nuclear accumulation of FOXO proteins [33,34,38,39]. Our results suggest
that pictilisib single-agent treatment increases RTK expression and that ERK1/2 phos-
phorylation is mediated by the nuclear localization of FOXO1. Importantly, we show
that this effect is completely abolished by FOXO siRNA-mediated knockdown or FOXO1
inhibitor administered as a co-treatment with pictilisib. Our findings propose that pictil-
isib single-agent treatment induces nuclear localization of FOXO1 transcriptional activity,
which is rescued by FOXO1 siRNA or the combinational inhibition of pictilisib with a
FOXO1 inhibitor. FOXO1i (AS1842856) and pictilisib synergy represent a key mechanism
responsible for RTK rebound activity and drug resistance in MCA cells. Therefore, this
study suggests that FOXO1 involvement is a critical event in PI3K/AKT axis inhibition
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that mediates resistance in MCA cells. Thus, our results suggest that (a) drug-induced
resistance by pictilisib is mediated by FOXO1 transcription factors in MCA cells; (b) FOXO
siRNA attenuates RTK rebound activity and diminishes ERK and AKT phosphorylation;
(c) FOXO1i and PI3Ki combinational synergy are more effective in reducing MCA cell
viability and increasing apoptosis.

In summary, we demonstrated that FOXO1 nuclear accumulation correlates with the
acute resistance created in MCA cells following pictilisib treatment. We provide evidence
that FOXO1 regulates RTK rebound activity in pictilisib drug-induced resistant cells. Fur-
ther, FOXO siRNA attenuates phospho-ERK1/2 and phospho-AKT levels in pictilisib given
as a single agent to MCA cells. Most importantly, FOXO1i (AS1842856) and pictilisib
combinational synergy increase efficacy through cell toxicity and apoptosis. Although these
data were generated from in vitro studies, it is likely that in vivo analyses will confirm
the findings and the potential therapeutic value of FOXO1i/PI3Ki treatment in MCA cells.
We speculate that FOXO1 might be a co-target to rescue PI3Ki single-agent resistance in
MCA therapy.

4. Materials and Methods

4.1. Cell Lines

Mucinous colorectal adenocarcinoma cell lines (LS174T and RW7213) were cultured as
described in our previous studies [13]. Briefly, LS174T (American Type Culture Collection;
Manassas, VA, USA) and RW7213 (gifted from John Mariadason; Ludwig Cancer Institute,
Melbourne, Australia) cell lines were grown as monolayer cultures in RPMI1640 (Hyclone
Laboratories, Logan, UT, USA) supplemented with 4.5 g/L glucose (Invitrogen, Carlsbad,
CA, USA), 10% FBS (Invitrogen, Carlsbad, CA, USA), 2 mM L-glutamine, 20 mM HEPES,
1X MEAA, 100 IU/mL penicillin, and streptomycin in a humidified atmosphere of 5% CO2
at 37 ◦C. The cell lines were tested for interspecies cross-contamination and mycoplasma
infection and authenticated by short tandem repeat [10] analysis using 16 STR markers
(IDEXX Bio-Analytics, Columbia, MO, USA).

4.2. Immunocytochemistry

LS174T or RW7213 cells were grown on chamber slides and treated for 72 and 96 h
with pictilisib or Dimethyl sulfoxide (DMSO) vehicle control. Subsequently, the cells were
washed with 1X cold PBS and fixed in 4% PFA. Following incubation with blocking solution
(0.1% TritonX-100 at RT for 1 h), the cells were incubated with rabbit-anti FOXO1 (1:50
dilution; Cell Signaling Technology, Boston, MA, USA) in a humid chamber overnight at
4 ◦C. For the visualization of FOXO1, Alexa594 conjugated anti-rabbit secondary antibody
(Invitrogen, Carlsbad, CA, USA) was applied to the cells for 1 hour at RT and DAPI-
containing anti-fade mounting media was used for nuclear counterstaining. The positive
cytoplasmic and nuclear-stained cells were counted in both PI3Ki and DMSO vehicle
control cells.

4.3. Fluorescence Microscopy

Images of pictilisib and DMSO-treated LS174T and RW7213 cells were obtained using
multiphoton confocal microscopy (Leica TCS SP8 MP Microsystems Inc., Buffalo Grove, IL,
USA). Images were captured using AxioVision software version 4.8 and quantified using
meta soft analysis.

4.4. FOXO Signal Reporter Assays

LS174T cells were transfected using a Cignal FOXO reporter kit (cat # CCS-6022G
Qiagen, Germantown, MD, USA) according to the manufacturer’s protocol. In brief,
LS174T cells were transfected with FOXO/TRE/GFP construct for 24 h, followed by PI3Ki
treatment for 96 h. GFP fluorescence identification of transfected cells was performed using
ImageXpress Ultra microscope and MetaXpress software version 2.6.
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4.5. siRNA Knockdown Studies

Three pairs of siRNA Smart pool reagents (cat # M-003006-03-0010; cat # M-003007-02-0010;
cat # M-003016-02-0010 Dharmacon, Lafayette, CO, USA) were used against FOXO1, FOXO3,
and FOXO4 gene targets. The siRNA transfection protocol was performed according to the
manufacturer’s instructions with FOXO siRNAs introduced with DharmaFECT transfecting
reagent (cat # 8T-2001-01). As a transfection control, on-target and off-targeting siRNA pools
were used (cat # D-001810-10-20). Seventy-two hours after transfection, 12.5–30 nM siRNA-
treated cell proteins were harvested, and total protein concentration was measured using the
BCA method.

4.6. Western Blots

Total cell proteins were lysed in radioimmunoprecipitation (RIPA) lysis buffer con-
taining protease phosphatase cocktail inhibitor (Cell Signaling; Danvers, MA, USA). After
centrifugation (2000× g at 4 ◦C), the supernatant was mixed with an equal volume of
Laemmli sample buffer and boiled. The denatured proteins were resolved by precast
SDS-PAGE (sodium dodecyl sulphate–polyacrylamide gel electrophoresis) 4–15% gradient
gels followed by electrotransfer to polyvinylidene fluoride or polyvinylidene difluoride
(PVDF) membranes (Millipore; St. Louis, MO, USA). The blots were blocked with 5% skim
milk for 1 h at RT and probed with the following antibodies overnight at 4 ◦C: anti-FOXO1
(cat # 8H0003845), anti-FOXO3 (cat # 550485), FOXO4 (cat # 550982), phosphorylated ERK
(pERK) (cat # 4376), total ERK (tERK) (cat # 4695), phosphorylated AKT (pAKT) (cat # 4060),
and total AKT (tAKT) (cat # 4691), all from Cell Signaling, and anti-β-actin (cat # A5441,
Sigma Aldrich; Saint Louis, MO, USA). The blots were then washed three times with 1X
TBST (Tris-buffered saline with 0.1% Tween® 20) detergent and incubated with the appro-
priate secondary antibody for 1 h at RT. The antigen–antibody complex was detected by
enhanced chemiluminescence according to the manufacturer’s instructions (ThermoFisher;
Denver, CO, USA). Signals on the blots were quantified by densitometry software (Quantity
one 4.6.5, Bio-Rad, Hercules, CA, USA). All the Western blots were performed in triplicate.

4.7. RTK Arrays

The RTK (Receptor Tyrosine Kinase) Proteome Profile Array Kit (cat # 8ARY001B, R&D
systems, Minneapolis, MN, USA) was used to measure alterations in RTK phosphorylation
in response to FOXO1 siRNA, non-silencing siRNA, or following PI3Ki treatment in LS174T
cells as previously described [13]. Following treatments, the cells were washed with cold
PBS (phosphate-buffered saline), lysed in NP40 lysis buffer, and 300 μg of cell lysates were
incubated with blocked membranes overnight. Membranes were subsequently washed
and incubated with an HRP (horseradish peroxidase)-conjugated anti-phosphotyrosine
antibody (supplied with the kit) for 1 h at RT, washed, and ultimately incubated with a
chemiluminescent substrate according to the manufacturer’s protocol. The membrane was
then exposed to X-ray film, and the results (image spot intensity and pixel density) were
quantified by Image J analysis software 1.44.

4.8. Quantitative Real-Time PCR

Pictilisib-induced, FOXO-dependent RTK target gene expression in MCA cells was
assessed by quantitative real-time PCR (qRT-PCR). Total RNA was extracted from FOXO1
and non-silencing siRNA expressing pictilisib (PI3Ki)-treated LS174T cells using the ToTally
RNA kit (cat # AM1910, Ambion, Austin, TX, USA). RNA was treated with RNase-free
DNase (Invitrogen) for 30 min at RT, and the first-strand cDNA was synthesized from
1 μg of DNase-treated RNA by MMLV reverse transcriptase (cat # New England Biolabs,
Ipswich, MA). For qRT-PCR, 1μL of cDNA was mixed with 10 μL of 2X Fast SYBR green
mix (cat # Applied Biosystems, Foster, CA, USA), oligonucleotides, and RT-PCR run using
ABI 7500 machine (Applied Biosystems). Supplementary Table S1 lists the oligonucleotides
used for the amplification of IGF-1R, IR, ErbB2, ErbB3, EphA10, and GAPDH as a reference
control. In order to rule out probable contamination of genomic DNA, negative controls
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were performed in parallel by directly using RNA as a template for PCR. For data analysis,
target gene Ct (cycle threshold) values were normalized to the GAPDH housekeeping gene
and 2ddct values were reported as fold change relative to the control.

4.9. Cell Viability Assays

Cells were treated for 96 h with pictilisib (PI3Ki) (16 nM to 1 mM) or AS1842856
(FOXO1i) (1 nM to 1 mM), and cell viability was measured using the WST-1 cell viability
assay (cat # 2198 Bio-Vision; Milpitas, CA, USA). The concentration of the drug resulting in
50% of maximal inhibition (IC50) was calculated from a four-parameter sigmoidal dose–
response model (XLfit, IDBS). In vitro synergy studies were performed by the addition of
PI3K and FOXO1 inhibitors in a fixed ratio ranging from 0.0039X to 4X IC50 of each drug,
either alone or in combination. The synergy between drugs was followed based on our
previously described studies [13] using the Compusyn program described by Chou and
Talalay [26].

4.10. Statistical Analyses

Statistical analysis of all data was presented as mean ± SEM using Graph Pad Prism 8.
A comparison between groups was carried out by a two-tail t-test, and values of p < 0.05
were considered statistically significant.
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Abbreviations

AKT AKT kinase (Protein Kinase B or PKB)
AS1842856 FOXO1 inhibitor
BCA Bicinchoninic Acid
BRAF Murine sarcoma viral oncogene homolog B
DAPI 4,6-diamidino-2-phenylindole
DMSO Dimethyl sulfoxide
EphA7 EPH Receptor A7
EphA10 EPH Receptor A10
ErbB2 Erb-B2 Receptor Tyrosine Kinase 2
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ErbB3 Erb-B2 Receptor Tyrosine Kinase 3
FGFR 3 Fibroblast Growth Factor Receptor 3
GFP Green Fluorescent Protein
IGF-R1 Insulin Growth Factor Receptor 1
INSR Insulin Receptor pERK: phosphor-ERK1&2
KRAS Kirsten rat sarcoma virus
MAP Kinase Mitogen-activated protein kinase
MSP R Macrophage Stimulating 1 Receptor
mTOR Mechanistic Target Of Rapamycin Kinase
pAKT Phosphor-AKT
PBS Phosphate-buffered saline
PFA Paraformaldehyde
PI3K Phosphatidylinositol Kinase 3
pictilisib PI3K inhibitor
ROR2 Receptor Tyrosine Kinase-Like Orphan Receptor 2
S6 Kinase Ribosomal Protein S6 Kinase
siRNA Small interfering RNA
Tie-2 Tyrosine Kinase with Immunoglobulin-Like and EGF-Like Domains 2
TRE Tetracycline response element (TRE)
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Abstract: ABCG2 (ATP-binding cassette superfamily G member 2) is a cell membrane pump encoded
by the ABCG2 gene. ABCG2 can protect cells against compounds initiating and/or intensifying
neoplasia and is considered a marker of stem cells responsible for cancer growth, drug resistance
and recurrence. Expression of the ABCG2 gene or its protein has been shown to be a negative
prognostic factor in various malignancies. However, its prognostic significance in colorectal cancer
remains unclear. Using publicly available data, ABCG2 was shown to be underexpressed in colon
and rectum adenocarcinomas, with lower expression compared to both the adjacent nonmalignant
lung tissues and non-tumour lung tissues of healthy individuals. This downregulation could result
from the methylation level of some sites of the ABCG2 gene. This was connected with microsatellite
instability, weight and age among patients with colon adenocarcinoma, and with tumour localization,
population type and age of patients for rectum adenocarcinoma. No association was found between
ABCG2 expression level and survival of colorectal cancer patients. In wet analysis of colorectal cancer
samples, neither ABCG2 gene expression, analysed by RT-PCR, nor ABCG2 protein level, assessed
by immunohistochemistry, was associated with any clinicopathological factors or overall survival.
An ABCG2-centered protein–protein interaction network build by STRING showed proteins were
found to be involved in leukotriene, organic anion and xenobiotic transport, endodermal cell fate
specification, and histone methylation and ubiquitination. Hence, ABCG2 underexpression could
be an indicator of the activity of certain signalling pathways or protein interactors essential for
colorectal carcinogenesis.

Keywords: ABCG2; prognosis; survival; protein–protein interaction network; immunohistochemistry; qPCR

1. Introduction

Despite the existence of effective screening techniques and the unquestionable ad-
vancement in treatment options, colorectal cancer remains the third most common cancer
type worldwide. According to GLOBOCAN, the condition was responsible for almost one
million deaths in 2020, with nearly two million new cases that year [1]. It also predicted
that the number of new cases and the number of deaths will increase by about 70% of
today’s values by 2040 [2]. Currently, the major obstacles to the successful management of
colorectal cancer are difficulties in accurate prediction of the further course of colorectal
cancer and choosing the optimal treatment schedule, as well as predicting the response to
applied therapy. Thus, the research efforts focused on new biological markers related to
the neoplastic process that can be transferable to clinical practice.

ABCG2 (ATP-binding cassette superfamily G member 2), encoded by the ABCG2 gene,
is an ATP-dependent transporter belonging to the ATP-binding cassette (ABC) protein
superfamily. The ABCG2 localized in the cell membrane pumps the drug molecules
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from the cytoplasm out of the cells (Figure 1). This diminishes access of the drug to the
cellular target, and thus reduces the effectiveness of the applied therapy. As ABCG2 is
characterized by low substrate specificity, and its substrates include drugs from various
therapeutic groups and their metabolites, it may provide resistance to a wide variety of
anticancer drugs—a phenomenon termed multidrug resistance (MDR) [3]. Some studies
have suggested that the ABCG2 gene and its protein may act as indicators for the prediction
of irinotecan-based therapy outcomes in colorectal cancer patients (reviewed in [4]).

Figure 1. Scheme of the structure and the process of transport across the membrane with the par-
ticipation of ABCG2. The transport takes place in four closely related stages. (A) Transmembrane
domains (TMDs) adopt an inward-facing conformation with high affinity to the exported compound,
which attaches itself to a special pocket formed by two TMD domains. This induces conforma-
tional changes in nucleotide-binding domains (NBDs) so that they increase their affinity for ATP.
(B) Two ATP molecules are attached, resulting in NBFs approaching each other. This causes the TMDs
to adopt an outward-facing conformation. (C) Transfer and release of the exported ligand across the
membrane. ATP hydrolysis, phosphate and ADP release occur in parallel. (D) Relaxation of NBDs,
return of TMDs to inward-facing conformation. The transporter is ready to accept the next ligand
molecule, and the whole cycle can be repeated [5–8].

However, the role of ABCG2 in creating the MDR phenomenon is a manifestation of
its physiological properties. ABCG2 is present in placental syncytiotrophoblast cells, ep-
ithelium of the intestine, liver tubules, ducts and lobes of the breast, renal proximal tubule
cells, adrenal glands, stem cells and endothelium of capillaries and veins. It controls the
absorption and excretion of endogenous and exogenous substances, creates tissue barriers
and maintains the homeostasis of the physiological compartments of the body. These activi-
ties suggest that it may have an important role in the carcinogenesis of, inter alia, the colon
and rectum. First, ABCG2 protects cells against compounds initiating and/or intensifying
neoplasia. Dietrich et al. [9] identified elevated concentrations of 2-amino-1-methyl-6-
phenylimidazo[4,5-b] pyridine (PhIP), a food-derived colon carcinogen and substrate of

38



Int. J. Mol. Sci. 2023, 24, 10539

ABCG2, in adenomas of ApcMin mice. Downregulation of ABCG2/Abcg2 was found to
impair the barrier function of the intestine, thus leading to higher carcinogen concentra-
tions in colorectal adenomas in mice and humans and promoting the adenoma–carcinoma
sequence via DNA-bound accumulation of carcinogenic xenobiotics. Moreover, ABCG2 can
affect the oral availability and tissue distribution of flavonoids, reducing their beneficial
anticancer effect [10].

It is still not fully understood if the downregulation of ABCG2 expression in colorectal
cancer is a cause or a consequence of carcinogenesis. Previously, it was demonstrated
that inflammation, a part of colorectal carcinogenesis, decreased the expression of ABC
transporters in the intestines in animals. Significantly lower Abcg2 mRNA levels were
noted in the small intestines of adjuvant-induced arthritis rats compared with controls [11].
Englund et al. [12] demonstrated lower ABCG2 expression in patients with active ulcerative
colitis compared with controls, and the level negatively correlated with the IL-6 mRNA level.
Lower ABCG2 staining of the colonic epithelium was noted in inflamed tissues compared to
healthy mucosa, and this was associated with disruption of the epithelial F-actin structure.
It was also found that inflammation is needed to reduce ABCG2 mRNA expression because
it did not differ between patients in remission and healthy controls. Mossafa et al. [13]
demonstrated that proinflammatory cytokines, such as IL-1β, IL-6 and TNF-α, were able
to modulate the expression of ABCG2 at transcriptional and post-transcriptional levels in
human cervix and gastric cancer cells. Moreover, ABCG2, along with other membrane
transporters, is an important component of the intestinal barrier against xenobiotics such
as drugs, bacterial toxins or carcinogens such as benzo[a]pyrene conjugates, 17 aflatoxin B1,
25 and PhIP18. Deuring et al. [14] showed that in patients with active inflammatory bowel
disease, various inflammatory mediators can block the detoxification function of ABCG2
in intestine mucosa as a consequence of an unfolded protein response. The expression of
ABCG2 in the intestine is directly influenced by the expression of the pregnane X receptor
PXR, a key regulator in drug metabolism and efflux [15]. Hence, it can be suggested that
the downregulation of ABCG2 expression observed in colorectal cancer can result from
inflammation in the bowel mucosa, and that this may represent a preliminary step in
reducing its protective potential against cancer-promoting xenobiotics.

The human ABCG2 gene harbours a variety of polymorphisms and mutations, which
may significantly change its expression as well as its substrate binding and transporter activ-
ity through improper protein folding or cellular trafficking (reviewed in [16]). To et al. [17]
found ABCG2 mRNA variants that differ in the 3’UTR sequence, and the shorter forms of
this sequence do not have a possible binding site for the corresponding microRNA, hsa-
miR-519c, thus preventing mRNA degradation and/or repression on protein translation,
resulting in transporter overexpression; this is observed in resistant S1MI80 colon cancer
cells. Importantly, some studies indicate that ABCG2 sequence variants may be involved
in modulating colorectal cancer risk, as the expression and activity of the transporter in
the bowels can differ between individuals, due at least in part to genetic polymorphisms
of the ABCG2 gene. Campa et al. [18] reported an association between colorectal cancer
and rs2622621 and rs1481012 ABCG2. In addition, Kopp et al. [19] indicated that ABCB1
rs1045642, ABCG2 rs2231137 and IL10 rs3024505 interacting with fibre intake significantly
influenced colorectal cancer risk; however, this was contradicted by Andersen [20].

Additionally, ABCG2 is also considered a marker of cancer stem cells (CSCs), a subpop-
ulation of tumour cells with stem cell characteristics; these are believed to be responsible
for cancer growth, drug resistance and recurrence. Significantly increased expression of
ABCG2 was observed in so-called side population (SP) cells isolated from various human
gastrointestinal system cancer cell lines resembling stem cells [21]. Xie et al. [22] found
that a fraction of SP cells obtained from colon cancer samples exhibited enhanced ACBG2
expression compared to non-SP cells.

CSCs are often characterized by the presence of the CD133 cell surface marker.
Ma et al. [23] found ABCG2 to be expressed in CD133-positive cancer stem cells from
human colorectal tumours. siRNA-mediated knock-down of ABCG2 expression low-
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ered the self-renewal capacity of the cells and increased the efficiency of chemotherapy-
induced apoptosis in colon adenocarcinoma cells and CD133-positive colorectal carci-
noma cells. In addition, in SW480 cells, knockdown of ABCG2 by lentivirus construct
inhibits CD133 expression, sphere formation in vitro and tumour formation in vivo [24].
In CSCs, ABGC2 is able to transport compounds important for the growth, division and
differentiation of the cells and pump out any harmful endo- and exogenous substances.
Krishnamurthy et al. [25] demonstrated ABCG2 maintains CSC survival under hypoxic
conditions by reducing the accumulation of protoporphyrins, i.e., toxic heme metabolites.

In addition, Gupta et al. [26] showed that ABCG2 mRNA and protein levels are de-
creased several-fold in human colorectal cancer and liver tissue with metastasis from a
colonic primary. They postulate that downregulation of ABCG2 may enhance the accumu-
lation of protoporphyrins in the tumour cell, resulting in increased generation of heme, a
cofactor for isoform I of nitric oxide synthases, and sustainable production of precancerous
nitric oxide during malignancy. It appears that low activity of NOS may be cytostatic or
cytotoxic for tumour cells, whereas high activity can have the opposite effect and promote
tumour growth.

Some studies have reported the presence of ABCG2 in the nucleus in head and neck
squamous cell carcinoma cells [27] and glioblastoma multiforme cells [28]. In lung cancer
cells, Liang SC et al. [29] found ABCG2 protein to bind to the E-box of CDH1 (E-cadherin)
promoter inside the nucleus, where it regulates its transcription. Increased expression
of ABCG2 causes an increase in E-cadherin and attenuates cell migration in vitro. In
contrast, an increased level of ABCG2, and corresponding increase in E-cadherin, may
induce circulating cancer cells to colonize at a distant site and form a metastatic tumour.
Wang et al. [30] reported strong membranous staining of ABCG2 to be significantly linked
with lymph node and distant metastasis, and that cytoplasmatic expression was connected
with tumour stage. The researchers postulated that high ABCG2 expression can reduce
ROS production and thus confer better OS and DFS, and that the protective role of ABCG2
was specific to the site.

Both the ABCG2 gene and protein expression have aroused considerable interest as
potential prognostic factors in various cancers. Both have been shown to be negative prog-
nostic factors associated with a more aggressive phenotype of haematological malignan-
cies such as acute myeloid leukaemia [31] and adult acute lymphoblastic leukaemia [32],
and solid tumours such as non-small-cell lung cancer [33], small-cell lung cancer [34],
oesophageal squamous cell carcinoma [35–37], pancreatic cancer [38], pancreatic ductal
adenocarcinoma [39], head and neck squamous cell carcinoma [40] and breast cancer [41].
The expression of ABCG2 protein is correlated with the expression of HER2 in breast cancer,
suggesting that ABCG2 is not only a drug-resistance-related transporter but also a potential
biomarker predicting the biological behaviour, clinical progression and prognosis of breast
cancer [42]. In contrast, loss of ABCG2 protein was related to a worse prognosis and was
an independent prognostic factor in patients with moderately or poorly differentiated
intrahepatic cholangiocarcinoma [43]. Several studies on the prognostic significance of
ABCG2 expression in colorectal cancer have been conducted; however, they have yielded
inconsistent results [26,30,44–46] due to heterogeneity in the numbers of analysed samples
and patient enrolment, stratification schemes, applied treatments and measurement of
ABCG2 gene and ABCG2 protein expression.

Therefore, the present study integrates data regarding ABCG2 gene and protein expres-
sion from publicly available databases. Multiple bioinformatical and biostatistical analyses
were conducted, including screening of ABCG2 expression in a collection of various malig-
nancies, comparing ABCG2 expression in normal and malignant colon and rectum tissues,
evaluating the relationship between the ABCG2 expression level and clinical features of
CRC and prognosis in colorectal cancer, and constructing the functional network of the
ABCG2 protein. Furthermore, to validate findings from the in silico analysis, ABCG2 gene
and protein expression was measured in a cohort of colorectal cancer patients to determine
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their prognostic significance. The study also discusses the significance of the findings from
the in silico and wet analysis with regard to those of previous studies.

2. Results

2.1. In Silico Analysis of OMICS Data Regarding ABCG2 Gene and ABCG2 Protein Expression in
Colorectal Cancer
2.1.1. A Decrease in ABCG2 mRNA Expression Level Is Common in Multiple Carcinomas

First, differences in ABCG2 expression between cancers of various origins and com-
parable noncancerous tissue from healthy individuals were assessed via the Oncomine
platform. Decreased ABCG2 mRNA expression (blue) was observed in all except one
analysed cancer, i.e., including various breast, ovarian, lung and liver tumours (Figure 2A).
In 7 of 12 datasets collected in Oncomine, 17 out of 34 analyses found ABCG2 to be among
10% of the top underexpressed genes in colorectal tumours (Figure 2B).

Figure 2. (A) The relative ABCG2 mRNA levels in different types of cancer compared to matched
normal tissue in Oncomine. Significantly (p < 0.05) increased and decreased levels of ABCG2 are
indicated in red and blue, respectively. The intensity of cell colour is determined by the best gene
rank percentile for the analyses within the cell. The number in each cell represents the number of
analyses that meet the given thresholds within the analysis and cancer types. (B) Comparison of
ABCG2 mRNA expression in colorectal cancer across 17 analyses. The rank given for the gene is the
median rank for the gene across each of the analyses. The p-value for the gene is its p-value for the
median-ranked analysis.

Comparable results were obtained from the TNMplot and TIMER 2.0 databases,
where the majority of cancer types showed significantly decreased ABCG2 expression
(Figure 3A,B), e.g., bladder cancer, breast cancer, lung adenocarcinoma and squamous
carcinoma, colon and rectum adenocarcinoma or uterine endometrial cancer. One exception
was renal clear cell carcinoma, where significant overexpression of ABCG2 was confirmed
in both datasets.
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Figure 3. The level of ABCG2 expression in different cancer types compared to the corresponding
normal tissue: (A) TNMplot; cancer names where differences with p < 0.01 (Mann–Whitney U-test)
were detected are typed in red and indicated by asterix. (B) TIMER2.0; the statistical significance
(p-value) computed by the Wilcoxon test is annotated by the number of stars: * < 0.05; ** < 0.01;
*** < 0.001; box plots in grey columns indicate cancer types where data for matched normal tissue
were available; red and blue box plots indicate tumour and normal samples, respectively.

2.1.2. ABCG2 Is Underexpressed in Colorectal Cancer in Comparison to Both Adjacent and
Unpaired Normal Colorectal Tissue

To confirm whether ABCG2 expression changes during carcinogenesis in the colon
and rectum, paired colon or rectum cancer tumours and adjacent normal tissue collected
from the same patients were compared using the TNMplot platform. As shown in Figure 4,
ABCG2 expression was significantly lower in colon cancer samples than in paired non-
cancerous tissues (p = 3.91 × 10−25) indicated by DNA chip data, and significantly lower
in both colon and rectum adenocarcinoma samples compared to paired normal tissues,
assessed by RNA-seq (p = 8.71 × 10−8 and p = 9.15 × 10−3, respectively). Similar differences
were noted between tumours and nonadjacent healthy tissue samples (Figure 5). ABCG2
expression was substantially decreased in cancerous tissue samples compared to non-
transformed tissue obtained from the separate subject cohort. Similar results were observed
in the case of colon cancer, measured by DNA chip (p = 9.62 × 10−167), as for colon and
rectum adenocarcinomas based on RNA-seq data (p = 3.15 × 10−65 and p = 8.74 × 10−3).
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Figure 4. ABCG2 expression level in paired tumour and adjacent normal tissue according to TNM-
plot. (A) Gene chip data for colon cancer (B) RNA-Seq data for colon adenocarcinoma and rectum
adenocarcinoma.
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Figure 5. ABCG2 expression level in non-paired tumour and normal tissue by TNMplot. (A) Gene
chip data for colon cancer (B) RNA-Seq data for colon adenocarcinoma and rectum adenocarcinoma.
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The study also evaluated the sensitivity and specificity of ABCG2 expression as an
indicator, with major cutoffs set at the base of the range of ABCG2 expression in normal
samples. The identified sensitivity and specificity are presented in the charts on the right-
hand side in Figures 4 and 5. In colon cancer samples, the optimal sensitivity and specificity
was found at minimum cutoff with adjacent noncancerous tissue or unpaired normal tissue
used as a reference (Figures 4A and 5A). In addition, the best sensitivity (the proportions
of tumour samples that show higher expression of the selected gene compared to normal
samples at each of the quantile cutoff values) and specificity (calculated by dividing the
number of tumour samples with the sum of tumour and normal samples below each
given cutoff) were sought. Optimal sensitivity and specificity were also found for the
minimum cutoff when colon and rectum adenocarcinoma tumours were analysed against
unpaired healthy tissues (Figure 5B). No satisfactory cutoff point was found for the colon
and rectum adenocarcinomas when adjacent non-tumour samples were considered as a
reference (Figure 4B), probably because of the relatively low number of samples provided
for analysis.

2.1.3. ABCG2 Expression Is Higher in Metastatic Tissues Than in Primary Tumours of
Colon Cancer

Additionally, ABCG2 expression was compared between normal colon tissue, primary
tumour and metastatic tissue (Figure 6). A significant difference in the level was found
(p = 4.42 × 10−178). The level was substantially lower in both primary and metastatic tissue
than in the normal colon (p = 3.77 × 10−176 and p = 7.22 × 10−14, respectively). However,
the metastatic tissue showed higher ABCG2 expression than the primary tumour tissue
(p = 8.37 × 10−15).

Figure 6. ABCG2 expression level in normal, tumour and metastatic tissue by TNMplot (gene–chip data).

2.1.4. ABCG2 Protein Could Be Detected in Colon and Rectum Normal Tissue but Not in
Colorectal Cancer

As the ABCG2 mRNA expression was found to be substantially decreased in colorectal
cancer, the expression and localization of ABCG2 protein in colorectal cancer and corre-
sponding normal tissues was determined based on the immunohistochemistry staining
images collected in the Human Protein Atlas (Figure 7). In both colon and rectum non-
cancerous tissues, high ABCG2 protein immunostaining was revealed in the microvilli
of enterocytes. In the rectum, medium-level immunostaining was detected in peripheral
nerve cells and low-level staining in endothelial cells. However, no positive reaction was
noted in the cancerous cells of colon or rectum adenocarcinomas.
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Figure 7. ABCG2 protein expression levels. The images indicate immunohistochemistry staining for
normal colon and rectum tissues and colon and rectum adenocarcinomas collected with HPA. Higher
antigen content (representing the level of protein expression) and distribution density is indicated by
colour rendering: blue = negative; light yellow = weakly positive; brown = moderately positive; dark
brown = strongly positive.

2.1.5. ABCG2 Gene Expression Level in Colorectal Cancer Could Be Connected with
Methylation Status but Not with DNA Alterations of the ABCG2 Gene

As ABCG2 was found to be commonly underexpressed in colorectal carcinomas, the
mutational and methylation status of the gene was analysed. An Oncoprint was generated
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by querying 5511 patients/5285 samples from 16 studies using cBioPortal (Figure 8A). In
total, ABCG2 alterations were detected in 1.5% of colorectal cancer patients profiled for
mutation, copy number changes and structural variants. With regard to histological sub-
types, the highest frequencies of ABCG2 changes were noted in mucinous adenocarcinoma
of the colon and rectum (Figure 8B). Of these, the most commonly detected were mutations,
with deep deletion being less common. No amplifications or structural variants were noted.
Missense, truncating and splice change mutations were relatively evenly distributed along
the gene (Figure 8C).

Figure 8. ABCG2 genomic alterations in colorectal cancer according to cBioPortal. (A) Oncoprint of
the ABCG2 in colorectal cancer; (B) incidence of different alterations according to colorectal cancer
types; (C) details of ABCG2 mutation found in colorectal cancer.

The deep deletion mentioned above could be the possible reason for ABCG2 under-
expression. However, no increase in expression was noted when moving from loss of
copy number to gain (Figure 9A): the analysis only revealed very weak and insignificant
correlation coefficients (R Spearman 0.01, p = 0.723; R Pearson 0.07, p = 0.829; Figure 9B).

Changes in gene methylation occur frequently during cancerogenesis, thus influ-
encing the expression of the genes important for transformation, the methylation level
of the ABCG2 gene was inspected in colorectal cancer. According to cBioPortal data
(Figure 10A), ABCG2 expression decreased with increased methylation. However, a sta-
tistically significant but weak Person’s correlation coefficient (−0.14, p = 0.0408) and in-
significant Spearman coefficient (−0.05, p = 0.457) were calculated for the association. The
methylation level of the ABCG2 was compared between colon and rectum adenocarci-
noma tissue and normal samples using TCGA data provided by UALCAN (Figure 10B,C).
While ABCG2 promoter hypomethylation was noted in both adenocarcinomas and normal
samples (beta values range 0.033–0.090), slightly, but significantly, lower methylation was
found for both colon (p < 0.01) and rectum adenocarcinomas (p = 0.0247) in comparison to
normal samples.
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Figure 9. Association between ABCG2 mRNA expression and (A) putative copy-number alteration
form GISTIC; (B) log2 copy number value (generated by cBioPortal).

Figure 10. (A) Association between mRNA expression and DNA methylation profile of the ABCG2
gene based on cBioPortal; the promoter methylation level of the ABCG2 in (B) colon adenocarcinoma
and (C) rectum adenocarcinoma in comparison to normal tissue (by UALCAN).
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One of the most important factors influencing the regulation of gene expression by
DNA methylation is its precise genomic location. Therefore, MEXPRESS visualization
was performed of the TCGA data to determine the expression of the studied gene and its
methylation. For the colon adenocarcinoma (Figure 11A), the level of methylation was
negatively correlated with the expression for 5 of 14 probes across the ABCG2 gene (Pearson
correlation coefficients ranging from −0.132 to −0.117). For one probe (cpg location
88147879), a significant positive correlation between the methylation and expression levels
was found (Pearson correlation coefficient = 0.263). Contrary to the UALCAN data shown
above, no such association was found for the ABCG2 promoter probe at location 88231061.
No significant correlation between methylation and expression was detected for rectum
adenocarcinoma (Figure 11B).

Figure 11. Association between mRNA expression and DNA methylation profile of the ABCG2 gene
by MEXPRESS in (A) colon adenocarcinoma (n = 557) and (B) rectum adenocarcinoma (n = 192).
On the left side, the ABCG2 gene together with its transcripts as well as any CpG islands and all
the individual CpG dinucleotides were presented. On the right side, each row shows the DNA
methylation data for a single probe with Pearson coefficients for the correlation between DNA
methylation and gene expression. The promoter probe is highlighted by a black line. Significant
coefficients are indicated in black, and p-value by using asterisks (p ≥ 0.05, * p < 0.05, *** p < 0.001).

2.1.6. ABCG2 Gene Expression Level in Colorectal Cancer Could Be Connected with Some
Clinical Features

Various clinical factors, e.g., cancer stage, histological type of cancer or tumour lo-
calization, influence the clinical course of colorectal cancer. Therefore, the present study
evaluates the clinical significance of ABCG2 gene expression in colon and rectum adenocar-
cinomas. Using TCGA data and the MEXPRESS online tool, expression was compared to
various clinicopathological parameters: localization of the tumour, presence of colon polyps,
histological type of cancer, history of colon polyps, presence of KRAS mutation, loss of
expression of mismatch repair proteins by IHC, microsatellite instability, new tumour event
after initial treatment, non-nodal tumour deposits, pathological T, N and M, tumour stage,
lymphatic, perineural and venous invasion of cancer, primary therapy outcome success,
presence of residual tumour, synchronous colon cancer present, ethnicity, population type,
sex and BMI. For colon adenocarcinoma (Figure 12), the only significant association was
found between ABCG2 expression level and microsatellite instability (p = 0.020). In rectum
adenocarcinoma (Figure 13), ABCG2 expression was associated with tumour localization
(p = 0.014) and population type (p = 0.047).

Next, to validate and extended the analysis described above, the relationship between
the ABCG2 expression level and selected clinical features was examined with the use of
the UALCAN tool (Figures 14 and 15). Although no significant correlation was found
between expression and BMI, in the colon adenocarcinoma patients, those of normal weight
demonstrated significantly higher expression than extremely obese patients (p = 0.0135,
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Figure 14). In rectal adenocarcinoma patients of Caucasian origin, the expression level of
ABCG2 was significantly higher than in African-American patients (p < 0.0001, Figure 15).
In both colon and rectum adenocarcinomas, expression was associated with age: the oldest
colon adenocarcinoma patients (81–100 years old) showed a significantly lower level of
expression than those between 21 and 40 years old (p = 0.0328) and between 41 and 60 years
old (p = 0.0289). They also exhibited a slight but significantly higher expression of ABCG2
than patients between 61 and 80 years old (p = 0.0024). Among rectum adenocarcinoma
cases, the youngest patients (21–40 years old) had significantly lower expression levels of
the ABCG2 than patients between 61 and 80 years old (p = 0.0496).

Figure 12. Association between ABCG2 expression level and selected clinical parameters, generated
by MEXPRESS for colon adenocarcinoma samples (n = 557). Samples are marked with vertical lines
arranged in rows, which correspond to the analysed features. Samples are arranged from left to right
of each row by the level of expression of the ABCG2 gene.

2.1.7. Neither ABCG2 Gene nor ABCG2 Protein Expression Level Is Related to a Prognosis
in Colorectal Cancer

A substantial decrease in ABCG2 mRNA and protein expression was observed in
colorectal cancer, suggesting that it may play an important role in the carcinogenesis process
and influence cancer progression. Therefore, GEPIA2 was used to draw Kaplan–Meier
plots for the colon and rectum adenocarcinoma patients; these were divided into high-
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and low-expression ABCG2 subgroups with median expression as the threshold. Overall
survival was not found to differ significantly between the mentioned subgroups for colon
(p = 0.70) or rectum adenocarcinomas (p = 0.99) (Figure 16A,B). Similarly, no significant
association was found between expression level and disease-free survival (COAD p = 0.88;
READ p = 0.38) (Figure 16C,D).

Figure 13. Connection between ABCG2 expression level and selected clinical parameters. Generated
by MEXPRESS for rectum adenocarcinoma samples (n = 192). Samples are marked with vertical lines
arranged in rows, which correspond to the analysed features. Samples are arranged from left to right
of each row by the level of expression of the ABCG2 gene.
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Figure 14. Association between ABCG2 expression and selected clinical parameters: TNM stage,
population affinity, sex, weight, age, cancer histological type, nodal involvement and TP53 mutation
status in colon adenocarcinoma patients and rectum carcinoma patients (UALCAN, modified).
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Figure 15. Association between ABCG2 expression and selected clinical parameters: TNM stage,
population affinity, sex, weight, age, cancer histological type, nodal involvement and TP53 mutation
status in rectum carcinoma patients (UALCAN, modified).

Similar results were obtained by Kaplan–Meier curve analysis of ABCG2 gene ex-
pression in the Human Protein Atlas (Figure 17). When cancer patients were divided into
two subgroups according to median ABCG2 expression, no significant difference in overall
survival probability was found between the high- and low-expression groups for colon
(p = 0.51) or rectal adenocarcinomas (p = 0.24).
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Figure 16. Kaplan–Meier survival curves according to ABCG2 expression level by GEPIA2: over-
all survival of COAD (A) and READ (B) patients; disease-free survival of COAD (C) and READ
(D) patients.

To validate these findings, they were compared with the survival data of colorectal
cancer provided by the PrognoScan database (Table 1). Four datasets were retrieved
(GSE12945, GSE17536, GSE14333, GSE17537). However, a significant association between
ABCG2 expression and overall survival was found in only one dataset (Cox p-value 0.0126,
HR 1.45 [1.08–1.94]). In addition, a significant connection between expression and disease-
specific survival was noted in only one dataset (p = 0.0034, HR 1.58 [1.16–2.14]).

2.1.8. ABCG2 Protein Interacts with Proteins Involved in, e.g., Leukotriene Transport,
Endodermal Cell Fate Specification, and Histon Methylation and Ubiquitination

The in silico analysis was completed with the construction of an ABCG2-centered
protein–protein interaction network (PPI enrichment p < 1.0 × 10−16) using the STRING
database. Thirty-one interactors were predicted with a confidence score of at least
0.7 (Figure 18A). The top 10 functional partners of the ABCG2 protein were ATP-binding
cassette protein C1 (ABCC1, score = 0.932), ATP-binding cassette protein C2 (ABCC2,
score = 0.903), COMMD3-BMI1 (annotation not available, score = 0.880), polycomb com-
plex protein BMI-1 (BMI1, score = 0.855), mitochondrial 28S ribosomal protein S7 (MRPS7,
score = 0.840), solute carrier organic anion transporter family member 1B1 (SLCO1B1,
score = 0.838), solute carrier organic anion transporter family member SLCO1B3-SLCO1B7
(SLCO1B3-SLCO1B7, score = 0.838), cytochrome p450 family 3 subfamily a polypeptide
4 (CYP3A4, score = 0.834), prominin-1 (PROM1, score = 0.831), and solute carrier family 2,
facilitated glucose transporter member 9 (SLC2A9, score = 0.814). Within the generated
PPI network, three clusters of interaction proteins were identified (Figure 18B). Functional
enrichment analysis and gene ontology found the network to be mostly enriched in the
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following areas: leukotriene transport, xenobiotic transport across the blood–brain barrier,
endodermal cell fate specification, histone h3-k4 dimethylation, urate metabolic process,
sodium-independent organic anion transport, histone h3-k4 monomethylation, histone
h2a-k119 monoubiquitination, bile acid and bile salt transport for biological processes;
it was also significantly enriched in PRC1 complex, PcG protein complex, brush border
membrane, basolateral plasma membrane and the apical plasma membrane for
cellular components.

Figure 17. Kaplan–Meier survival curves according to ABCG2 expression level (Human Protein Atlas:
overall survival of COAD patients (n = 438) (A), READ patients (n = 159) (B).

2.2. ABCG2 Gene and ABCG2 Protein Expression in Colorectal Cancer Samples—Wet Validation
of the In Silico Analysis Results
2.2.1. ABCG2 Protein Could Be Detected in the Cytoplasm and Membrane of Colorectal
Cancer Cells

Ninety-six samples of colorectal cancer tissue were obtained during the surgical
removal of the tumour from patients of the regional oncological centre. Detailed character-
istics of the study group are shown in Supplementary Table S1. For immunohistochemical
staining, formalin-fixed paraffin-embedded tissue blocks and the primary monoclonal
anti-ABCG2 BXP-21 antibody were used. In total, 10 (10.4%) out of 96 tested samples did
not express ABCG2 (0% stained cells). A total of 14 samples (14.6%) demonstrated 1–10%
cell staining (trace reaction); all these were considered negative for ABCG2 expression.
Samples with >10% cell staining (n = 72; 75%) were assumed positive for ABCG2 expres-
sion. A total of 33 (34.4%) samples had low ABCG2 expression (10–50% stained cells), and
39 (40.6%) samples had high expression (>50% staining). ABCG2 exhibited both cytoplas-
mic and membranous expression (Figure 19).
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Table 1. ABCG2 expression and survival data of colorectal cancer patients using the PrognoScan database.

Dataset End-Point * Probe ID N Cut-Point Cox p-Value HR [95% CI]

GSE12945 DFS 209735_at 51 0.75 0.3906 0.53 [0.13–2.24]
GSE12945 OS 209735_at 62 0.29 0.7889 1.07 [0.66–1.72]
GSE17536 OS 209735_at 177 0.87 0.0126 1.45 [1.08–1.94]
GSE17536 DFS 209735_at 145 0.90 0.1210 1.44 [0.91–2.28]
GSE17536 DSS 209735_at 177 0.87 0.0034 1.58 [1.16–2.14]
GSE14333 DFS 209735_at 226 0.82 0.1959 1.23 [0.90–1.69]
GSE17537 DFS 209735_at 55 0.15 0.1856 1.32 [0.87–2.00]
GSE17537 DSS 209735_at 49 0.82 0.6398 1.17 [0.61–2.21]
GSE17537 OS 209735_at 55 0.76 0.3611 1.22 [0.80–1.86]

* OS—overall survival, DSS—disease-specific survival, RFS—relapse-free survival.

Figure 18. (A) The interaction network of the ABCG2 generated by STRING database, (B) clustered
PPI network of ABCG2; edges of clusters are indicated by dotted lines.

2.2.2. ABCG2 Gene Is Underexpressed in Nearly Two-Thirds of Colorectal Cancer Cases

In the study group, the relative ABCG2 expression ranged from 0.01 to 731.22 (median 0.68).
In 95% of cases, this level ranged from 0.02 to 50. Any outliers were excluded from further
analysis (four cases). Nearly two-thirds of cases (n = 58, 63.7%) showed underexpression
of ABCG2 to ACTB. ABCG2 expression mainly ranged from 0.51 to 1.0 (27.5%) and from
0.21 to 0.50 (18.7%).

2.2.3. No Association Was Found between ABCG2 Gene Expression and ABCG2 Protein
Levels in Colorectal Cancer Samples

The connection between ABCG2 gene expression measured using real-time PCR and
ABCG2 protein levels assessed by immunohistochemistry was analysed. First, ABCG2 gene
expression was compared in subgroups where ABCG2 protein was recorded or not in the
IHC reaction, but no significant connection was found (p = 0.381). Second, in cases where
the ABCG2 protein was detected, ABCG2 gene expression was analysed in the high and
low ABCG2 protein expression cohorts. Similar to the previous analysis, no significant
association was stated (p = 0.355).

56



Int. J. Mol. Sci. 2023, 24, 10539

 

Figure 19. Positive cytoplasmatic and membranous immunohistochemical reaction with antibodies
against ABCG2 in colorectal cancer tissue samples (magnification 200×).

2.2.4. Neither ABCG2 Gene Expression Level nor ABCG2 Protein Level Is Connected with
Selected Clinicopathological Factors in Colorectal Cancer Samples

Further, the association between ABCG2 protein expression and selected clinicopatho-
logical factors was investigated. Subgroups with ABCG2 protein expression were compared
with those where expression was absent, and then high and low ABCG2 expression cohorts
were compared (Table 2). None of the analysed clinical features was significantly correlated
with either the presence of ABCG2 protein or its level, as stated in the IHC reaction.

ABCG2 gene expression level was also compared with clinicopathological features
(Table 3). Similar to the protein, gene expression level was not significantly associated with
any considered clinical parameters.

Table 2. The relationship between ABCG2 protein level and selected clinicopathological factors.

Feature
ABCG2 Protein Level

Absent Present p-Value Low High p-Value

Age
up to 60 y 11 34 0.906 * 16 18 0.844 *
over 60 y 13 38 17 21

Sex
female 13 37 0.814 * 17 20 0.984 *
male 11 35 16 19

Tumour localization
rectum 8 27 0.939 & 13 14 0.825 *
colon 16 44 20 24

Histological type
adenocarcinoma tubulare 19 64 0.389 # 31 33 0.380 #

adenocarcinoma mucinosum 5 8 2 6
Histological grade

G1 or G2 15 52 0.898 & 22 30 0.336 &

G3 9 20 11 19
Depth of tumour invasion

pT1 or pT2 5 24 0.898 & 9 15 0.316 *
pT3 or pT4 19 48 24 24

Lymph nodes metastasis
pN0 12 43 0.811 & 20 23 0.702 *
pN1 and pN2 12 24 10 14
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Table 2. Cont.

Feature
ABCG2 Protein Level

Absent Present p-Value Low High p-Value

Distant metastases
pM0 20 58 1.000 # 26 32 0.729 &

pM1 4 14 7 7
Stage

pTNM I or II 11 43 0.235 * 20 32 0.888 *
pTNM III or IV 13 29 13 16

Lymphocyte infiltration
absent 15 39 0.517 * 17 22 0.781 *
present 9 32 15 17

Venous invasion
absent 9 29 0.810 * 13 16 0.888 *
present 15 43 20 23

* χ2 test, # χ2 test with Yates’ correction, and & V2 test.

Table 3. Relationship between ABCG2 gene expression and selected clinicopathological factors.

Feature
ABCG2 Gene Expression Level

Min. Median Max. p-Value *

Age
up to 60 y 0.63 0.03 17.64 0.718
over 60 y 0.68 0.02 14.63

Sex
female 0.67 0.02 16.38 0.403
male 0.64 0.03 17.64

Tumour localization
rectum 0.66 0.04 14.63 0.911
colon 0.67 0.02 17.64

Histological type
adenocarcinoma tubulare 0.63 0.02 17.64 0.694
adenocarcinoma mucinosum 0.93 0.12 6.58

Histological grade
G1 or G2 0.63 0.04 16.38 0.362
G3 0.83 0.02 17.64

Depth of tumour invasion
pT1 or pT2 0.61 0.04 14.63 0.655
pT3 or pT4 0.67 0.02 17.64

Lymph node metastasis
pN0 0.65 0.03 17.64 0.773
pN1 and pN2 0.65 0.02 16.38

Distant metastases
pM0 0.69 0.03 17.64 0.149
pM1 0.55 0.02 8.58

Stage
pTNM I or II 0.67 0.03 17.64 0.799
pTNM III or IV 0.65 0.02 16.38

Lymphocyte infiltration
absent 0.78 0.04 16.38 0.228
present 0.58 0.02 14.60

Venous invasion
absent 0.67 0.03 17.64 0.798
present 0.65 0.02 11.19

* Mann–Whitney U-test.

2.2.5. Neither ABCG2 Gene Expression Level nor ABCG2 Protein Level Is Connected with
the Overall Survival Probability of Colorectal Cancer Samples

Lastly, Kaplan–Meier curves were prepared to evaluate the influence of ABCG2 protein
and gene expression on the survival time of colorectal cancer patients (Figure 20). No
significant difference in the survival probability was found between groups with ABCG2
protein present and absent in tumour tissue (p = 0.236; Figure 20A). Among the patients
with protein expression, overall survival was better in those with high ABCG2 expression,
but not significantly (p = 0.077; Figure 20B). Similarly, favourable survival was associated
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with higher levels of ABCG2 gene expression (above median expression level in the whole
group), but, again, the relationship was not statistically significant (p = 0.080; Figure 20C).

Significantly better overall survival was connected with a lower depth of tumour
invasion (p = 0.041), an absence of nodal and distant metastases (p = 0.001 and p < 0.000,
respectively) and the presence of lymphocyte infiltration (p = 0.036). The number of deaths
and log-rank p-values for all analysed parameters are summarized in Table 4.

Table 4. Overall survival concerning clinicopathological features, ABCG2 protein level and ABCG2
gene expression.

Feature
Overall Survival

Number of Deaths (%) p-Value *

Age
up to 60 y 22 (48.9) 0.288
over 60 y 30 (60.0)

Sex
female 27 (54.0) 0.763
male 25 (55.6)

Tumour localization
rectum 24 (68.6) 0.141
colon 28 (47.5)

Histological type
adenocarcinoma tubulare 45 (54.9) 0.915
adenocarcinoma mucinosum 7 (53.9)

Histological grade
G1 or G2 33 (50.0) 0.112
G3 19 (65.5)

Depth of tumour invasion
pT1 or pT2 12 (41.4) 0.041
pT3 or pT4 40 (61.6)

Lymph node metastasis
pN0 23 (41.8) 0.001
pN1 and pN2 25 (71.4)

Distant metastases
pM0 34 (44.2) <0.001
pM1 18 (100.0)

Stage
pTNM I or II 22 (40.7) <0.001
pTNM III or IV 30 (73.2)

Lymphocyte infiltration
absent 34 (63.0) 0.036
present 17 (42.5)

Venous invasion
absent 17 (44.7) 0.070
present 35 (61.4)

ABCG2 protein expression
absent 10 (43.5) 0.236
present 42 (58.3)
low 24 (72.7) 0.077
high 18 (46.2)

ABCG2 expression level
low 36 (63.2) 0.080
high 14 (42.4)

* Log-rank test.
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Figure 20. Kaplan–Meier curves for overall survival among colorectal cancer patients with regard
to (A) the presence of the ABCG2 protein, (B) the level of ABCG2 protein and (C) ABCG2 gene
expression in tumour tissue samples (p-values calculated by log-rank test).
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3. Discussion

ABCG2 was first described by Doyle et al. [47] in MCF7/AdVp3000 human breast
cancer cells. Because it caused high adriamycin resistance, it was originally named breast
cancer resistance protein (BCRP). Since then, the role of ABCG2 mRNA and protein overex-
pression in multidrug resistance has been well established in various cancer cell types. This
overexpression may serve as a defence against toxic substances such as antitumour drugs.

The present study assessed the ABCG2 gene expression in a series of diverse malignancies
using publicly available big data. Most of the analysed cancer types showed a downregulation
of ABCG2 gene expression. Indeed, decreased gene expression was noted in cancers of distinct
tissue origins such as colorectal, bladder, breast, endometrial and lung cancers compared to
neighbouring noncancerous tissue. Significantly lower ABCG2 mRNA level was reported in
cancer of 12 organs by Gupta et al. [26]. However, some exceptions were also noted in our
analysis; for example, elevated expression was noted in renal clear cell carcinoma. Hence, it
appears that ABCG2 expression level could depend on the cancer type and specificity of tissue
origin, and its changes can reflect its role in the carcinogenesis process.

Andersen et al. [48] assessed the role of ABCG2 in the normal–adenoma–carcinoma
sequence and found ABCG2 expression level to be altered in mild/moderate dysplasia,
suggesting that this protein is involved in the early steps of carcinogenesis. ABCG2 mRNA
levels were significantly lower in adenomas and carcinomas compared to unaffected tissue
from the same individuals and to tissue from healthy; however, the adjacent normal
tissue of cancer patients demonstrated higher ABCG2 expression than the tissue from
healthy individuals. The authors suggested that dysfunctions in transport across the
epithelial barrier during the transition from mild to moderate dysplasia could enhance
the accumulation of carcinogens, thus promoting carcinogenesis in the colon and rectum.
Similar results were published by Havlata et al. [49] regarding the primary tumour of
colorectal mucosa and paired distant unaffected mucosa. Our present findings strongly
support this hypothesis. Our TNMplot analysis revealed that ABCG2 is underexpressed
in both colon and rectum cancer compared to adjacent noncancerous tissue and unpaired
noncancerous tissue from healthy individuals. Sensitivity and specificity analysis found
that ABCG2 expression could be a good discriminator between cancerous and adjacent
noncancerous tissues in both colon and rectum adenocarcinomas, and it may hence be
potentially useful as a colorectal cancer biomarker.

The decrease in ABGC2 expression level observed in primary colorectal tumours
raises the question of whether ABCG2 is also underexpressed in metastatic tissue. Liu
HG et al. [46] reported higher-intensity immunohistochemical ABCG2 protein staining
in colorectal cancer cases with positive lymph nodes compared to those with negative
nodes. Additionally, ABCG2-positive cells were positioned mainly in the front of carcino-
matous tissue or between the carcinomatous and non-carcinomatous margin tissue, which
supports the hypothesis that ABCG2 plays an essential role in cancer progression. In our
analysis, ACBG2 expression was significantly higher in colon metastatic tumours than in
tumours from the primary location. In contrast, however, Candeil et al. [50] reported that
ABCG2 was highly expressed in the normal colon, and that this expression was dramatically
lower in tumoral cells, i.e., colon tumour cells, as well as in untreated hepatic metastases.
However, unlike our present findings, they did not detect any significant difference in
ABCG2 expression between cancerous tissue from primary and metastatic locations col-
lected from the same 42 patients, although our present analysis was performed on a much
greater number of samples, which were not paired. It could be speculated that while the
observed global increase in ABCG2 expression in metastatic tissue can result from cancer
progression, it may also be influenced by the type of therapy. Candeil et al. [50] reported
higher ABCG2 expression in hepatic metastases after irinotecan-based chemotherapy than
in irinotecan-naïve metastases.

The frequent deregulation of ABCG2 expression in various cancers prompted our
search for the molecular mechanisms underlying the decrease in ABCG2 expression in
colorectal cancer, namely the sequence changes and methylation of the ABCG2 gene. In

61



Int. J. Mol. Sci. 2023, 24, 10539

the present study, the data provided by the cBioPortal indicated that ABCG2 sequence
changes are rare events in colorectal cancer. In 5285 analysed colorectal cancer samples, the
combined frequency of structural variants, copy number alterations and point mutations
was only 1.5%, with the relatively highest frequency in mucinous adenocarcinoma of the
colon (about 3%). It is reasonable to assume that the gene expression level should reflect its
copy number; however, no increase in ABCG2 expression level was observed between lower
and higher ABCG2 copy numbers. The low occurrence of the ACBG2 sequence and copy
number changes in colorectal cancer indicates that they are unlikely to be responsible for
ABCG2 underexpression, that another molecular mechanism is responsible for regulating
the transcription of this gene in colorectal cancer.

In renal carcinoma cell lines, ABCG2 gene inactivation was found to be connected with
the formation of a repressor complex in the CpG island, which was dependent on DNA
methylation [51]. In addition, in multiple myeloma cell lines and ex vivo plasma cells,
Turner et al. [52] found the expression of ABCG2 to be regulated, at least partially, by the
methylation of its promoter. Furthermore, differences in the methylation of the promoter
upstream region, promoter region and first exon region of the ABCG2 gene were found
between healthy men in China using stool samples [53]. Our present findings indicate sig-
nificantly lower promoter methylation levels in both colon and rectum adenocarcinomas in
comparison to noncancerous tissues; however, only a weak negative correlation was found
between ABCG2 expression and methylation level. Although no significant correlation was
observed for the promoter region probe location in either colon or rectum adenocarcinomas,
ABCG2 expression was found to be related to methylation level in other locations in colon
adenocarcinoma samples: a negative correlation was noted in five positions and a positive
correlation in one. Surprisingly, no such relationship was stated for rectal adenocarcinoma.
Hence, it appears that in the ABCG2 gene, some sites other than the promoter can influence
its expression, and that this phenomenon can be restricted to certain localizations of the
colorectal tumour.

Studies have indicated that lowered mRNA transcription of ABCG2 resulted in low-
ered ABCG2 protein levels. Gupta et al. [26] reported decreased expression of both the
ABCG2 mRNA and protein in the luminal surface of colorectal cancer, as well as its liver
metastasis, compared to the colorectal epithelium and hepatic tissue in the same patient.
Additionally, both ABCG2 gene expression and ABCG2 protein level were downregulated
in colon adenoma with low-grade intraepithelial neoplasia in humans and mice compared
to adjacent healthy tissue [9]. Our screening of ABCG2 protein expression in human colon
and rectum adenocarcinoma samples deposited in the Human Protein Atlas revealed an
absence of ABCG2-specific immunohistochemical staining in the cancerous tissue. How-
ever, Maliepaard et al. [54] reported the presence of the protein in healthy colon and rectum
enterocytes on the apical membrane of the colon, rectum, jejunum and duodenum. In
contrast, higher expression of ABCG2 protein has been reported in colorectal cancer tissue
than in non-carcinomatous margin tissues [46]. In addition, elevated expression was noted
in about half of the metastatic colorectal tumours studied by Lin P-Ch et al. [55]; however,
this group comprised cases ranging from zero to strong expression, with half demonstrating
expression in 25–75% of cells. ABCG2 expression was weaker in the normal mucosa than
in cancer tissue.

Both the intensity of ABCG2 expression and the proportion of cells expressing it
were significantly connected with response to FOLOX [55]. ABCG2 protein expression
was observed in 87.1% of cases of CRC tissue from III stage CC [56]. Wang et al. [30]
reported ABCG2 protein expression in 96.7% of a large group of colorectal cases, where
positivity was considered as more than 10% of tumour cells with an intensity score of at least
1 (weak staining). Assuming 10% positive staining as a minimal cutoff for positivity in our
wet analysis, our present findings confirm ABCG2 protein expression in three-quarters of
colorectal cancer patients. The discrepancy between the mentioned results may be due to
differences in methodology and tissue material.
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Our data also indicate both membranous but also cytoplasmatic staining of the cancer
cells, which corroborates some previous findings. Gupta et al. [26] reported that ABCG2
was localized at the brush border membrane of normal epithelial cells, and cancer cells
showed markedly diminished expression. However, Wang et al. [30] detected the protein
in the cytoplasm of over 80% of studied colorectal cancer tissue samples, and in the cell
membrane of about two-thirds of cases, where the normal mucosa exhibited strong staining
of the apical membrane. Kang et al. [57] reported both cytoplasmatic and membranous
ABCG2 expression in over 60% of studied colorectal cancer samples. Both localizations were
also detected by Hu J et al. [24] in right-sided colorectal cancer tissues. Palshof et al. [58]
reported recently that in addition to the cytoplasm, ABCG2 expression was also present
in both the apical/luminal and basolateral membranes of the colorectal cancer cells. It
could be speculated that subcellular localization of the ABCG2 can be associated with
specific function or loss of function of the transporter during colorectal carcinogenesis. The
PI3K/Akt signalling pathway was also found to regulate the translocation of ABCG2 to
the plasma membrane and side population phenotype in a mouse model [59]. Altered
ABCG2 expression and function could result from EGFR-mediated activation of MAPK
cascade [60].

The clinical significance of the ABCG2 gene and ABCG2 protein expression remains
unclear. Some negative findings were published. No association has been found between
ABCG2 expression and clinicopathological parameters [56], or between the expression
of ABCG2 protein (basolateral, apical or cytoplasmatic) and age, sex, WHO performance
status, location of the primary tumour, number of metastatic sites or liver or lung metas-
tases in colorectal cancer [58]. Gupta et al. [26] indicated no significant correlation be-
tween ABCG2 mRNA level and age, sex, population type, grade, stage or localization, and
Halavata et al. [49] reported no connection between ABCG2 expression with the grade, pri-
mary localization, T, N, M, age at diagnosis or sex. No difference in ABCG2 gene expression
was found between mucinous and nonmucinous colorectal cancer [44].

In contrast, some significant associations have been reported. In one study, neither
cytoplasmatic nor membranous expression of ABCG2 protein was found to be connected
with age, sex, tumour site or TNM stage [57]; however, higher expression in both local-
izations was linked with more pathologically differentiated lesions. No connection was
noted between ABCG2 protein positivity and age, sex, tumour size or tumour shape, but
higher TNM stage, poor differentiation and positive lymphovascular invasion were found
to be associated with greater ABCG2 expression [24]. Additionally, the ABCG2 protein was
detected more frequently in cases without perineural invasion [57].

Considering these conflicting reports, the present study analysed the relationships between
various clinicopathological factors and ABCG2 expression using publicly available TCGA
datasets. From the large number of factors analysed, only a few were found to be connected
with ABCG2 expression, and different associations were observed for distinct anatomic cancer
locations. ABCG2 expression was significantly associated with microsatellite instability and
patient weight in colon carcinoma, and with anatomical organ subdivision, patient age and
population type in rectum adenocarcinoma. Unfortunately, our validation analysis in colorectal
cancer patient cohort did not identify any significant association between ABCG2 expression, at
the mRNA or protein level, and clinicopathological parameters.

As our present findings, and some previous studies, found ABCG2 gene and/or
protein expression to be associated with colorectal cancer clinical parameters, the present
study also attempted to translate these associations into patient survival. The existing
literature was again divided. High ABCG2 protein expression was associated with poor
prognosis [30,45,46]. Hu, J. et al. [24] showed that ABCG2 positive staining of right-sided
colorectal cancer was associated with a decreased 5-year survival rate, whereas the opposite
was reported by Gupta et al. [26]. Moreover, Palshof et al. [58] reported no association of
ABCG2 protein with RFS or OS. Silvestris et al. [61] did not find any connection between
ABCG2 expression and patient survival in metastatic colorectal cancer patients.
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In our in silico analysis, no significant connection was found between ABCG2 ex-
pression and disease-free or overall survival in either colon or rectum adenocarcinoma
patients. Moreover, overall survival did not correlate with ABCG2 protein or ABCG2 gene
expression in our colorectal cancer cohort. Some reports have indicated that cell localization
of ABCG2 could determine its influence on survival. Kang et al. [57] found high expression
of membranous ABCG2 to be associated with better overall and disease-specific survival;
however, no such association was detected for cytoplasmatic ABCG2. After stratification
of patients according to TNM stage, only stages II and III demonstrated an association
with OS and DFS, and high membranous expression was an independent prognostic factor
of OS and DFS. This may be due to the transportation activity of the epithelium and the
protective function of membranous ABCG2, which could influence survival time.

Kim et al. [62] reported that ABCG2 protein expression was associated with favourable
disease-free survival but not overall survival. However, it was not an independent indicator
of OS and DFS. In line with these findings, Han et al. [56] noted that ABCG2 protein
positivity was connected with prolonged overall and disease-free survival of CIII stage
patients treated postoperatively with FOLFOX-4 chemotherapy. Positivity for ABCG2 was
an independent prognostic positive indicator of OS, and ABCG2 negativity was connected
with an almost three-times-higher risk of death. In contrast, Wang et al. [30] showed that
strong membranous expression of ABCG2 correlated with the lymph node and distant
metastasis and Dukes stage, while the cytoplasmic expression was connected with tumour
stage only. However, strong membranous expression was linked with shortened survival,
but cytoplasmatic expression was not. This contradicts the suggestion that ABCG2 protects
cancer cells from harmful substances and prolongs the life of cancer cells; however, this
could be connected with some other properties of ABCG2. Giampieri et al. [45] correlated a
panel of stemness markers with clinical outcome in resected stage II and III colon cancer
patients; ABCG2 was found to be among those genes with a higher “weight” in determining
different prognoses: patients with higher expression of ABCG2 have a worse prognosis
(time to relapse).

In the absence of a clear connection with clinical parameters and prognosis, significant
alterations in ABCG2 gene and protein expression in colorectal cancer may suggest that
ABCG2 has a complex role in tumorigenesis that is not directly or solely related to its
transport function. It is possible that this may be a result of its interaction with other
cellular components. Therefore, in the last part of the in silico analysis, a functional protein–
protein interaction network was built to identify the molecular partners of ABCG2 that
could mediate or enhance the carcinogenic function of the transporter. STRING analysis
revealed that ABCG2 collaborates with proteins grouped into three main clusters. The
largest cluster comprised various SLC and ABC transporters, which are critical for the ab-
sorption, distribution, metabolism and elimination of different drugs and endo-/exogenous
toxins. Some of these proteins are involved in the regulation of the physiological molecular
signalling network between the intestines, liver and kidneys (ABCC2, SLC22A1, SLC22A8,
SLCO1B1) [63]. In addition, the same elements of the ABCG2 network are considered
together as important predictive factors during assessing the effectiveness of single drugs
(e.g., irinotecan, 5-fluorouracil) or full therapeutic regimens (e.g., FOLFIRI, FOLFOX) [64].

The second network cluster contains e.a. molecules important for cell interaction
and signalling. CD44 is a major cell surface receptor for hyaluronic acid (HA), and its
expression enhances CSC aggregation. Additionally, the level of phosphorylated trans-
membrane tyrosine kinases (e.g., ERBB2) and its interactions with other signalling factors
in colon cancer cell lines may depend on endogenous HA and CD44 interaction [65]. In
other types of cancer, HA-CD44 binding also plays a role in triggering signals from later
receptors in the tyrosine kinase family (such as EGFR), leading to PI3K/Akt or MAPK
pathway activation [66]. Monoclonal antibodies against EGFR are commonly used in
the treatment of metastatic colorectal cancer, and some of these agents synergistically
inhibit both EGFR phosphorylation and ABCG2 drug efflux activity [67–69]. EGFR was
also found to exert a post-transcriptional effect on ABCG2 expression via the PI3K/AKT
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and RAS/RAF/MEK/ERK signalling pathways [63–65]. Bleau et al. [70] reported that
PTEN/PI3K/Akt signalling regulates ABCG2 activity in mouse and human gliomas. Mu-
tual regulation has also been confirmed in other studies, indicating that increased expression
of both ABCG2 and EGFR (metastatic marker) is positively correlated with resistance to
anoikis [71] and metastatic potential [72] in the colorectal cancer cell population.

The third cluster of the built PPI network is well represented by transcriptional factors
e.g., such as SOX2, NANOG and POU5F1/OCT4, which are considered cancer stem cell
(CSC) markers. Some phenotypic markers (e.g., CD44 or BMI-1) and other stemness-related
factors (e.g., ALDH1) [73] can also be found in the other clusters of the network. CSCs
often demonstrate resistance against chemotherapeutics due to high expression of ABC
transporter genes. Similarly, cancer stem-like side population cells, which may be identified
or mediated, among others, by ABCG2 transporter activity, show an increased tendency to
proliferation, colony formation, invasiveness and multipotent differentiation; in addition,
they may be more tumorigenic and resistant to chemotherapeutic drugs. The side popula-
tion of colon cancer cell line SW480 exhibits high ABCG2 mRNA and transporter expression,
accompanied by high CD44 mRNA and protein levels, regarded as a key marker of solid
tumour CSCs [74]. Another important marker of colorectal CSCs is BMI-1. Both the CD44v6
isoform and BMI-1 alone identify CSCs [75].

Another group of CSC markers comprises pluripotency transcription factors. Spheroid
culture from the HT-29 cell line, a more realistic colorectal cancer in vitro model, shows
significantly higher expression of ABCG2, NANOG, SOX2 and POU5F1 compared to 2D
cell culture conditions [76]. It has been found that the E1A isoform of the ABCG2 transcript,
whose expression in human embryonic stem cell lines correlates with the level of POU5F1
and NANOG, may be responsible for the increased level of total ABCG2 mRNA in CSCs [77].
Moreover, in mouse embryonic stem cell lines, transfection-mediated inhibition of ABCG2
downregulates the expression of Nanog, possibly leading to a subsequent reduction in its
downstream target POU5F1/Oct-4. This phenomenon may be mediated by changes in the
nuclear level of TP53; it could also contribute to cell arrest in the G1 phase of the cell cycle,
and thus the removal of such cells from the self-renewal pool [78]. The activity of ALDH1,
a member of the second network cluster, is another characteristic feature of both normal
and cancer stem cells [79]. As previously mentioned, CSCs are not only small, pluripotent
cells that can enter a reversible cell cycle arrest, but they are also the most drug-resistant
subpopulation of tumour cells. They are certainly promoted by the mutual co-expression
of ABCG2, ALDH1A1 and CYP3A4 (a member of the first network cluster) observed, e.g., in
CSCs of the COLO 205 line [80]. Increased ALDH1A1, a key ALDH isozyme in stem cells,
decreases the reactive oxygen species (ROS) level, prevents apoptosis, provides radioresis-
tant properties and has a protective function against cytotoxic drugs [81]. Taken together,
the string network brings new information on potentially important partners of ABCG2,
which may explain its role in carcinogenesis. However, because the network of interactions
is created mainly based on the co-expression of particular genes, further multifaceted
research is required to understand the nature of the mechanism of the association between
network members.

4. Materials and Methods

4.1. In Silico Analysis
4.1.1. ABCG2 Gene Expression and ABCG2 Protein Level Analysis
Oncomine

ABCG2 mRNA expression level was analysed in a variety of human cancers using
the Oncomine database [82] (https://www.oncomine.org, accessed on 1 January 2022).
The following threshold settings were used: gene ranking of the top 10%, change ≥ 2,
p-value ≤ 1 × 10−4. All statistical methods and statistical values were obtained directly
from the mentioned database.
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TIMER2.0

The differential expression of the ABCG2 gene in TCGA tumours was compared
between tumour and adjacent normal tissues using the Gene_DE module of the Tumor Im-
mune Estimation Resource 2.0 [83] (http://timer.cistrome.org, accessed on 1 January 2022).
The distributions of gene expression levels are displayed using box plots. The statistical
significance (p-value) was computed by the Wilcoxon test.

TMNplot

The TMNplot web tool [84] (https://tnmplot.com, accessed on 1 January 2022) was
used (1) to display pan-cancer changes in ABCG2 expression based on RNA-seq data from
TCGA, genotype-tissue expression (GTEX), therapeutically applicable research to generate
effective treatment (TARGET) (significant differences are given in red and marked with an
asterisk), (2) to compare ABCG2 expression level in colorectal cancer and non-tumour colon
and rectum tissues based on RNA-seq and DNA chip data, and (3) to compare the ABCG2
expression in normal colon tissue, tumours and metastatic tissue of colon cancer based on
DNA chip data. The normal and tumour samples were compared by the Mann–Whitney
U-test, and matched tissues with adjacent samples were compared using the Wilcoxon test.
Normal–tumorous–metastatic tissue comparison was done using the Kruskal–Wallis test
and Dunn’s test.

Human Protein Atlas

Example images of immunohistochemistry staining of normal colon and rectum
tissues, as well as the colon and rectum adenocarcinomas, were obtained from the Human
Protein Atlas [85] (https://www.proteinatlas.org/, accessed on 29 March 2023). The
methods of obtaining and analysing the available data are described in detail on the HPA
websites: https://www.proteinatlas.org/humanproteome/tissue/method (accessed on
22 May 2023); https://www.proteinatlas.org/humanproteome/pathology/method#the_
pathology_section___methods_summary (accessed on 22 May 2023).

4.1.2. Analysis of DNA Alteration and Methylation of the ABCG2 Gene
cBioPortal

The genomic characteristics of ABCG2 in colorectal cancers were analysed using the
cBioPortal for Cancer Genomics [86] (v3.7.28; http://www.cbioportal.org, accessed on
4 February 2023). The query comprised 5511 patients/5285 samples from 16 studies. The
incidence of different alterations of the studied gene was assessed in colorectal cancer
cases and, specifically, in colorectal cancer histological types. Additionally, the association
between ABCG2 mRNA expression level and copy number alteration and between the
mRNA level of the gene and methylation beta-value (HM27) was analysed. Spearman’s
and Pearson’s correlation coefficients were calculated.

UALCAN

The association between ABCG2 expression and ABCG2 promoter methylation in
the colon and rectum adenocarcinomas was determined using Ualcan TCGA data avail-
able on the UALCAN portal [87] (http://ualcan.path.uab.edu/index.html, accessed on
1 January 2022). The results were presented in box-whisker plots with the minimum, q1,
median, q3 and maximum values. The presented beta-value is the ratio of the methylated
probe intensity and the overall intensity (sum of methylated and unmethylated probe
intensities). The significance of the difference was estimated by Student’s t-test considering
unequal variance.

MEXPRESS

The relationship between TCGA expression and DNA methylation data for the ABCG2
gene was determined using the MEXPRESS visualization tool (https://www.mexpress.be/,
accessed on 22 May 2023) [88]. Pearson correlation coefficients and Benjamini-Hochberg-
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adjusted p-values were calculated for the comparison between the methylation level for
each specific probe and the ABCG2 expression level.

4.1.3. Analysis of Connection of ABCG2 and Clinicopathological Features
MEXPRESS

The connection between TCGA expression and clinical data for the ABCG2 gene was
determined with the MEXPRESS visualization tool (https://www.mexpress.be/, accessed
on 22 May 2023) [88]. Pairs of continuous variables were compared using Pearson’s
correlation coefficient, while continuous and categorical variables were compared using a
t-test or ANOVA. Benjamini-Hochberg-adjusted p-values are provided.

UALCAN

The association between ABCG2 expression and selected clinical features in colon ade-
nocarcinoma and rectal adenocarcinoma was validated using TCGA data available on the
UALCAN portal [87] (http://ualcan.path.uab.edu/index.html, accessed on 29 March 2023).
The results were presented in box-whisker plots with the minimum, q1, median, q3 and
maximum values. The significance of the difference was estimated by Student’s t-test
considering unequal variance.

4.1.4. Prognosis and Survival Analysis
GEPIA2

The GEPIA2 [89] (http://gepia2.cancer-pku.cn/#survival, accessed on 29 March 2023)
was applied to evaluate the prognostic value of ABCG2 expression for overall survival and
disease-free survival in colon and rectal adenocarcinomas. Kaplan–Meier plots were drawn
using “ABCG2” as an input query, and patients were split by median; the hazard ratio was
calculated based on the Cox PH model.

Human Protein Atlas

The prognostic value of ABCG2 protein expression regarding overall survival in colon
adenocarcinoma and rectal adenocarcinoma was evaluated using data from the Human
Protein Atlas [85] (https://www.proteinatlas.org/, accessed on 29 March 2023). Patients
were split by median ABCG2 expression, i.e., the median FPKM value calculated from
the gene expression (FPKM) data from all patients in the dataset. Log-rank p-values for
Kaplan–Meier plots were provided.

PrognoScan

The association between ABCG2 expression level and overall or relapse-free survival
in colon and rectal adenocarcinomas was determined using PrognoScan [90] (http://dna00.
bio.kyutech.ac.jp/PrognoScan/index.html, accessed on 1 January 2022). Cox p-values and
hazard ratios with a 95% confidence interval were calculated according to ABCG2 mRNA
level (high vs. low).

4.1.5. Protein–Protein Interaction Analysis
STRING

A protein–protein interaction (PPI) network querying the protein “ABCG2” and organ-
ism “Homo sapiens” was created using the STRING database [91] (https://string-db.org/,
accessed on 1 January 2023). The main parameters were set as follows: the minimum required
interaction score was 0.7 and no more than 50 interactors to show. K-means clustering of the
generated PPI network was performed with a pre-set of three clusters.

4.2. ABCG2 Gene Expression and ABCG2 Protein Analysis in Colorectal Cancer Samples
4.2.1. Patients and Tissue Samples

A total of 96 patients of the Oncological Center of Łódź, Poland, with colorectal
carcinomas were enrolled in the study. Cancer tissue samples were obtained from the

67



Int. J. Mol. Sci. 2023, 24, 10539

patients during the surgical removal of the tumour. Detailed characteristics of the study
group are shown in Supplementary Table S1.

Tumour tissues intended for molecular analysis were frozen immediately after collec-
tion in liquid nitrogen and stored at −80 ◦C until analysis. In addition, tissues for immuno-
histochemical analysis were fixed in 10% PBS-buffered formalin and embedded in paraffin
blocks. Histological diagnosis and clinical staging were performed for each patient. All
experiments were carried out with the local ethical committee approval (RNN/83/20/KE)
and the patient’s informed consent.

4.2.2. ABCG2 Protein Level Analysis by Immunohistochemistry

Briefly, 4 μm sections of formalin-fixed, paraffin-embedded tissue were placed on Su-
perFrost Plus slides (Menzel-Glaser, Braunschweig, Germany). These were deparaffinized
in xylenes and rehydrated through graded alcohol. Then, the sections were microwaved in
0.01 M sodium citrate buffer, pH 6.0, twice for 10 min at 360 W for epitope retrieval. The
slides were then washed with TRIS buffered saline, pH 7.4, and incubated for 1 h at room
temperature with the primary monoclonal antibody anti-ABCG2 (clone BXP-21, 1:25 dilu-
tion, Chemicon International, Temecula, CA, USA) and processed with EnVision+ (DAKO,
Glostrup, Denmark) system. Sections were counterstained with haematoxylin, dehydrated
with ethanol and cleared in xylene. Negative controls were obtained by omitting the appli-
cation of the monoclonal antibody. Expression was assessed by counting the positive cell
reactions. Depending on the number of cells, the cases were divided into four classes: 0%
of cells stained—no expression, 1–10% of cells stained—trace expression, 11–50% of cells
stained—low expression, 51–100% of cells stained—high expression; the cases with more
than 10% of cells with a positive reaction were considered positive (adopted after [92]).

4.2.3. RNA Isolation and cDNA Synthesis

Total RNA was isolated from frozen tissue sections (50–100 mg) with TRI Reagent
(Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s instructions. The
obtained RNA was stored at −80 ◦C until further analysis. Reverse transcription was
performed according to the Enhanced Avian protocol HS RT-PCR Kit, Two-Step Reaction
(Sigma-Aldrich, USA) using 400 ng of total RNA. The obtained cDNA was stored at −20 ◦C
until further analyses.

4.2.4. Real-Time PCR Reaction

The reaction mixture consisted of 12.5 μL of the mixture SYBR®Green JumpStart™
Taq ReadyMix™ (Sigma-Aldrich, USA), 0.5 μL of each primer (final concentration: 0.2 μM),
9 μL of sterile, nuclease-free water and 2.5 μL of previously prepared cDNA. Together,
negative control samples were also reacted with the test samples, which contained all
components of the reaction mixture as the test samples except cDNA. They were replaced
with 2.5 μL of sterile, nuclease-free water. All reactions were made in triplicate. After each
reaction, the melting curve of the obtained products was determined. The reaction was
carried out in a MiniOpticon™ System thermocycler (Bio-Rad Laboratories, Hercules, CA,
USA). The primer sequences and reaction conditions are as follows: ABCG2 Forward 5′CCT
TAG TTA TGT TAT CTT TGT G3′; ABCG2 Reverse 5′GTG GGG CGC CCC AGG CAC
CA3′; ACTB Forward 5′GTG GGG CGC CCC AGG CAC CA3′, ACTB Reverse 5′CTC CTT
AAT GTC ACG CAC GAT TTC3′; 35 cycles: 94 ◦C-15 s; 59 ◦C-45 s; 72 ◦C-45 s. The relative
expression of the ABCG2 gene was determined according to Pfaffl [93].

4.2.5. Statistical Analysis

Statistical analysis was performed using Dell Statistica version 13, Dell Inc. (2016). To
investigate the relationship between qualitative or quantitative characteristics in nominal
scales, the χ2 test, χ2 test with Yates’ correction, and V2 tests were used. The normality
of the distribution of the continuous variables was determined using the Shapiro–Wilk
W test. The nonparametric Mann–Whitney U-test was used to determine the significance
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of differences in continuous variables between the two groups. Overall survival analysis
(time between surgery and death) was performed using Kaplan–Meier curves. Observed
differences in survival probabilities were tested by the test log rank (univariate analysis).
In all analyses, statistical significance was assumed for p < 0.05.

5. Conclusions

The findings from the in silico analysis and wet experiments indicate that ABCG2 gene
expression is commonly deregulated in cancerogenesis, and a decrease in the expression
of the gene is a general feature of colorectal cancer cells. This downregulation is not
driven by ABCG2 gene sequence or copy number changes, but it can be connected with the
methylation level of some sites in the gene. The role of ABCG2 in colorectal cancerogenesis
could be linked with the transport function of the protein, but it could also indicate its
participation some signalling pathways or protein interactors, which may determine the
role of ABCG2 in cancer cell self-renewal and behaviour. As these ABCG2 partners could
also influence the clinical significance of ABCG2, simple analyses of ABCG2 or ABCG2
expression alone cannot yield clear conclusions. These interactions require further in-depth
research to reveal the significance of ABCG2 and its protein expression in colorectal cancer.
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Abstract: Sporadic colorectal cancer (sCRC) initially presents as metastatic tumors in 25–30% of
patients. The 5-year overall survival (OS) in patients with metastatic sCRC is 50%, falling to 10% in
patients presenting with synchronous metastatic disease (stage IV). In this study, we systematically
analyzed the mutations of RAS, PIK3CA and BRAF genes in circulating tumor DNA (ctDNA) and
tumoral tissue DNA (ttDNA) from 51 synchronous metastatic colorectal carcinoma (SMCC) patients
by real-time PCR, and their relationship with the clinical, biological and histological features of
disease at diagnosis. The highest frequency of mutations detected was in the KRAS gene, in tumor
biopsies and plasma samples, followed by mutations of the PIK3CA, NRAS and BRAF genes. Overall,
plasma systematically contained those genetic abnormalities observed in the tumor biopsy sample
from the same subject, the largest discrepancies detected between the tumor biopsy and plasma
from the same patient being for mutations in the KRAS and PIK3CA genes, with concordances of
genotyping results between ttDNA and ctDNA at diagnosis of 75% and 84%, respectively. Of the
51 SMCC patients in the study, 25 (49%) showed mutations in at least 1 of the 4 genes analyzed in
patient plasma. From the prognostic point of view, the presence and number of the most common
mutations in the RAS, PIK3CA and BRAF genes in plasma from SMCC patients are independent
prognostic factors for OS. Determination of the mutational status of ctDNA in SMCC could be a key
tool for the clinical management of patients.

Keywords: synchronous metastatic colorectal cancer; liquid biopsy; KRAS; NRAS; PIK3CA; BRAF;
anti-EGFR; anti-VEGF

1. Introduction

Approximately 25–30% of patients with sporadic colorectal cancer (sCRC) initially
present as metastatic tumors (stage IV). Of the other patients, who are mainly diagnosed in
stages II or III, 40% will progress to more advanced stages and metastatic processes, the
liver being the most common site for metastatic spread of the primary tumor [1]. Overall,
the 5-year overall survival (OS) in patients with metastatic CRC is 50%, falling to 10% in
stage IV patients (synchronous metastatic disease) [1].
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It is well known that the pathogenesis of sCRC is due to the sequential appearance
of abnormalities at the genetic level that, from a preneoplastic stage, lead to a generalized
alteration of the genome by the clonal expansion of cells carrying mutations that frequently
affect APC, RAS, TP53 and/or DCC genes [2]. However, genetic alterations participating in
the metastatic process, through which tumor cells of the primary tumor can colonize other
tissues, remain to be identified. Recent genetic studies of metastatic tumors carried out
by our research group suggest that the metastatic potential resides in the primary tumor
itself [3]. Thus, we and other researchers have recently shown specific genomic alterations
that are already present in the primary tumor of metastatic sCRC patients (e.g., del(17p) and
del(22q)), as well as the differential expression of 28 genes (e.g., dysregulated transcripts of
ADH1B, BST2 and FER1L4 genes) between metastatic and non-metastatic sCRC tumors [4].

Various therapeutic protocols based on general chemotherapeutic agents have been
applied for the treatment of metastatic sCRC, and, more recently, new protocols have
been implemented that consist of the combined use of chemotherapy with monoclonal
antibodies against specific oncogenic targets. Although at the beginning of the 1980s the
median survival of patients with disseminated disease was 6 months, this was extended to
1 year with the appearance of regimens based on 5-fluorouracil. Subsequently, this was
extended to as much as 20 months by the addition of irinotecan and oxaliplatin. More
recently, and as a result of oncology entering the molecular era, the following monoclonal
antibodies have been included in clinical practice: bevacizumab, anti-vascular endothelial
growth factor (VEGF), and cetuximab and panitumumab, two anti-epithelial growth factor
receptors (EGFRs) that, combined with cytostatic and surgical treatment, extend patient
survival to approximately 24 months. However, these two anti-EGFRs are only active when
the tumor cells of the patient do not present mutations at the level of the RAS, PIK3CA and
BRAF genes. Therefore, triple-negative patients (KRAS, BRAF and PI3K3CA; “wild type”)
are those who would benefit the most from these therapies [5].

Currently, mutations of these genes are evaluated in DNA from formalin-fixed,
paraffin-embedded tumor tissue (tumor resection or biopsies). However, it is not always
possible to extract sufficient DNA of adequate quality for mutational studies [6]. DNA
fragmentation is very frequent in paraffin samples, which can affect the integrity of the
molecule. In recent years, the analysis of circulating tumor DNA (ctDNA) has opened up a
new avenue for the study and monitoring of patient tumor burden. ctDNA can be isolated
from plasma or serum and has the potential to be a viable starting material for identifying
genetic markers for disease diagnosis and recurrence. In addition, ctDNA analysis provides
a real-time assessment of the mutational status (presence of pathogenic mutations) of genes
involved in disease pathogenesis. On the other hand, ctDNA mutational analysis may
also provide a better representation of the tumor because it has the potential to generate
information about all subclones of a tumor, which may contain DNA fragments from the
primary tumor and the distant metastatic tumors [7].

In the present study, we investigated the prognostic value of the mutational status of
the KRAS, NRAS, PIK3CA and BRAF genes detected in tumor biopsies and plasma samples
from 51 synchronous metastatic colorectal cancer (SMCC) patients. Overall, our results
show that KRAS mutations, determined both in tumor tissue and in patient plasma, showed
a significant adverse influence on OS in univariate analysis. However, in the multivariate
analysis, only the mutations identified in the plasma of the SMCC patients maintained
statistical significance, behaving as an independent prognostic factor for OS.

2. Results

2.1. Frequency, Type and Concordance of KRAS, NRAS, PIK3CA and BRAF Mutations Detected
in Tumor Tissue and Plasma of 51 Patients with Synchronous Metastatic Colorectal
Cancer (SMCC)

The highest frequency of mutations occurred in the KRAS gene, in the tumor biopsy
(45% of cases) and plasma (43% of patients), the G12V and G13D mutations being the most
frequently detected (Figure 1), followed by mutations of the PIK3CA (24% in tumor biopsy
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and 16% in plasma), NRAS (2% and 6%) and BRAF genes (2% and 4%), and the ES45X,
Q61R/K and V600E mutations (Figure 1).
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Figure 1. Frequency and type of mutations detected in the KRAS, NRAS, PIK3CA and BRAF genes
in paired primary tumor and plasma (liquid biopsy) samples from 51 patients with synchronous
metastatic colorectal cancer (SMCC) at diagnosis.

We also observed a statistically significant correlation among the mutational status
of the KRAS, NRAS, PIK3CA and BRAF genes detected in plasma and tumoral tissue at
diagnosis of the disease (Table 1). Overall, plasma systematically contained those genetic
abnormalities observed in the tumor biopsy sample from the same subject. However,
tumor biopsies from many cases (up to 5 out of 51) showed KRAS mutations that were
not found in their corresponding plasma, while the plasma from 4 cases displayed KRAS
mutations that were not detected in their corresponding tumoral biopsy sample (Figure 1
and Supplementary Table S1). Two patients showed NRAS mutations in the plasma, but
not in their tumor biopsy sample, while only one patient showed such a discrepancy for
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BRAF gene mutations (Table 1). The concordances of genotyping results between tDNA
and ctDNA at diagnosis were 75%, 96%, 98% and 84% for the KRAS, NRAS, BRAF and
PIK3CA genes, respectively.

Table 1. Clinical, biological and genetic characteristics of synchronous metastatic colorectal cancer
(SMCC) patients with positive (n = 26) and negative (n = 25) liquid biopsy at diagnosis. Patients with
a positive liquid biopsy were considered when at least one mutation in the KRAS, NRAS, PIK3CA
and/or BRAF genes was detected in the patient’s plasma.

Variable
Negative Liquid Biopsy

Patients (n = 25)
Positive Liquid Biopsy

Patients (n = 26)
p Total

(n = 51)

Age (years) * 65 (43–83) 67 (50–81) 0.89 66 (43–83)
Gender
Female 5 (20%) 9 (35%)

0.51
14 (27%)

Male 20 (80%) 17 (55%) 37 (63%)
Site of PT

Right colon 7 (28%) 11 (42%) 18 (35%)
Left colon 1 (4%) 3 (12%) 0.11 4 (8%)

Rectum 17 (68%) 12 (46%) 29 (57%)
Treatment type

Chemotherapy + anti-EGFR 19 (76%) 5 (19%) 24 (47%)
Chemotherapy + anti-VEGF 2 (8%) 16 (62%) <0.001 18 (35%)

Chemotherapy 4 (16%) 5 (19%) 9 (18%)
CEA serum levels *

≤7.5 ng/mL 10 (40%) 1 (4%)
0.002

11 (22%)
>7.5 ng/mL 15 (60%) 25 (96%) 40 (78%)

Mutational status of PT
Mutated 16 (64%) 3 (12%)

<0.001
19 (27%)

Wild type 9 (36%) 23 (89%) 32 (63%)
Number of deaths 15 (60%) 21 (81%) 0.009 36 (71%)

Overall survival (months) 52 (38–67) 24 (16–31) <0.001 40 (30–51)

Results are expressed as the number of cases (percentage) or * as the median (range). PT: primary tumor; CEA:
carcinoembryogenic antigen. A primary tumor was considered to be mutated when at least one mutation in the
KRAS, NRAS, PIK3CA and/or BRAF genes was detected in the patient’s primary tumor.

2.2. Association between Mutational Status Detected in Patient Plasma and Other Features of
the Disease

Of the 51 SMCC patients included in the present study, 26 (51%) displayed mutations
for at least 1 of the 4 genes analyzed in the plasma (positive biopsy). Overall, most patients
with a positive biopsy had a tumor in the right colon or rectum with abnormally high
CEA serum levels (>7.5 ng/mL; p = 0.002), and they showed a higher frequency of deaths
(p = 0.009) in association with significantly shortened patient overall survival (OS) (median
of 24 months; p ≤ 0.001). As expected, a significant correlation was detected between the
mutations detected in plasma and those identified in the primary tumor. In contrast, no
significant differences were found between positive and negative biopsy SMCC patients,
having taken gender and patient age into account (Table 1).

2.3. Impact of Liquid Biopsy on Patient OS

From the prognostic point of view, the clinical, biological and pathological characteris-
tics of the disease that displayed a significant adverse influence on OS in the univariate
analysis included increased (>7.5 ng/mL) CEA serum levels (p = 0.073), KRAS mutations de-
termined in both primary tumor and plasma (p = 0.05 and p = 0.004, respectively), positive
liquid biopsy at diagnosis (p = 0.05) and, interestingly, the number of mutations detected
in plasma at diagnosis (p ≤ 0.001) (Table 2), the determination of the KRAS mutation in
plasma being a good prognostic factor in the univariate analysis. However, multivariate
analysis of the prognostic factors for OS showed that the presence and number of mutations
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detected in the plasma at diagnosis were the only independent variables that predicted an
adverse outcome (Table 1 and Figure 2).

Figure 2. Identification of at least one mutation in the KRAS, NRAS, PIK3CA and/or BRAF genes in
the plasma of synchronous metastatic colorectal cancer patients (positive liquid biopsy) at diagnosis
(Panel A), and the increase in the number of mutations detected (Panel B), show a significant impact
on overall survival in the univariate (p ≤ 0.005) and multivariate (p ≤ 0.007) analyses.

Table 2. Clinical, biological and genetic characteristics of synchronous metastatic colorectal cancer
(SMCC) patients (n = 51) and their association with overall survival (OS).

Variable N * Univariate Analysis Multivariate Analysis HR (95% CI)

Age
<66 years 26 (51%)

0.889≥66 years 25 (49%)
Gender

Male 37 (76%)
0.879Female 14 (24%)

Site of PT
Right colon 18 (35%)
Left colon 4 (8%) 0.114

Rectum 29 (57%)
CEA serum levels

<7.5 ng 11 (22%)
0.073 NS≥7.5 ng 40 (78%)

Treatment type
Chemotherapy + anti-EGFR 24 (47%)
Chemotherapy + anti-VEGF 18 (35%) 0.053 NS

Chemotherapy 9 (18%)
Microsatellite instability

No 50 (98%)
0.879Yes 1 (2%)

KRAS mutation in PT
Yes 23 (45%) 0.050 NS
No 28 (55%)

NRAS mutation in PT
Yes 1 (2%) 0.487
No 50 (98%)

BRAF mutation in PT
Yes 1 (2%) 0.937
No 50 (98%)

PIK3CA mutation in PT
Yes 12 (24%) 0.728
No 39 (76%)
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Table 2. Cont.

Variable N * Univariate Analysis Multivariate Analysis HR (95% CI)

KRAS mutation in plasma
Yes 23 (45%)

0.004 NSNo 28 (55%)
NRAS mutation in plasma

Yes 3 (6%)
0.420No 48 (94%)

PIK3CA mutation in plasma
Yes 8 (16%)

0.185No 43 (84%)
BRAF mutation in plasma

Yes 2 (4%)
0.472No 49 (96%)

Liquid biopsy at diagnosis
Positive 26 (53%) 0.005 0.007 0.388 (0.196–0.768)

Negative 25 (47%)
Mutations in liquid biopsy

Wild type 25 (49%)

<0.001
1 mutation 19 (37%) 0.001 2.018 (0.316–3.095)
2 mutations 6 (12%)
3 mutations 1 (2%)

* Results are expressed as the number of cases (percentage). PT: primary tumor. A liquid biopsy was considered
to be positive when at least one mutation in the KRAS, NRAS, PIK3CA and/or BRAF genes was detected in the
patient’s plasma. NS: not statistically significant (p > 0.05).

3. Discussion

The chances of a cure for patients with sporadic colorectal cancer (sCRC) who develop
distant metastases to the liver and other organs at the time of diagnosis are dramatically
low. Even though we now have a much better understanding of the genetic mechanisms
that control the early stages of disease, the factors involved in metastatic processes re-
main poorly understood. In this context, it is of utmost importance to develop methods
capable of identifying patients at high risk for an adverse outcome or of predicting the
onset of metastasis, the main cause of death of sCRC patients. In recent years, various
studies have demonstrated the prognostic value of cfDNA in sCRC, raising the possibil-
ity that their analysis might identify patients with localized tumors who are at risk of
recurrence [8]. Other studies have shown that molecular analysis of the tumor through
liquid biopsies provides information about the changes in the RAS mutational status due to
tumoral heterogeneity and selective pressure by targeted therapies throughout the course
of the disease [9,10]. However, the significance of liquid biopsy in the clinical management
of patients with synchronous metastases remains to be elucidated.

In this study, we describe the frequency and type of mutations found in biopsies of
tumor tissue and in peripheral blood at the time of diagnosis of the disease to determine
the most appropriate therapy for each synchronous metastatic colorectal cancer (SMCC)
patient: chemotherapy alone or combined with monoclonal antibodies, anti-epidermal
growth factor receptor (EGFR) or anti-vascular endothelial growth factor receptor (VEGFR).
In turn, we show how the presence of mutations and their accumulation influence the
overall survival (OS) of the patient, regardless of the medical treatment received. To the best
of our knowledge, this is the first report demonstrating that the co-occurrence of mutations
in genes involved in the EGFR signaling pathway in peripheral blood from SMCC patients
is associated with a significantly short OS. Consistent with our observations, Kawazoe
et al. [11], in a retrospective observational study, described the mutational status of KRAS,
NRAS, BRAF or PIK3CA in tissue biopsies from 264 patients with mCRC, demonstrating
that patients with any mutation in these genes had a shorter survival outcome after receiv-
ing treatments with monoclonal antibodies. However, the series of patients studied was not
homogeneous since it included patients with synchronous and metachronous metastases.
In addition, they did not determine the mutational status of the genes using liquid biopsy
techniques, which could resolve the possible genetic heterogeneity present in this type of
tumor and find other genetic lesions present in the metastatic samples [12]. In this regard,
several studies that have explored ctDNA levels in mCRC have indicated that elevated
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ctDNA levels are correlated with poorer survival. Thus, Yang et al. [7] analyzed ctDNA
levels in 47 CRC patients in early or late cancer stages and found that stage IV patients
had significantly higher ctDNA concentrations than stage I patients. Similarly, Güttlein’s
work [13] also supports the utility of KRAS, NRAS and BRAF analysis in liquid biopsy from
CRC patients with synchronous and metachronous metastases, finding an association be-
tween RAS/BRAF-mutated patients and a shorter OS. These studies support the implication
that ctDNA characteristics could help in the clinical management of metastatic patients.

In the present study, all patients in our cohort had both tissue and plasma available
at diagnosis. The concordance between tissue and plasma was approximately 75% when the
KRAS gene was analyzed, as previously observed. In an earlier study, Rodon et al. [12] found
a 76.5% concordance of genotyping results using NGS in 18 tissue and blood samples of
patients with locally advanced CRC or mCRC. Similarly, Erve et al. [14] observed a 93% con-
cordance between tumoral tissue DNA (ttDNA) and liquid biopsy RAS/BRAF ctDNA in
their analysis of 100 sCRC patients with liver metastases. Kagawa et al. [15] investigated
the concordance of the RAS status between Digital PCR (OncoBEAM™) and tissue biopsies
in 221 mCRC patients, and found concordance ratios between 64% and 91%, depending on
whether the metastatic site was the liver, peritoneum or lung. Discrepant results could be
explained by the acquisition of the mutation during the disease’s progression to the liver.
However, KRAS mutation occurs in early stages of carcinogenesis [16], although it is not
uncommon for the KRAS mutation to be acquired after metastasis. In our series, 4 (8%)
patients had a KRAS mutation that was detected in liquid biopsy, but not in the tumoral
biopsy. Taniguchi et al. [17] demonstrated that metastatic lesions harbored diverse acquired
mutations of KRAS in primary tumors.

The results of our study show that the best method for predicting the disease prognosis
is the mutational characterization of the EGFR signaling pathway genes in the patient’s
plasma (vs. tumor tissue). Testing ctDNA in peripheral blood (liquid biopsy) has emerged
as a new and useful tool in the diagnosis and follow-up of sCRC patients. Detection of
the mutational status of genes involved in the EGFR signaling pathway genes in ctDNA
from blood samples seems to be a simple and non-invasive alternative to testing primary
tumors. In addition, it is an easy and inexpensive technique to perform in clinical labora-
tories, and it can be carried out easily at different times during the course of the disease,
providing information about dynamic changes in the genotype of mCRC cells [18], suc-
cessfully resolving the possible spatial and temporal heterogeneity present in this type of
tumor [19]. The absolute amount of ctDNA depends on the stage [20] and location [17] of
the tumor. Surgery and medical treatment both modify ctDNA levels, which act as a surro-
gate biomarker of the response to anti-EGFR treatments and progression-free survival (PFS)
in sCRC patients with localized disease. However, the clinical significance and impact of
anti-angiogenics (anti-VEGFR agents) [21] in synchronous metastatic disease remain to be
elucidated. Most studies have focused on the progression of the primary tumor after its sur-
gical resection. In the metastatic process of sCRC, tumor hypoxia produces overexpression
of the hypoxia-inducible factor-1 (HIF-1) and release of the VEGF, which stimulates neo-
angiogenesis to ensure the survival of the tumor cells [22]. In addition, VEGF expression
under hypoxic conditions can also be stimulated by the EGFR signaling pathway, which,
in turn, is frequently activated by the appearance of mutations in the KRAS, NRAS, BRAF
or PIK3CA genes [23]. Currently, the decision to administer a treatment is based solely on
the molecular information obtained from the initial tumor biopsy. However, published
results show that metastatic disease can undergo mutational variations that can condition
the choice of treatment by the selection of resistant clones after administering systemic
therapy [19,24,25]. In fact, the study carried out by Erik et al. suggests that analysis of
plasma-derived ctDNA in patients with mCRC may identify additional RAS mutations that
would improve patient selection for anti-EGFR therapies [25]. Klein et al. [9] demonstrated
that although systemic therapies kill many tumor cells, resistant tumor cell clones are
selected, avoiding the cytotoxic action of the administered therapy. It has been hypothe-
sized that the tumor hypoxia produced in the metastatic process could also contribute to
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this selection of clones capable of surviving in conditions of low oxygen supply. Half of
the patients analyzed by Gazzaniga et al. [26] changed their mutational status to become
RAS wild-type after receiving antiangiogenic therapy. Garcia et al. [27] detected a RAS
mutational change in 74% of patients after a median of 3 months of bevacizumab treatment.
Even traditional chemotherapy has been linked to the modification of the RAS mutational
status. Therefore, the study of molecular profiling using liquid biopsy could be a key tool
for predicting OS in patients with SMCC treated with anti-EGFR and anti-VEGFR drugs. It
should be noted that several studies of genome sequencing have observed that one in five
healthy individuals may carry disease-related genetic mutations [16,28]. However, none of
the mutations detected in these studies were present in the genes studied here.

Limited information is available on the feasibility and clinical potential of ctDNA
analysis in non-metastatic CRC cancer and/or in early stage of the disease. The results of
these studies are difficult to interpret and compare, especially due to significant hetero-
geneity regarding the patient’s series analyzed. While Tie et al. [29] reported that ctDNA
significantly outperforms standard clinicopathologic characteristics as a prognostic marker
in stage II patients, Sclafani et al. [30] failed to predict the prognosis with the detection
of KRAS mutation in ctDNA of locally advanced rectal cancer patients. Larger series are
needed to better address the role of ctDNA as a prognostic or predictive tool in this regard.

In summary, our results show that the presence of mutations in the RAS, PIK3CA
and/or BRAF genes in the plasma of patients with SMCC is an independent prognostic
factor for OS. The data also provide evidence that the number of mutations is negatively
correlated with the OS of patients, regardless of the treatment they receive. Molecular
information obtained by ctDNA analysis could be useful in our daily clinical practice to
improve prognostic assessments and to guide clinical decision making in SMCC patients.
Additional prospective studies are required in larger series to confirm the utility of the
proposed predictive model.

4. Materials and Methods

4.1. Patients and Samples

Peripheral blood and endoscopically acquired tumor tissue biopsies from the primary
tumor were obtained from 51 consecutive patients with synchronous metastatic colorectal
cancer (SMCC) between June 2014 and September 2017 in the Department of Surgery of the
University Hospital of Salamanca (Salamanca, Spain), before administering any cytotoxic
therapy and after each subject had given their informed consent, in accordance with the
Declaration of Helsinki. In total, 37 were men and 14 women, with a median age 66 years
(range 43–83 years). Diagnosis and classification of the tumor were made according to the
AJCC criteria [31]. All cases were adenocarcinomas. Median follow-up at the close of the
study was 40 months (range 30–50 months). Patient clinical, laboratory and follow-up data
are summarized in Table 3.

Table 3. Correlation between the mutational status of the KRAS, NRAS, PIK3CA and BRAF genes
detected in the plasma and primary tumor of patients (n = 51) with synchronous metastatic colorectal
cancer (SMCC).

Plasma

KRAS

R/p

NRAS

R/p

BRAF

R/p

PIK3CA

R/p
Primary Tumor

WT
(n = 29)

Mutated
(n = 22)

WT
(n = 48)

Mutated
(n = 3)

WT
(n = 49)

Mutated
(n = 2)

WT
(n = 43)

Mutated
(n = 8)

KRAS
WT (n = 28) 24 (86) 4 (14)

0.65/<0.001Mutated (n = 23) 5 (22) 18 (78)
NRAS

WT (n = 50) 48 (96) 2 (4)
0.57/0.05Mutated (n = 1) 0 (0) 1 (100)

BRAF
WT (n = 50) 49 (98) 1 (2)

0.77/<0.001Mutated (n = 1) 0 (0) 1 (100)
PIK3CA

WT (n = 39) 37 (95) 2 (5)
0.53/0.001Mutated (n = 12) 6 (50) 6 (50)

Results expressed as number of cases (percentage); WT: wild type; R, correlation coefficient; p, probability.
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The study was approved by the local ethics committee of the University Hospital of
Salamanca (Salamanca, Spain).

4.2. Tissue-Based RAS, BRAF and PIK3CA Mutation Analysis

Tumor tissue biopsies were collected and mutations were sought at diagnosis.
Hematoxylin-eosin (HE)-stained slides were reviewed. The DNA was isolated from a
paraffin block containing at least 70% of tumor cells. One or two 10 μm-thick formalin-fixed
paraffin-embedded (FFPE) tumor tissue sections were deparaffinized with xylene for 5 min
at room temperature (RT), dehydrated in absolute alcohol for 5 min at RT and allowed
to air-dry completely for 10 min. Later, DNA was isolated using the Cobas DNA Sample
Preparation Kit (Roche, Branchburg, NJ, USA) following the manufacturer’s instructions.

4.3. Blood-Based RAS, BRAF and PIK3CA Mutation Analysis

In parallel, cfDNA was isolated from 2 mL of plasma obtained from each patient
(n = 51) at diagnosis, using a Cobas® cfDNA Sample Preparation Kit (Roche, Branchburg,
NJ, USA) and following the manufacturer’s instructions.

A Nanodrop UV spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA)
was used to verify the quality and quantity of the extracted DNA from both tumor tissue
and patient plasma. Amplification and detection were performed with an Automated
Cobas z480 analyzer instrument (Roche Molecular System Inc., Pleasanton, CA, USA). The
real-time PCR tests examined the most common mutations in codons 12, 13, 59, 61, 117 and
146 in the KRAS and NRAS genes; the V600E BRAF mutation; and in exons 2, 5, 8, 10 and
21 of PIK3CA mutations. The tests to detect these mutations both in tumor tissue and in the
patient’s peripheral blood were purchased from Roche (Branchburg, NJ, USA): the KRAS
v2 mutation test (LSR), BRAF/NRAS mutation test (LSR) and the Cobas mutation test
PIK3CA. Data were analyzed according to the manufacturer’s instructions by uploading
the .ixo files to the online LSR Data Analysis tool: https://lifescience.roche.com/en_nl/
brands/oncology-research-kits.html (accession on 18 January 2023).

4.4. Statistical Analyses

The mean, standard deviation (SD) and range of all continuous variables were cal-
culated, and dichotomous variables were reported as frequencies and percentages. To
evaluate the statistical significance of group differences, Student’s t-test and the Mann–
Whitney U test were used for normally and non-normally distributed continuous variables,
respectively. For dichotomous variables, the X2 test was used. Overall survival (OS) curves
were plotted according to the Kaplan–Meier method, and the log-rank test (one-sided) was
used to determine the statistical significance of the differences between survival curves.
Multivariate analysis of prognostic factors for OS were identified by multivariate stepwise
Cox regression, using forward selection and considering only those variables that showed
a significant association with OS in the univariate analysis. All analyses were carried out
using IBM SPSS Statistics v.22 (IBM Corp., Armonk, NY, USA). Statistical significance was
concluded for values of p (Pearson-corrected where appropriate) of <0.05.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24098438/s1.
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Abstract: Muscarinic acetylcholine receptor M3 (M3R) has repeatedly been shown to be prominently
expressed in human colorectal cancer (CRC), playing roles in proliferation and cell invasion. Its
therapeutic targetability has been suggested in vitro and in animal models. We aimed to investi-
gate the clinical role of MR3 expression in CRC for human survival. Surgical tissue samples from
754 CRC patients were analyzed for high or low immunohistochemical M3R expression on a clinically
annotated tissue microarray (TMA). Immunohistochemical analysis was performed for established
immune cell markers (CD8, TIA-1, FOXP3, IL 17, CD16 and OX 40). We used Kaplan–Meier curves
to evaluate patients’ survival and multivariate Cox regression analysis to evaluate prognostic sig-
nificance. High M3R expression was associated with increased survival in multivariate (hazard
ratio (HR) = 0.52; 95% CI = 0.35–0.78; p = 0.001) analysis, as was TIA-1 expression (HR = 0.99; 95%
CI = 0.94–0.99; p = 0.014). Tumors with high M3R expression were significantly more likely to be
grade 2 compared to tumors with low M3R expression (85.7% vs. 67.1%, p = 0.002). The 5-year
survival analysis showed a trend of a higher survival rate in patients with high M3R expression
(46%) than patients with low M3R expression CRC (42%) (p = 0.073). In contrast to previous in vitro
and animal model findings, this study demonstrates an increased survival for CRC patients with
high M3R expression. This evidence is highly relevant for translation of basic research findings into
clinically efficient treatments.

Keywords: colorectal cancer (CRC); muscarinic acetylcholine receptor M3 (M3R) expression; human
colorectal cancer survival; tissue microarray; immune cell markers; TIA-1; therapeutic target

1. Introduction

Colorectal cancer (CRC) is one of the most prevalent cancer types, causing approx-
imately 1.15 million new cases and 577,000 deaths globally in 2020 [1]. Its incidence in
patients aged 20–50 is observably increasing, particularly in the left-sided colon and rec-
tum [2,3]. Concurrently, a rise in high-risk and metastasized (Union for International
Cancer Control (UICC) stages II, III and IV) early-onset CRC cases can be observed [4],
which require especially precise and efficient adjuvant therapies [5]. However, the selection
of adjuvant therapy regimens is currently mainly based on criteria such as tumor extent,
tumor grade, lymph-node status, and lymphatic and venous invasion [6], which are not
sufficient to describe tumor aggressiveness, prognosis and targetability [6,7]. Hence, fur-
ther characterization is needed to increase prognostic predictability and to provide new
targets for improved therapies [8,9]. While the number of potential prognostic markers
is growing, their clinical role often remains unclear [10–14]. Recently, through advanced
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techniques such as gene and proteome analysis, many new biomarkers of CRC have been
suggested in vitro, for example, immune checkpoint molecules such as OX40, receptors
such as CXCR4 and CX3CR1 and kinases such as FJX1 (four-jointed box kinase 1), as well
as micro-RNAs [10,13,15–19]. Data on the respective clinical expression and efficacy of
these biomarkers is lacking. Muscarinic receptor subtype M3 (M3R) has been described as
a promotor of cell proliferation in CRC and may serve as a new prognostic and predictive
marker [20]. Muscarinic acetylcholine receptors are G-protein-coupled receptors compris-
ing five subtypes (M1-M5), which correspond to the genes CHRM1-5 [20]. Of the known
muscarinic receptor subtypes, M3 has been shown to be expressed exclusively in the HT29
colon cancer cell line, which suggests its potential benefit for prognosis and therapy for
human CRC [21]. Furthermore, muscarinic receptor antagonists were reported to inhibit
unstimulated H508 colon cancer cells by approximately 40%, while acetylcholinesterase
inhibitors increased proliferation by 2 to 2.5-fold [22]. The effects of M3R activation in CRC
tissue are seemingly not limited to proliferation but may also play an important role in cell
invasion. Acetylcholine increased the expression of matrix metalloproteinase 1 (MMP-1)
and stimulated the invasion of HT29 and H508 colon cancer cells into human umbilical
vein endothelial cell monolayers [23]. All these findings suggest that the overexpression
of M3R may lead to an increase in proliferation and invasiveness in CRC. We recently
demonstrated the efficacy of MR3 inhibition by darifenacin in vitro and in vivo via a CRC
xenograft mouse model [24].

However, data about the prognostic significance of M3R expression in CRC are scarce.
In particular, its role in human CRC remains unclear. The goal of this study was to assess
the prognostic significance of M3R expression in human CRC and its correlation with
established prognostic immune cell markers on the basis of the findings of our previous
publication [24].

2. Results

Results are presented following the reporting recommendations for tumor marker
prognostic studies (REMARK) [25].

2.1. Clinicopathological Patient Characteristics

Tissue samples of 754 patients with CRC were analyzed. The median age was 70 years
(range: 30–96) (Table 1). A total of 407 patients were female, and 347 were male. The mean
tumor size was 50.8 mm, with a range of 5–170 mm. Tumor location was the left hemicolon
in 520 cases and the right hemicolon in 232 cases. Of all cases, 288 were rectal cancer. A total
of 97 cases were UICC stage I, 288 cases were UICC stage II and 342 cases were UICC stage
III. The tumor border configuration was infiltrative in 516 specimens and pushing in 221.
Vascular invasion was present in 207 specimens and not present in 532. The TMA contained
658 mismatch repair (MMR)-proficient specimens and 96 MMR-deficient specimens.

Table 1. Clinicopathological characteristics of the CRC patient cohort 1,2.

Patient Characteristic N or Mean Percentage or Range

Age, years (median, mean) 70, 68.8 30–96

Tumor size in mm (median, mean) 50, 50.8 5–170

Sex
Female 407 50%
Male 347 43%

Anatomic site of the tumor
Left-sided 520 64%

Right-sided 232 29%
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Table 1. Cont.

Patient Characteristic N or Mean Percentage or Range

UICC stage

Stage IB, T2N0 71 9%
Stage IIA, T3N0 254 31%

Stage IIB-C, T4N0 34 4%
Stage III, >N0 342 42%

Tumor border configuration Infiltrative 516 63%
Pushing 221 27%

Vascular invasion
No 532 65%
Yes 207 25%

Microsatellite stability
Proficient 658 81%

Deficient 96 96%

Rectal cancers 288 35%

Rectosigmoid cancers 50 6%

Overall survival time (months) 58.9 1–152

5-year survival % (95% CI) 0.45 0.42–0.49
1 Percentages may not add up to 100% due to missing values for some variables. 2 Abbreviations: N = total
number of observations; UICC = Union for International Cancer Control; T = size or extension of primary tumor;
N = degree of spread to regional lymph nodes; M = presence of distant metastasis.

2.2. Association of M3 Low and High Expression with Clinicopathological Features in CRC

Clinicopathological features in CRC under examination in this study and their relation
to the two subgroups of low and high M3R expression samples are shown in Table 2. After
immunohistochemical processing, a total of 635 punches remained for the evaluation of
M3R expression (Figure 1). Of these, 568 showed a high expression of M3R, and 67 showed
a low expression of M3R (Figure 2).

Figure 1. Transition from total number of tissue samples to remaining number of tissue microar-
rays (TMAs) after immunohistochemical processing. Abbreviations: TMA = tissue microarray;
CRC = colorectal cancer.
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Table 2. 1,2: Association of M3 low and high expression with clinicopathological features in CRC.

Parameter M3R-Low M3R-High p-Value

N = 67 (10.6%) N = 568 (89.5%)

Age Years, mean ± SD 67.3 ± 11.9 68.8 ± 11.4 0.418

Tumor diameter mm, mean ± SD 50.5 ± 22.1 50.9 ± 20.1 0.760

Gender
Female 33 (49.3%) 294 (51.7%) 0.640
Male 31 (46.3%) 244 (42.9%)

Tumor location
Left-sided 42 (62.7%) 379 (66.7%)

0.401Right-sided 22 (32.8%) 157 (27.6%)

Histologic subtype Mucinous 6 (9.0%) 22 (3.9%)
<0.001Non-mucinous 61 (91.0%) 546 (96.1%)

pT stage pT1–2 14 (20.9%) 105 (18.5%) 0.436
pT3–4 44 (65.7%) 425 (74.8%)

pN stage pN0 32 (47.8%) 279 (49.1%)
0.690pN1–2 31 (46.3%) 243 (42.8%)

Tumor grade
G1 3 (4.5 %) 14 (2.5%)

0.002G2 45 (67.1%) 487 (85.7%)
G3 10 (14.9%) 29 (5.1%)

Vascular invasion
Absent 39 (58.2%) 387 (68.1%)

0.350Present 19 (28.4%) 143 (25.2%)

Tumor border
Pushing 12 (17.9%) 171 (30.1%)

0.068Infiltrating 46 (68.7%) 357 (62.9%)

PTL inflammation
Absent 47 (70.2%) 406 (71.5%)

0.446Present 11 (16.4%) 124 (21.8%)

Microsatellite stability Deficient 8 (11.9%) 60 (10.6%)
0.747Proficient 56 (83.6%) 478 (84.2%)

5-year survival rate (95% CI) 42% (0.30–0.54) 46% (0.41–0.50) 0.073

1 Percentages may not add up to 100% due to missing values of some variables; age and tumor size were evaluated
using the Kruskal–Wallis test. Gender, anatomical site, T stage, N stage, grade, vascular invasion and tumor
border configuration were analyzed using the χ2 test. Survival analysis was performed using the Kaplan–Meier
method. 2 Abbreviations: M3R-low = CRC specimens with low M3R (muscarinic acetylcholine receptor M3)
expression; M3R-high = CRC specimens with high M3R (muscarinic acetylcholine receptor M3) expression;
N = total number of observations; SD = standard deviation; mm = millimeters; pT = histopathological size or
extension of primary tumor; pN = histopathological degree of spread to regional lymph nodes; G = tumor grade;
PTL inflammation = peritumoral lymphocytic inflammation.

Figure 2. Staining intensities of CRC TMAs after immunohistochemical staining using an anti-M3R
primary antibody, revealing low M3R expression (a,b) and high M3R expression (c,d). Abbreviations:
TMA = tissue microarray; CRC = colorectal cancer; M3R = muscarinic acetylcholine receptor M3.

CRC tissues with a high M3R expression were significantly more likely to be of the
non-mucinous histologic subtype as compared to the mucinous subtype than specimens
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with a low M3R expression (Table 2). CRC specimens with high M3R expression were
also more likely to be tumor grade G2 (85.7% of specimens with high M3R expression)
compared to CRC with low M3R expression (67.1% of specimens with low M3R expression).
Specimens with low M3R expression had a higher proportion of tumor grade G3 (14.9%)
compared to specimens with a high M3R expression (5.1%) (Table 2).

2.3. Immune Cell Density According to M3 Low and High Expression

We further tested for immune cell infiltration with different well-established immune
cell markers in CRC and their relation to the two subgroups of low and high M3R expression
(Table 3). In patients with a low expression of M3R, a significantly higher density of CD8
and TIA-1-positive immune cells was observed (Table 3). No correlation was found for
FOXP3, IL 17, CD16 and OX 40.

Table 3. 1 Immune cell density according to M3 low and high expression.

M3-Low M3-High p-Value

Mean ± SD Mean ± SD

CD8 18.9 ± 32.6 8.67 ± 16.8 0.018

FOXP3 30.3 ± 34.9 34.0 ± 39.4 0.638

IL17 10.3 ± 15.6 15.8 ± 29.1 0.141

TIA-1 4.5 ± 8.0 2.7 ± 6.9 0.047

CD16 30.0 ± 32.1 32.9 ± 32.1 0.292

OX40 37.3 ± 49.0 45.5 ± 60.5 0.380
1 Abbreviations: CD8 = cluster of differentiation 8; FOXP3 = forkhead box P3; IL17 = interleukin 17 family;
TIA-1 = TIA1 cytotoxic granule-associated RNA-binding protein; CD16 = cluster of differentiation 16;
OX40 = tumor necrosis factor receptor superfamily, member 4.

2.4. Survival Analysis

The mean overall survival time was 58.9 months (range 1–152 months). The five-
year survival rate was 45% (95% CI = 49.8–57.4). The 5-year survival rate for patients
with high M3R expression (46%) showed a trend of higher survival than patients with
low-M3R-expression CRC (42%) (p = 0.073) (Figure 3).

Figure 3. Kaplan–Meier survival estimates for low MR3 expression and high MR3 expression. The
5-year survival rate showed a trend of higher survival for patients with high-M3R CRC (46%) than
patients with low-M3R CRC (42%) (p = 0.073). Abbreviations: M3R-low = CRC specimens with low
M3R (muscarinic acetylcholine receptor M3) expression; M3R-high = CRC specimens with high M3R
(muscarinic acetylcholine receptor M3) expression.
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2.5. Uni- and Multivariate Cox Regression Survival Analysis of Low and High Expression of M3R

In univariate Cox regression survival analysis, high expression of M3R (hazard ratio
(HR), 0.73; 95% CI, 0.52–1.03; p = 0.075) and CD8 (HR per immune cell, 0.99; 95% CI,
0.98–1.0; p = 0.014) were associated with increased survival, whereas male gender (HR,
1.28; 95% CI, 1.05–1.56; p = 0.015), age > 60 (HR, 1.03; 95% CI, 1.02–1.04; p < 0.001), vascular
invasion (HR, 2.57; 95%, CI 2.09–3.16; p < 0.001), invasive margin configuration (HR, 2.02;
95% CI, 1.58–2.59; p < 0.001), MMR proficiency (HR, 1.61; 95% CI, 1.15–2.56; p = 0.005),
higher T stage (HR, 3.02; 95% CI, 19–4.35, p < 0.001) and lymph-node positivity (HR, 2.82;
95% CI, 2.28–3.47; p < 0.001) were associated with worse survival (Table 4).

Table 4. 1 Uni- and multivariate Cox regression analysis.

Variable
Univariate Regression Multivariate Regression

OR (95% CI) p-Value OR (95% CI) p-Value

Sex
Female Reference Reference
Male 1.28 (1.05–1.56) 0.015 1.35 (1.05–1.74) 0.017

Age
<60 Reference Reference
>60 1.03 (1.02–1.04) <0.001 1.04 (1.03–1.05) <0.001

Vascular invasion
Absent Reference Reference
Present 2.57; 2.09–3.16; <0.001 2.03 (1.55–2.66) <0.001

Invasive tumor margin
configuration

Pushing Reference Reference
Infiltrative 2.02 (1.58–2.59) <0.001 1.34 (0.96–1.84) 0.07

Microsatellite stability
Deficient Reference Reference
Proficient 1.61 (1.15–2.56) 0.005 1.59 (1.01–2.49) 0.043

pT Stage
pT 1–2 Reference Reference
pT 3–4 3.09 (2.19–4.35) <0.001 2.30 (1.47–3.60) <0.001

pN Stage
pN 0 Reference Reference

pN > 0 2.82 (2.28–3.47) <0.001 2.26 (1.72–2.96) <0.001

Grade
G0-G1 Reference Reference
G2-G3 6.06. (1.94–18.87) 0.002 2.58 (0.62–10.80) 0.193

M3R expression
low Reference Reference
high 0.73 (0.52–1.03) 0.075 0.52 (0.35–0.78) 0.001

CD8 expression
low Reference Reference
high 0.99 (0.98–1.0) 2 0.014 1.00 (0.99–1.01) 2 0.609

TIA-1 expression
Low Reference Reference
High 0.99 (0.98–1.0) 2 0.24 0.97 (0.94–0.99) 2 0.014

1 Abbreviations: OR = odds ratio; CI = confidence interval; pT = histopathological size or extension
of primary tumor; pN = histopathological degree of spread to regional lymph nodes; G = tumor grade;
M3R = M3R (muscarinic acetylcholine receptor M3) expression of CRC specimens; CD8 = cluster of differ-
entiation 8; TIA-1 = TIA1 cytotoxic granule-associated RNA-binding protein. 2 Odds ratio calculated per immune
cell, subsequently indicating that, e.g., 10 additional immune cells in a sample would generate an HR of 0.991010
= 0.9 or, in the case of 20 more cells, 0.992020 = 0.82.
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In multivariate Cox regression survival analysis, high M3R expression was signifi-
cantly associated with a risk for increased survival (HR, 0.52; 95% CI, 0.35–0-78; p = 0.001),
as was TIA-1 expression (HR per immune cell = 0.97; 95% CI = 0.94–0.99; p = 0.014). In con-
trast, male sex (HR, 1.35; 95% CI, 1.05–1.74; p = 0.017), age > 60 (HR, 1.04; 95% CI, 1.03–1.05;
p < 0.001), vascular invasion (HR, 2.03; 95% CI, 1.55–2.66; p < 0.001), MMR proficiency (HR,
1.59; 95% CI, 1.01–2.49; p = 0.043), higher T stage (HR, 2.30; 95% CI, 1.47–3.60; p < 0.001)
and higher N stage (HR, 2.26; 95% CI, 1.72–2.96; p < 0.001) were associated with a risk for
poorer survival (Table 4).

Neither univariate nor multivariate Cox regression showed any significance for the
independent impact of M3R on overall survival.

3. Discussion

3.1. Key Findings

We aimed to examine the potential of M3R expression as a prognostic factor for sur-
vivability in human CRC patients, as its expression and inhibition have shown therapeutic
potential in animal and in vitro trials [24]. We found that high M3R expression correlated
with increased survivability, significantly with lower tumor grade and non-mucinous sub-
type, associating with a more favorable outcome as compared to low M3R expression,
which was significantly correlated with decreased survivability, higher tumor grade and
mucinous subtype.

3.2. Correlation with Previous Literature

These findings are surprising and stand in contrast to the previously reported in vitro
and in vivo effects of M3R expression and inhibition [20,26–30]. Other examples of a
strong inverse correlation between tumor grade and receptor expression are described
in the literature, for example, numerous studies concerning breast cancer tumor grade
and hormone receptor intensity [31–34], and in astrocytomas, estrogen receptor expression
was positive only in low-grade and nil in high-grade astrocytomas [35]. A progressive
decrease in progesterone receptor and estrogen receptor 1 mRNA expression was observed
from endometrioid endometrial cancers to more aggressive serous tumors as defined by
grade level [36]. Pacini et al. examined the expression of muscarinic acetylcholine receptor
subtypes M1, M2 and M3 in transitional cell carcinoma of the bladder and found that M1R
and M3R were significantly upregulated only in low-grade samples [37]. The correlation
between tumor grade and M3R expression in CRCs warrants further investigation.

Aiming to discover further potential treatment approaches, we investigated the role of
MR3 expression in the CRC tumor immune microenvironment by immunohistochemical
analysis for a selection of promising immunomarkers: CD8, FOXP3, IL17, TIA-1, CD16 and
OX40. Each of these have previously been shown to play a role in CRC progression by fellow
researchers [16,38–43] and members of our group [11,13,14,44]. Immune cell density of the
examined CRC specimens showed that low M3R expression was significantly associated
with a higher density of CD8- and TIA-1-positive immune cells. A possible link between
increased density of CD8-positive cells in CRC tumors and their level of differentiation
has been shown [45]. Sun-Young Lee et al. found that CD8+ T cell infiltration in the tumor
stroma was more prominent in moderately and poorly differentiated adenocarcinoma than
in adenoma and well-differentiated adenocarcinoma [46]. Similar associations were found
in breast cancer, where tumor-infiltrating CD8-positive T cells significantly increased with
stage progression [45]. In our study, a higher density of CD8-positive cells was significantly
associated with low M3R expression. There is also increasing evidence that a higher density
of CD8- and TIA-1-positive immune cells in CRC tumors is a prognostic factor for increased
survival [46]. These findings highlight the incomplete picture of interactions between
tumor grade, immune cell density, M3R expression and survival.

The overexpression of M3R has been shown in the HT-29 human colorectal adenocar-
cinoma cell line through subtype-specific muscarinic antagonists and X-ray microanalysis
measurement of intracellular ion concentration [21,47]. Prior research has shown that
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surgical CRC samples may exhibit increased M3R expression by up to 128-fold in 10 out of
18 specimens as compared to an adjacent normal colon [26]. The possible effects of M3R
activation in CRC have been studied in vitro using H508 human colon cancer cells, suggest-
ing that muscarinic receptor agonists stimulate cell proliferation, migration and invasion by
several post-M3R signaling pathways, one example being acetylcholine-stimulated calcium-
dependent phosphorylation of p44/42 mitogen-activated protein kinase (MAPK) [26,27].
Raufman et al. used an animal model employing Apcmin/+ mice to compare Chrm3+/+

mice (capable of M3R expression) to Chrm3−/− mice (not capable of M3R expression) and
showed a 70% reduction in the number of tumors and an 81% reduction in tumor volume
in the group that was not capable of M3R expression [28].

These in vitro and animal trials are part of an emerging body of evidence pointing to
M3R expression rate as a biomarker for increased proliferation and invasiveness of CRC, as
recently shown by Hering et al. [24].

Apart from CRC, M3R has clearly been shown to play a role in lung cancer [48–50].
Additionally, muscarinic agonists have been reported to have the ability to stimulate growth
for melanoma, pancreatic, breast, ovarian, prostate and brain cancers [50–52]. Thus, these
cancer types need to be considered in the context of our study and results in the future.

3.3. Implications

Our findings after examining MR3 expression in surgical samples of more than
600 human CRC patients suggest that while in in vitro and animal model studies, there
is considerable potential for M3R inhibition, this may not be the case for clinical treatments.
This may either be due to variables that are not present in a laboratory setting or to differences
in laboratory variables such as the type of the investigated molecule (e.g., micro-RNA or
protein), the type of antibody used, or differences in staining techniques and scoring systems.

CRC cells with high M3R expression could have traits that increase overall survival
that are unrelated to tumor proliferation and invasion. An animal trial using Chrm3−/−
mice showed that genetic ablation of M3R affected mucus production by decreasing mucin
2 gene expression, thereby facilitating prolonged bacterial adherence and delaying clearance
of C. rodentium [53]. CRCs with a low expression rate of M3R could therefore have higher
tendencies for bacterial infection. Muscarinic receptor activation on colon epithelial cells
has been shown to protect against cytokine-induced barrier dysfunction by inhibiting
IL-1β-induced production of chemokines and rearrangement of tight-junction proteins,
while this protective effect of acetylcholine was antagonized by atropine [54]. This effect
may lead to a stronger inflammatory response and higher inflammation rates in CRCs with
low M3R expression.

Cheng et al. used immunohistochemistry to identify the expression of choline acetyl-
transferase (ChAT), a critical enzyme for acetylcholine synthesis, in surgical specimens of
normal colons and colon cancer and found that normal colon enterocytes showed limited to
no ChAT staining, whereas one-half of the colon cancer specimens displayed moderate to
strong staining, and the other half exhibited weak staining [22]. Despite the small sample
size, this suggests a higher rate of ACh production in colon cancer cells. The correlation
between high and low M3R expression and ACh production capability of CRC cells in
surgical specimens should be investigated.

Experiments have shown a relationship between the M3R expression rate and M3R
inhibition or activation in different cell types. Witt-Enderby et al. found that in rabbit
bronchi, M2R and M3R were significantly upregulated compared to the control after a
4-week inhibition by atropine [55]. A similar observation was made in rat forebrains by Wall
et al., where a 14-day administration of atropine resulted in a 69% increase in the density
of M3R [56]. Fukamauchi et al. studied the administration of carbachol, a cholinergic
agonist, to cerebellar granule cells and described a time-dependent loss of M3R mRNAs as
a result of stimulation [57]. Further experiments showed a decrease of 59.3% in M3R gene
transcription in nuclei from cells treated with carbachol and a 230% increase in M3R gene
transcription in nuclei from cells treated with atropine [57].
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While the retrospective nature of this study is a limitation, our data contribute to the
development of targeted, prospective studies in the future. Additionally, the investigated
cohort includes CRC patients who underwent surgery between 1985 and 1998, a period
in which neoadjuvant therapy regimens had not yet been widely established. Thus, while
our results may not represent the efficacy of current clinical treatments fully, they are
more likely to portray CRC immunobiology accurately due to the absence of the effect of
antineoplastic agents.

We found that CRC tissues with a high M3R expression were significantly more likely
to be of the non-mucinous histologic subtype as compared to the mucinous subtype than
specimens with a low M3R expression (Table 2). Patients with a mucinous adenocarcinoma
(MAC), which we found to be correlated with low M3R expression, were reported to be
younger by Kanemitsu et al., have greater disease severity and metastatic spread and a
significantly shorter 5-year survival rate than patients with a non-mucinous subtype CRC.
The association of low M3R expression with the MAC subtype could be one reason for the
decreased survival in the low-M3R group, which requires further investigation.

3.4. Future Perspective and Possibilites

Our findings add an important perspective for future trials to an abundant and cur-
rently rapidly increasing number of in vitro genetic and proteomic findings in CRC. In an
era of high-throughput screening, next-generation sequencing and proteome-specific thera-
peutic agents leading to personalized cancer therapies, the inclusion of the tumor (immune)
microenvironment is paramount when translating molecular findings into suitable thera-
pies and biomarkers. Thus, we believe that our findings should be investigated in advanced
cancer models. Delle Cave et al. already reviewed promising 3D in vitro cancer models for
pancreatic cancer [58]. Using such a model to screen for M3R expression and associated
tumor cell and microenvironment interactions mechanistically would ultimately generate
new treatment options. The first preclinical 3D models for CRC have been proposed [59],
but many more are needed. Additionally, M3R signaling could be investigated by using
nanoparticles in vitro and in vivo, which have been shown to deliver small molecules
specifically to CRC cells [60]. The structure–activity relationships of muscarinic receptor
subtypes and the therapeutic effects of novel M3R-specific ligands or modulators also need
to be explored [29,30,61]. Tolaymat et al. reported that M3R deletion increased prolifera-
tion in intestinal stem cells and that M3R expression fine-tuned the cellular response to
acetylcholine stimulation, ensuring intestinal tissue homeostasis [20]. In connection with
our findings, this warrants further investigation. More established immune markers need
to be investigated, such as interferon-gamma, CTLA-4 and CD28, to further characterize
the tumor immune microenvironment. Further mechanisms to be explored in order to
examine the role of M3R signaling in CRC could include micro-RNAs, members of the
CHRM3-dependent oncogenetic pathways and potentially synthetically lethal combina-
tions with M3R signaling members [17,18,62–64]. Future trials may incorporate proteomic
screening [65], multiplex immunofluorescence [66] and screening of The Cancer Genome
Atlas (TCGA; https://www.cancer.gov/tcga, accessed on 24 April 2023) for the impact
of M3R expression on survival in both healthy and CRC patients. Appropriate gene and
protein microarrays, bioinformatics and artificial-intelligence-based screening models could
also be implemented in future investigations of M3R expression [15,19,67,68].

4. Materials and Methods

4.1. Tissue Microarray (TMA) Construction

A tissue microarray (TMA) was constructed at the Department of Pathology, Uni-
versity Hospital Basel, from each tissue sample from 754 unselected, non-consecutive
patients with primary CRC following approval by the Regional Ethical Committee (EKBB,
Ethikkommission beider Basel, Switzerland). Formalin-fixed, paraffin-embedded tissue
blocks were prepared according to standard procedures. Tissue cylinders with a diam-
eter of 0.6 mm were punched from morphologically representative areas of each donor
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block and brought into one recipient paraffin block (30 × 25 mm) using a TMA-Grand
Master® automated tissue arrayer (3DHisteck, Sysmex AG, Horgen, Switzerland). Each
punch was made from the center of the tumor so that each TMA spot consisted of at least
50% tumor cells. The detailed construction technique was previously described by our
group [44,69,70].

4.2. Clinicopathological Features

Clinicopathological data for the 754 included CRC patients were collected retrospec-
tively in a non-stratified and non-matched manner. Annotation included patient age,
pT/pN stage, grade, histologic subtype, tumor location, diameter, vascular invasion, bor-
der configuration, presence of peritumoral lymphocytic inflammation at the invasive tumor
front and overall survival. After microscopy and storage using a ZEISS Axio Scan.Z1 slide
scanner, tumor border configuration and peritumoral lymphocytic inflammation were
evaluated using the original H&E slides of the resection specimens corresponding to each
tissue microarray punch [67]. Available follow-up data for the testing and validation cohort
had a mean event-free follow-up time of 115 and 36 months, respectively.

4.3. Immunohistochemistry

Immunohistochemical staining was performed using an anti-M3R primary antibody
(1:100, AHP1355, Biorad Laboratories, Neuberg, Germany) on a Benchmark immunohisto-
chemistry staining system (Leica Biosystems, Muttenz, Switzerland) with bond polymer
refine detection solution (Leica Biosystems) for 3, 3′-diaminobenzidine. Antigen retrieval
was performed using citrate solution at pH 6 for 30 min at 95 ◦C. M3R staining intensity
was scored from 0 (no reaction) to 3 (strong reaction) for each TME punch. Low expression
of M3R was defined as scores of 0 and 1, and high expression was defined as scores of
2 and 3. Scoring was performed by two trained research fellows (M.S. and M.A.), and data
were independently validated by an additional investigator (B.W.). Expression of M3R was
scored according to the staining intensity.

4.4. Statistical Analysis

M3R-positive cells were counted on each of the 635 CRC TMA cores. After having
proven an association between M3R-positive cells and overall survival (OS) by univariate
Cox regression, an optimal threshold was estimated by regression tree analysis. The
obtained threshold was found to be almost equal to the 25th-percentile value. Therefore,
continuous values were dichotomized, subdividing the collective as CRC with low or high
M3R expression. Chi-Square or Fisher’s exact tests were used to determine the association
of M3R expression and clinicopathological discrete features, and Wilcoxon’s signed-rank
sum test was used for comparison with continuous values. Survival curves were depicted
according to the Kaplan–Meier method and compared with the log-rank test results. Only
tests for normal and non-normal distribution were used (Mann–Whitney U). Age and
tumor size were evaluated using the Kruskal–Wallis test. Normally distributed data were
presented with mean ± SD, and non-normally distributed data were presented with median
(range).

The immune cells CD8, FOXP3, IL17, TIA-1, CD16 and OX40 have previously been
evaluated for CRC, and CRC cases have been classified accordingly by our group and
others [1–11], generating the data used in the present study. The assumption of proportional
hazards was verified for all markers by analyzing the correlation of Schoenfeld residuals
and the ranks of individual failure times. Any missing clinicopathological information was
assumed to be missing at random.

M3R expression data were entered into multivariate Cox regression analysis, and
hazard ratios (HRs) and 95% confidence intervals (CIs) were used to determine prognostic
effects on survival time. For the immune cell biomarkers, the hazard ratio was calculated
per immune cell, subsequently indicating that, e.g., 10 additional immune cells in a sample
would generate an HR of 0.991010 = 0.9 or, in the case of 20 more cells, 0.992020 = 0.82.
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Additionally, the independent impact of M3R on overall survival was investigated by
univariate and multivariate Cox regression.

All p-values were two-sided and considered significant when p < 0.05. Analyses were
performed using STATA 13 (StataCorp, College Station, TX, USA).

5. Conclusions

While our knowledge of CRC is increasing, new questions are also constantly arising,
which must be investigated scientifically to improve treatments [37]. Our data offer several
new insights that may help to navigate future investigations. This study is highly relevant,
as it points out an important, unexpected difference in the prognostic and therapeutic
role of M3R expression in CRC between laboratory and clinical settings. Evidently, there
are in vivo factors influencing the expression and activation of M3R and its effect on
survivability that need to be explored to reveal the broader picture and further utilize M3R
expression for therapeutic advances in the treatment of CRC.
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Abstract: This study aimed to analyze clinical and regional factors influencing the distribution of
actionable genetic alterations in a large consecutive series of colorectal carcinomas (CRCs). KRAS,
NRAS and BRAF mutations, HER2 amplification and overexpression, and microsatellite instability
(MSI) were tested in 8355 CRC samples. KRAS mutations were detected in 4137/8355 (49.5%)
CRCs, with 3913 belonging to 10 common substitutions affecting codons 12/13/61/146, 174 being
represented by 21 rare hot-spot variants, and 35 located outside the “hot” codons. KRAS Q61K
substitution, which leads to the aberrant splicing of the gene, was accompanied by the second
function-rescuing mutation in all 19 tumors analyzed. NRAS mutations were detected in 389/8355
(4.7%) CRCs (379 hot-spot and 10 non-hot-spot substitutions). BRAF mutations were identified in
556/8355 (6.7%) CRCs (codon 600: 510; codons 594–596: 38; codons 597–602: 8). The frequency
of HER2 activation and MSI was 99/8008 (1.2%) and 432/8355 (5.2%), respectively. Some of the
above events demonstrated differences in distribution according to patients’ age and gender. In
contrast to other genetic alterations, BRAF mutation frequencies were subject to geographic variation,
with a relatively low incidence in areas with an apparently warmer climate (83/1726 (4.8%) in
Southern Russia and North Caucasus vs. 473/6629 (7.1%) in other regions of Russia, p = 0.0007).
The simultaneous presence of two drug targets, BRAF mutation and MSI, was observed in 117/8355
cases (1.4%). Combined alterations of two driver genes were detected in 28/8355 (0.3%) tumors
(KRAS/NRAS: 8; KRAS/BRAF: 4; KRAS/HER2: 12; NRAS/HER2: 4). This study demonstrates that a
substantial portion of RAS alterations is represented by atypical mutations, KRAS Q61K substitution
is always accompanied by the second gene-rescuing mutation, BRAF mutation frequency is a subject
to geographical variations, and a small fraction of CRCs has simultaneous alterations in more than
one driver gene.

Keywords: KRAS; NRAS; BRAF; microsatellite instability; HER2; colorectal cancer

1. Introduction

Colorectal cancer (CRC) affects approximately 1.9 million people per year, thus holding
the third position in cancer morbidity worldwide [1]. Molecular genetic testing has become
an essential component of CRC management. Patients with metastatic CRC usually receive
KRAS, NRAS, BRAF, microsatellite instability (MSI) and HER2 testing [2,3]. KRAS/NRAS
analysis is complicated because of a wide spectrum of activating mutations affecting these
genes [4]. While tumors with wild-type RAS genes are highly sensitive to anti-EGFR therapy,
erroneous administration of cetuximab or panitumumab to patients with RAS-mutated
CRC may facilitate tumor growth [5,6]. CRCs carrying amino acid substitutions in codon
600 have a particularly poor prognosis and are potentially responsive to the combination
of BRAF inhibitors and anti-EGFR antibodies [7]. HER2-driven CRCs can be managed by
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various antagonists of HER2 kinase [8]. Microsatellite instability occurs in CRCs caused by
Lynch syndrome, as well as in a subset of sporadic cancers. The identification of MSI in
CRC tissue may call for germline DNA testing. In addition, microsatellite unstable tumors
are sensitive to immune checkpoint inhibitors. MSI analysis is employed not only for the
management of metastatic tumors but also for patients with early-stage CRC [9,10].

The frequencies of genetic alterations observed in CRC patients vary across studies. It
is very likely that technical bias contributes to these variations. RAS testing was initially
limited to KRAS exon 2 and 3 hotspot mutations, and was supplemented by so-called
“extended” RAS analysis (hotspot substitutions in KRAS exon 4 and NRAS exons 2, 3 and
4) only a few years ago [4,11]. Reliable analysis of KRAS/NRAS status still presents a
challenge, as several available commercial assays limit the detection of RAS mutations
to a number of relatively common events, thus missing a substantial portion of clinically
relevant genetic alterations. Sanger sequencing and pyrosequencing are capable of detecting
the entire spectrum of mutations. However, these sequencing methods are not efficient in
tumor samples containing a low proportion of tumor cells. Next-generation sequencing
(NGS) is certainly the method of choice. However, its use is still limited due to high cost
and the need to accumulate multiple samples for a single run [4,6,11,12].

We have developed an inexpensive CRC diagnostic pipeline, which is capable of
detecting both “typical” and “atypical” mutations in KRAS, NRAS and BRAF genes, even
in samples with a low proportion of tumor cells, includes HER2 and MSI testing, and is
characterized by low cost. This uniform methodology was applied to 8355 consecutive CRC
samples obtained from various parts of Russia. This study provides interesting insights into
region-specific variations in mutation frequencies, ratios between “common” and “rare”
genetic alterations, and the co-occurrence of multiple driver mutations.

2. Results

KRAS mutations were identified in 4137/8355 (49.5%) CRCs (Supplementary Table S1).
A total of 3913/4137 (94.6%) mutations affected hot-spots and had a frequency above 1%
among KRAS-mutated CRCs (G12D: 1193 (28.8%), G12V: 874 (21.1%), G13D: 727 (17.6%),
G12C: 276 (6.7%), A146T: 235 (5.7%), G12A: 206 (5.0%), G12S: 200 (4.8%), Q61H: 108 (2.6%),
A146V: 51 (1.2%), G12R: 43 (1.0%)). A total of 174/4137 (4.2%) CRCs carried 21 rare variants
affecting the hot-spots; amino acid substitutions (Q61L: 35 (0.9%), G13C: 24 (0.6%), Q61R:
24 (0.6%), A59T: 21 (0.5%), Q61K: 21 (0.5%), G13R: 10 (0.2%), A146P: 6 (0.2%), A59E: 6
(0.2%), A59G: 6 (0.2%), G12F: 5 (0.1%), Q61P: 4 (0.1%), G13S: 2 (0.05%); G12L, G13V, Q61D:
1 (0.02%) each) or non-missense variants (G13dup: 2 (0.05%); A59del, G12Rfs*22, G12Sfs*22,
G13_V14delinsDI, G60_Q61delinsE: 1 (0.02%) each) were present. A total of 35/4137 (0.9%)
CRCs had mutations located outside the “hot” codons (V14I: 6 (0.2%), A18D: 5 (0.1%),
L19F: 5 (0.1%), Q22K: 5 (0.1%), G60D: 4 (0.1%); A66X, E62K, E63del, G10_A11dup, G10dup,
G10R, G10V, K147E, L19_T20delinsFS, T58I: 1 (0.02%) each), with most of them resulting
in the activation of KRAS protein [4]. In addition, 12/4137 (0.3%) tumors carried two
mutations, and one CRC had three distinct KRAS mutations. KRAS mutations were more
common in females (52.0% vs. 47.0%, p < 0.0001) and in patients aged above 50 years
(50.2% vs. 45.3%, p = 0.002) (Supplementary Table S2, Figures 1 and 2). The distribution
of KRAS mutation frequencies was relatively even across different geographic regions
(Supplementary Table S3, Figure 3).
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Figure 1. Association of genetic alterations with gender. (a) KRAS mutation, (b) NRAS mutation,
(c) BRAF mutation, (d) MSI, (e) HER2 amplification.

Figure 2. Association of genetic alterations with age. (a) KRAS mutation, (b) NRAS mutation,
(c) BRAF mutation, (d) MSI, (e) HER2 amplification.

A recent study revealed that KRAS Q61K mutation is not activating per se as it leads
to the aberrant splicing and disruption of the gene function [13]. Instead, Kobayashi
et al. [13] have shown that when occurring in tumors, KRAS Q61K is almost always
accompanied by another mutation (usually a G60G silent mutation affecting codon 60),
which restores the normal processing of the KRAS RNA transcript. KRAS Q61K substitution
was observed in 21 CRCs in our data set, with 19 specimens available for pyrosequencing
analysis. Strikingly, all 19 analyzed tumors indeed carried a second KRAS alteration,
with GQ60_61GK function-restoring mutation being the most prevalent (17/19, 89.5%;
c.180_181delinsAA: 15; c.180_181delinsCA: 2).
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Figure 3. Distribution of genetic alterations in patients from various regions of Russia. (a) KRAS
mutation, (b) NRAS mutation, (c) BRAF mutation, (d) MSI, (e) HER2 amplification.

NRAS mutations were detected in 389/8355 (4.7%) CRCs. Several hot-spot mutations
were relatively common (Q61K: 95 (24.4%), G12D: 67 (17.2%), Q61R: 59 (15.2%), Q61L: 38
(9.8%), G13R: 21 (5.4%), Q61H: 19 (4.9%), G12V: 18 (4.6%), G13D: 18 (4.6%), G12C: 14 (3.6%),
G12S: 12 (3.1%), G12A: 7 (1.8%), G13V: 6 (1.5%)). There were 10/389 (2.6%) CRCs carrying
missense mutations located outside hot spots (G60E: 2 (0.5%); A11T, A18T, A59T, A66V,
E62K, E63D, G15E, Y64C: 1 (0.3%) each). NRAS mutations were slightly more prevalent in
males (5.3% vs. 4.0%, p = 0.004). Their occurrence was not affected by the age at diagnosis
or geographic region (Supplementary Tables S2 and S3; Figures 1–3).

BRAF mutations were identified in 556/8355 (6.7%) CRCs. Of these, 510/556 (91.7%) were
kinase-activating codon 600 substitutions (509 V600E and 1 V600K). A total of 38/556 (6.8%)
CRCs carried mutations affecting codons 594, 595 or 596, which result in the down-regulation of
BRAF kinase activity but increased ERK signaling via bypass mechanisms [14,15]. There were
also rare instances of BRAF-activating mutations affecting codons 597 (n = 2), 599 (n = 2), 601
(n = 3) and 602 (n = 1). BRAF mutations were almost twice more common in females than in
males (8.4% vs. 4.9%, p < 0.0001) and tended to have different frequencies in different age groups
(17–30 years old: 1/45 (2.2%), 31–40: 18/288 (6.3%), 41–50: 39/796 (4.9%), 51–60: 139/1925
(7.2%), 61–70: 217/3458 (6.3%), 71–80: 122/1613 (7.6%), >81: 19/217 (8.7%)) (Supplementary
Table S2, Figures 1 and 2). In contrast to RAS mutations, BRAF mutation frequencies were
subject to geographic variation, with a relatively low occurrence in areas with an apparently
warmer climate (4.8% in Southern Russia and North Caucasus vs. 7.1% in other regions of
Russia, p = 0.0007) (Supplementary Table S3, Figures 3 and 4).
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Figure 4. BRAF mutation frequencies in CRC patients from various region of Russia. The color bar
represents an average annual temperature.

MSI was detected in 432/8355 (5.2%) CRCs. There was a striking increase in MSI
frequency in patients below 40 years of age (48/333, 14.4%), which is almost certainly
related to the high proportion of Lynch syndrome in younger individuals [2]. Patients aged
51–70 years demonstrated relatively low MSI occurrence (318/6996, 4.5%). A trend towards
elevated MSI incidence in older age groups (71–80: 87/1613 (5.4%); >81: 16/217 (7.4%),
p < 0.0001) was observed (Supplementary Table S2, Figure 2). The frequency of detection of
MSI was 317/6324 (5.0%) when using a single marker BAT26, and 115/2031 (5.7%) with
the pentaplex panel. Out of 115 CRCs with MSI detected by the pentaplex panel, only 4 did
not show the instability for the BAT26 marker.

BRAF mutations were detected in 117/432 (27.1%) microsatellite-unstable CRCs. Dou-
ble MSI/BRAF-positive tumors were significantly more common in women than in men
(92/4151, 2.2% vs. 25/4204, 0.6%, p < 0.0001) and in elderly individuals (0.09% in patients
below 50 years, 1.5% in 51–80 years age group and 3.7% in individuals older than 80 years,
p < 0.0001).

Approximately one third of MSI-positive cases contained KRAS alterations (138/432,
31.9%). The simultaneous occurrence of MSI and KRAS mutations decreased with age (4.3%
in patients below 50 years, 1.2% in 51–80 years age group and 0.9% in individuals older
than 80 years, p < 0.0001).

HER2 activation by gene amplification and overexpression was detected in 99/8008
CRCs (1.2%) (Supplementary Tables S2 and S3). No significant correlation with clinical char-
acteristics of the disease was observed, although the statistical analysis was compromised
by the low frequency of this event.

A small fraction of CRCs contained combinations of mutations in distinct driver
genes (KRAS and NRAS mutations: 8 (0.1%), KRAS and BRAF mutations: 4 (0.05%), KRAS
mutation and HER2 amplification/overexpression 12 (0.15%), NRAS mutation and HER2
amplification/overexpression: 4 (0.05%)) (Supplementary Table S4). The total frequency of
combined driver events was 26/8355 (0.3%).

3. Discussion

This study describes a large series of consecutive CRCs, which were collected in
various regions of Russia and genetically tested using a low-cost, but nevertheless com-
prehensive, methodology capable of evaluating the entire spectrum of medically relevant
alterations (hot-spot and rare mutations in KRAS, NRAS and BRAF oncogenes; HER2
amplification/overexpression; MSI). Strikingly, the observed frequency of RAS mutations
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is on the upper limit of inter-study variations, suggesting that the combination of HRM,
allele-specific PCR and pyrosequencing is reliable for detection of both “typical” and “atyp-
ical” mutations [11,16–18]. For example, the occurrence of KRAS alterations in the current
study (49.5%) was higher than that reported at cBioPortal, a resource hosting genomic data
from large cancer sequencing consortiums and individual studies (44.7%) (Supplementary
Table S5) [19,20]. Our study underscores that clinical CRC RAS testing should not be limited
to allele-specific PCR, as a substantial portion of RAS mutations is destined to be missed by
this approach [4,6,21]. This is an important finding, given that the anti-EGFR therapeutic
antibodies cetuximab and panitumumab are contraindicated for RAS-mutated CRCs and
may even boost tumor progression in this category of patients [5,6].

KRAS Q61K is a rare genetic event. A recent study led to a surprising finding suggest-
ing that Q61K substitution inactivates the KRAS gene if present alone, but is almost always
accompanied by the second function-rescuing mutation in naturally occurring tumors [13].
The large size of our data set permitted us to analyze a substantial number of CRCs carrying
KRAS Q61K substitution, and we provide, apparently, the first independent confirmation
of the report of Kobayashi et al. [13].

There are hundreds of reports describing the distribution of KRAS and NRAS muta-
tions in CRC patients. Although patients’ race, age, gender and other factors appear to have
some impact, it seems that the differences in the observed frequencies are significantly more
attributed to the variations in the methodology of the mutation testing than to genuine
clinical or biological reasons [11,18,22]. Indeed, our study confirmed the mild influence of
age and gender on the probability of detecting RAS activation [11,16,19,20] (Supplemen-
tary Tables S2 and S6), while the pattern of RAS mutations was relatively uniform across
various regions of Russia, suggesting a limited impact of lifestyle, environmental or other
external factors.

In contrast, this investigation revealed strong regional differences in the distribution of
BRAF mutations, suggesting that this event is more characteristic of areas with a relatively
cold climate. This is an interesting observation, with either diet, lifestyle or other climate-
related factors assuming a role in determining the probability of developing BRAF-mutated
CRC disease. Previous studies revealed race-specific differences in the distribution of
BRAF mutations, i.e., an increased prevalence of this event in CRC patients of European
vs. African or Asian descent [18,23]. Some investigations reported ethnic variations with
regard to the frequency of BRAF alterations in CRC observed within the subjects of the
same race [24]. In our study, a low rate of BRAF oncogene involvement was detected in
patients from the North Caucasus and Southern Russia (Figure 4). While the population of
the North Caucasus is represented by White non-Slavic people, the ethnic composition of
the Southern Russia is identical to other regions of this country. There is also some evidence
for a moderate contribution of smoking or dietary factors in determining the probability of
development of BRAF-mutated CRC [25–27].

The comparison of data obtained for HER2 activation and MSI with other studies is a
complicated task. HER2 overexpression is usually analyzed using immunohistochemical
staining [28,29]. We have incorporated the determination of HER2 status into the molec-
ular genetic pipeline using the analysis of HER2 extra copies as a primary test and the
quantitation of the HER2 RNA transcript as a confirmation of the functional relevance
of HER2 amplification. This approach, although promising, still needs to be rigorously
validated against clinically accepted methodologies of HER2 CRC testing. MSI frequencies
are significantly influenced by several factors. MSI is a relatively common occurrence in
the early-onset CRC; however, its incidence may depend on a population-specific incidence
of Lynch-syndrome-associated germ-line pathogenic variants. Furthermore, MSI is particu-
larly characteristic of very elderly subjects, so the age distribution of a given CRC patient
series is a strong confounding factor [2].

The driver mutations affecting KRAS, NRAS, BRAF and HER2 genes are generally
mutually exclusive. This study along with similar reports and cBioPortal data describes rare
instances of combined alterations of the above genes [19,20,30,31] (Supplementary Table S5).
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It is of question whether this phenomenon reflects intratumoral genetic heterogeneity, i.e.,
the situation where distinct cell clones carry distinct genetic alterations, or true instances
of the co-occurrence of several driver events in the same cell. The combination of HER2
amplification/overexpression with RAS mutations seems to be particularly common, being
detected in 16/99 (16%) HER2-associated tumors. The responsiveness of these CRCs to
HER2-targeted therapy needs to be evaluated in clinical studies.

In conclusion, this investigation produced several findings of potential importance.
Atypical KRAS and NRAS mutations represent a substantial portion of RAS alterations
which need to be considered in clinical testing. KRAS Q61K substitution is a gene-
inactivating event if occurring alone, but it is always accompanied by the second function-
rescuing mutation in naturally occurring CRCs. The frequency of BRAF but not other
CRC-specific genetic aberrations may be a subject of climate-related variations. There
are rare instances of CRCs carrying simultaneous alterations in several genes involved in
MAPK signaling cascade. The analysis of biological mechanisms underlying the latter two
observations deserves further consideration.

4. Materials and Methods

This study included 8355 consecutive CRCs, which were referred for molecular genetic
analysis to the N.N. Petrov Institute of Oncology (St.-Petersburg, Russia) within years
2021–2022. Formalin-fixed paraffin-embedded (FFPE) CRC samples were subjected to
microscope-guided manual tumor cell dissection, and nucleic acids (DNA and RNA) were
extracted from the tumor cells using Trizol reagent as described previously [32]. In brief,
tissue sections were washed with 70% ethanol, air-dried and then incubated overnight in
200 μL of lysis buffer (10 mM Tris–HCl (pH 8.0), 0.1 mM EDTA (pH 8.0), 2% SDS, 20 mg/mL
proteinase K) at 65 ◦C. After sample cooling at room temperature, 200 μL Trizol and 90 μL
chloroform–isoamyl alcohol mix (24:1) were added, samples were shaken rigorously and
centrifuged at full speed (15,000× g) for 15 min at 0 ◦C. The supernatant was transferred
into new tubes, to which 1 μL of glycogen (20 mg/mL) and 1 volume (300 μL) of cold
isopropanol were added. The samples were vortexed and left overnight at −20 ◦C. The
tubes were then centrifuged at 15,000× g for 30 min. Isopropanol was removed, and the
precipitate was rinsed once in 70% ethanol for 10 min. After thorough removal of ethanol,
the precipitate was dried at 50 ◦C, and then dissolved in 100 μL of sterile water at 50 ◦C for
5 min. RNA was enzymatically converted into cDNA only in samples positive for HER2
gene amplification [33]. The reaction setup included two steps. First, 10 μL of nucleic
acid sample was mixed with 1 μL dNTP mix (25 μmol each) and 2 μL of hexaprimers
(0.25 μmol) in a total volume of 15 μL and incubated for 3 min at 70 ◦C, 3 min at 65 ◦C
and 1 min at 60 ◦C in order to denature RNA and anneal primers. After sample cooling
on ice, 4 μL 5X RT buffer (Amgen, Thousand Oaks, CA, USA), 0.3 μL M-Mulv reverse
transcriptase (Amgen, Thousand Oaks, CA, USA), 0.2 μL and RiboLock RNase Inhibitor
(Thermo Scientific, Waltham, MA, USA) were added. The total volume of the reverse
transcription (RT) reaction was 20 μL. Reaction conditions were 20 ◦C for 5 min, 38 ◦C
for 30 min and 95 ◦C for 5 min. After the completion of cDNA synthesis, 80 μL of water
was added to the sample. cDNA quality was checked by the Cycle threshold (Ct) of the
housekeeping gene SDHA obtained in qPCR. Samples with SDHA(Ct) < 34 cycles were
considered suitable for further analysis of HER2 expression.

Testing for KRAS, NRAS and BRAF mutations was performed by a combination of
high-resolution melting (HRM) analysis, allele-specific PCR (AS-PCR), digital droplet
PCR and pyrosequencing. First, the presence of KRAS (exons 2, 3, and 4), NRAS (exons
2, 3, and 4), and BRAF (exon 15) alterations was determined by HRM of PCR products.
Cases showing abnormal melting patterns were further tested for hot-spot variants by the
corresponding AS-PCR assays (KRAS exon 2: codons 12, 13; exon 3: codons 59, 61; exon
4: codon 146; NRAS exon 2: codons 12, 13; exon 3: codon 61; BRAF exon 15: codon 600).
Tumor samples with equivocal results were additionally analyzed by digital droplet PCR.
Cases with abnormal HRM curves negative for relevant hot-spot variants were subjected to
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pyrosequencing. The list of the primers, assay conditions and utilized equipment is given
in Supplementary Table S7.

HER2 gene amplification was determined by a quantitative real-time PCR assay (Sup-
plementary Table S7). Tumor samples with extra copies of HER2 DNA were subsequently
tested for HER2 mRNA overexpression. The thresholds for HER2 DNA amplification
and RNA overexpression were determined by comparing the IHC/FISH-validated HER2-
positive and negative control samples. These thresholds were dCt < 0 and dCt < −1.9
for DNA amplification and RNA overexpression, respectively, where dCt = CtHER2 −
Ctreference.

Microsatellite instability (MSI) status was evaluated by fragment analysis of either
a single marker (BAT26; 6324 samples) or five mononucleotide markers (BAT25, BAT26,
NR21, NR22 and NR24; 2031 samples) using the GenomeLab GeXP Genetic Analysis
System (Beckman Coulter, Brea, CA, USA) (Supplementary Table S7). For pentaplex panel,
tumors with two or more shifts were classified as MSI-positive.

Mutation frequencies and their associations with clinical parameters were analyzed
using a Chi-square test with Yates correction or Fisher’s exact test. Statistical comparisons
were performed using R software (version 3.2.1, http://www.r-project.org (accessed on 16
February 16 2023)). The level of statistical significance was set at α = 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24054868/s1.
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Abstract: Aims of this study were to test whether sleep fragmentation (SF) increased carcinogenesis
and to investigate the possible mechanisms of carcinogenesis in a chemical-induced colon cancer
model. In this study, eight-week-old C57BL/6 mice were divided into Home cage (HC) and SF
groups. After the azoxymethane (AOM) injection, the mice in the SF group were subjected to SF
for 77 days. SF was accomplished in a sleep fragmentation chamber. In the second protocol, mice
were divided into 2% dextran sodium sulfate (DSS)-treated, HC, and SF groups and were exposed to
the HC or SF procedures. Immunohistochemical and immunofluorescent stainings were conducted
to determine the level of 8-OHdG and reactive oxygen species (ROS), respectively. Quantitative
real-time polymerase chain reaction was used to assess the relative expression of inflammatory and
ROS-generating genes. The number of tumors and average tumor size were significantly higher in the
SF group than in the HC group. The intensity (%) of the 8-OHdG stained area was significantly higher
in the SF group than in the HC group. The fluorescence intensity of ROS was significantly higher in
the SF group than the HC group. SF accelerated cancer development in a murine AOM/DSS-induced
model of colon cancer, and the increased carcinogenesis was associated with ROS- and oxidative
stress-induced DNA damage.

Keywords: carcinogenesis; colon cancer; reactive oxygen species; sleep fragmentation

1. Introduction

In recent years, evidence about the significant association between sleep disorders
and cancer has accumulated. Many studies have demonstrated that various types of sleep
disorders, such as circadian rhythm sleep-wake disorders, insomnia, hypersomnia, and
sleep-related breathing disorders, are risk factors for cancer. However, systematic reviews
and meta-analyses of the association between sleep duration and cancer risk have shown
that the increase in cancer risk due to altered sleep duration is limited to specific ethnicities
and differs by cancer type [1], suggesting that different sleep problems might have different
effects on cancer risk.

Sleep fragmentation (SF) is frequently found in patients with obstructive sleep apnea
(OSA), periodic limb movements, insomnia, and chronic pain. It can also be induced by en-
vironmental factors such as light, noise, and inappropriate temperature or humidity during
sleep. The influence of SF, which can be defined as frequent disruption of sleep architecture
despite the optimal duration of sleep [2], on cancer incidence or adverse prognosis has been
investigated relatively little, possibly due to limitations on human study. However, experi-
mental studies using mice showed that fragmented sleep accelerates tumor growth and
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progression through the recruitment of tumor-associated macrophages and the reduction
of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase type 2 activity [3,4].
Those studies investigated the effects of SF on tumors inoculated in mice, but the effects of
SF on carcinogenesis remain unexamined. For this study, we hypothesized that chronic
SF can accelerate tumor development as well as tumor growth. To test our hypothesis,
we used chemical-induced colon carcinogenesis models with azoxymethane (AOM) and
dextran sodium sulfate (DSS). We chose this colon cancer model using a carcinogen and a
colitis-inducing substance for two main reasons. First, previous human studies reported
that OSA, a common sleep-breathing disorder that causes SF, is significantly associated with
colorectal neoplasia [5]. Second, it takes too long to observe spontaneous carcinogenesis in
an animal model of sleep disturbance without genetic modification or the administration
of a carcinogen. Even intermittent hypoxia (IH), a more severe model than SF that also
mimics OSA, took more than 3 months to induce spontaneous carcinogenesis in old mice
(15 months).

In this study, we used two different experimental protocols. In the first protocol, we
explored the effect of SF on chemical-induced colon carcinogenesis and its possible mech-
anisms using macroscopic examinations of colon tumors and histological and molecular
analyses. In the second protocol, we conducted an additional experiment to test the possible
mechanisms hypothesized from the results of the first protocol.

2. Results

2.1. Comparison of Tumor Number and Size between the HC and SF Groups

In Experiment 1, we compared the tumor number and size between the HC and SF
groups after sacrificing the mice. The total number of tumors was significantly higher in
the SF group than in the HC group (Figure 1A,B). We classified tumor size as <2 mm or
>2 mm. The number of tumors larger and smaller than 2 mm was both significantly higher
in the SF group than in the HC group (Figure 1C,D). The tumors were also larger in the SF
group than in the HC group (Figure 1E). Inflammation is known to shorten colon length, so
we measured colon length to assess whether SF exacerbated the inflammatory status of the
colon in the AOM/DSS-treated mice. The colon length did not differ significantly between
the HC and SF groups (8.9 ± 1.7 vs. 9.2 ± 2.0) (Figure 1F,G).

2.2. Histological Assessments of Colon

The AOM/DSS colon carcinogenesis model is based on the induction of colitis. There-
fore, we first hypothesized that the increased carcinogenesis caused by SF was due to
the exacerbation of colitis. In the H & E stain results, however, we found no significant
difference in the inflammation score between the HC and SF groups (1.3 ± 0.2 vs. 1.5 ± 0.3)
(Figure 2A,B). Next, we performed IHC staining to assess the level of 8-OHdG, a well-
known oxidative stress-induced DNA damage marker, because a previous study reported
that sleep deprivation specifically increased ROS in the colon [6]. ROS is also an important
cause of carcinogenesis [7,8]. Spearman’s correlation analysis also showed a significant
positive correlation between 8-OHdG intensity and the number of tumors in Figure 2C
(r = 0.731; p-value = 0.0004). The intensity of the 8-OHdG stained area (%) was higher in the
SF group than in the HC group (Figure 2D,E). These IHC and correlation analysis results
imply that the increased tumor development caused by SF was associated with elevated
8-OHdG levels in the colon.
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Figure 1. Tumor growth in mice in the home cage control (HC) and sleep fragmentation (SF)
groups. (A). Macroscopic view of colon tumors that developed in the mice of the HC and SF groups.
(B). Comparison of the number of tumors. (C). Comparison of the number of tumors < 2 mm.
(D). Comparison of the number of tumors > 2 mm. (E). Average tumor size in the HC and SF groups.
(F). Representative images of mouse colons from the HC and SF groups. (G) Comparison of colon
lengths between the HC and SF groups. Data are presented as the mean ± S.E.M. * p < 0.05 compared
with the HC group, as determined by the Mann-Whitney U test. n.s. non-significant.

Figure 2. Results of H & E staining and immunohistochemical staining for 8-OHdG. (A) Represen-
tative H & E-stained images of colon tissue and (B) comparison of inflammation scores. (C) Spear-
man’s correlation analysis between number of tumors and 8-OHdG area (%). (D) Representative
immunohistochemical-stained images for 8-hydroxyl-2′-deoxyguanosine (8-OHdG) in the colons of
mice from the HC and SF groups and (E) quantification of the stained area (%). Data are presented as
the mean ± S.E.M. * p < 0.05 compared with the HC group, as determined by the Mann-Whitney U
test. n.s. non-significant.

2.3. ROS Measurements in Colon Tissue

To evaluate whether SF itself can elevate oxidative stress in the colon, we designed
an SF experiment without AOM/DSS treatment (Experiment 2). The confocal microscope
analysis showed that the fluorescence intensities of ROS in the colon were significantly
higher in the SF group than in the HC group (Figure 3A,B).
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Figure 3. Confocal microscopic images showing ROS in colon tissue from mice in the DSS-treated,
HC, and SF groups. (A). Representative confocal images of ROS in the colons of mice in the 2%
DSS-treated (n = 3), HC (n = 5), and SF (n = 5) groups. (B). Comparison of fluorescence intensity
showing ROS in colon tissues across the groups. Data are presented as the mean ± S.E.M. * p < 0.05
compared with the HC group, as determined by the Mann-Whitney U test.

2.4. Gene Expression Analysis

Next, we conducted qRT-PCR to assess the gene expression associated with ROS
generation and inflammation in the colon (Experiment 2). The level of NOX1, a colonic
epithelium-specific ROS-generating enzyme, tended to increase in the SF group, but the
difference from the HC group did not reach statistical significance (Figure 4), possibly
due to our small sample size. The level of NOX2, a macrophage-specific ROS-generating
enzyme, did not differ between the groups. No significant differences between the HC and
SF groups were found in proinflammatory cytokine (IL-1β and IL-6) levels, supporting the
results of Experiment 1 that SF increased oxidative stress in the colon without exacerbating
inflammation.

Figure 4. Expression of genes related to ROS generation and inflammation in tumor tissues from mice
in the HC and SF groups. Comparison of relative NOX1, NOX2, IL-1β, and IL-6 mRNA expression
levels in tumors from mice in the HC and SF groups. Data are presented as the mean ± S.E.M3.

3. Discussion

This chemical-induced carcinogenesis study has shown that chronic SF increases colon
carcinogenesis in mice. Tumor size was also larger in the colons of SF mice than in the
control mice. Elevated ROS and the resulting oxidative DNA damage were associated with
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SF-induced carcinogenesis. To our knowledge, no previous studies have examined the
direct effect of SF on carcinogenesis; therefore, our results support the previous finding that
OSA is associated with an increased risk of colon cancer and further suggest that SF alone
might contribute to cancer development even in the absence of confounding conditions
such as sleep duration or IH.

Epidemiology studies about the association between sleep disorders and cancer have
already shown that chronically altered sleep cycles [9] or short sleep duration [10] increase
colorectal cancer risk. Sleep quality is also an important factor in cancer risk. The English
Longitudinal Study of Ageing examined the association between sleep quality and incident
cancer risk and found that poor sleep quality, as assessed by questionnaire, was associated
with an increase in the long-term incident cancer risk (HR 1.586, 95% CI 1.149–2.189) [11].
Increased production of glucocorticoids, activation of the sympathetic nervous system,
and exacerbated inflammation have been suggested as possible mechanisms linking sleep
disorders and cancer pathogenesis [12,13], but the causal relationship between them is still
ambiguous due to a lack of appropriate experimental models and design limitations in
human studies.

SF is a common feature of many types of sleep disorders, and it is particularly charac-
teristic of patients with OSA, in whom the cessation of breathing causes arousal during
sleep, which opens the airway but interferes with sleep continuation. These arousals can
occur several to dozens of times per hour during sleep.

Most human and animal studies that have investigated the influence of SF on body
systems have focused on cognitive function, the cardiovascular system, or metabolism.
They have reported a significant causal effect of SF or cross-sectional relationships between
SF and poor cognitive function [14], endothelial dysfunction [15], atherosclerosis [16], and
insulin resistance [17]. To the best of our knowledge, only two previous animal studies
examined the effect of SF on tumors. Hakim et al. used mice deficient in TLR4 or its
downstream molecules MYD88 or TRIF [3]. After the engraftment of tumor cells, the mice
were subjected to SF for 28 days and examined for tumor growth and invasiveness. SF
accelerated tumor growth and increased tumor invasiveness to adjacent tissue through
changes in the microenvironment that facilitated cancer progression. The other study that
examined the effect of SF on tumors also reported increased tumor growth in mice subjected
to SF and that increased tumor growth was mediated by phagocytic Nox2 activity within
the tumor [4]. In those two studies, however, tumor cells were implanted into mice before
SF. Therefore, those studies cannot confirm the carcinogenic effect of SF.

We found elevated ROS in the colon tissue of mice subjected only to SF. Although it is
difficult to say that the increased ROS found in the AOM/DSS experiments was the direct
or sole cause of SF-induced colon carcinogenesis because we did not perform an intensive
mechanistic study using pharmacological inhibition or genetic manipulation experiments,
it is well known that ROS-induced genomic instability, such as 8-OHdG accumulation, is
an important cause of carcinogenesis [18,19].

Many studies have reported altered or increased oxidative stress in different organs
during sleep disturbance. In rodents, antioxidant defense responses to sleep loss were
decreased in the liver [20], and ROS were elevated in hepatocytes by REM sleep depriva-
tion [21], implying that the liver is susceptible to sleep loss. Sleep loss also alters antioxidant
responses in the brain [22,23]. However, it is not known whether the increased oxidative
stress caused by sleep disturbances is a cause or a result of other damage.

ROS accumulation in the gut is a critical factor in death caused by sleep deprivation
(SD). Vaccaro et al. showed that SD induced ROS accumulation, oxidative stress, and
DNA damage only in the guts of flies and mice [6]. Elevated oxidative stress shortened
the lifespans of both animals, and gut-specific expression of antioxidant enzymes through
genetic manipulation extended the survival of both. These findings indicate that the
detrimental effects of SD are not equally distributed to all organs and are concentrated in
the gut in terms of oxidative stress. Although the sleep disturbance model used in Vaccaro’s
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study differed slightly from our model (SF vs. SD), our results support Vaccaro’s findings
and further suggest a possible role of SF in colon carcinogenesis.

4. Materials and Methods

4.1. Experimental Design

Thirty-seven male, 8-week-old C57BL/6 mice (DBL Co., Ltd., Eumseong, Republic of
Korea) were used in this study, which consisted of two different protocols (Figure 5A,B).
The first protocol (Experiment 1) examined the effect of SF on colon carcinogenesis. The
mice in Experiment 1 were randomly divided into two groups: home cage control (HC;
n = 12) and SF (n = 12). Mice in both groups received one intraperitoneal injection of AOM
(10 mg/kg; Sigma-Aldrich, St. Louis, MO, USA). Then, the mice in the HC and SF groups
were exposed to normal conditions and the SF protocol, respectively, for 77 days. 2% DSS
(MP Biomedicals, Santa Ana, CA, USA) was given in the drinking water on Days 7–14,
Days 28–35, and Days 49–56. The mice were sacrificed on Day 77, and tissue samples were
harvested for further analysis. The second protocol (Experiment 2) tested our hypothesis
that SF alone can elevate reactive oxygen species (ROS). Mice in the HC (n = 5) and SF
groups (n = 5) were maintained in normal conditions and the SF chamber for 4 weeks
without any administration of AOM or DSS. The 2% DSS group (n = 3) was given 2%
DSS in their drinking water between 3 and 4 weeks as a positive control of the ROS
measurements. Both experimental protocols were approved by the Jungwon University
Institutional Animal Use and Care Committee and are in close agreement with the NIH
Guide on the Care and Use of Animals.

Figure 5. Schematic representation of the experimental protocols. (A). Schematic design of Experi-
ment 1. A single intraperitoneal injection of 10 mg/kg azoxymethane (AOM) was given to mice in
both the control and sleep fragmentation (SF) groups. Subsequently, mice in the control group were
maintained in a normal cage until the end of the experiment (77 days). Mice in the SF group were
subjected to SF, which was accomplished by a sweeping bar activated every 2 min (30/h). Dextran
sodium sulfate (DSS) was given in the drinking water on Days 7–14, 28–35, and 49–56. (B). Schematic
design of Experiment 2. Mice in the control and SF groups were maintained in normal cages and
SF chambers, respectively, for 4 weeks. 2% DSS was given to other mice in their drinking water at
3–4 weeks as a positive control.

4.2. Sleep Fragmentation

To induce SF, we used a commercially available SF chamber (Model 80391; Lafayette
Instrument, Lafayette, IN, USA). The chamber has a sweeping bar inside that moves
from one end to the other. When it touches the mice, they awaken from sleep. To mimic
the arousal frequency shown in patients with severe sleep apnea (30 awakenings/h), the
sweeping bar was set to move once every 2 min. Although we did not perform simultaneous
electroencephalography monitoring to evaluate whether SF was appropriately induced,
several studies using the same chamber have already validated this SF model [24,25].

4.3. Histological Evaluation

Colon tissue was harvested on Day 77 and washed with cold phosphate-buffered
saline (PBS). To compare the colon length between the HC and SF groups, colons from the
cecum to the rectum were placed on a plate with a black background and photographed
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with a digital camera. After taking those colon images, the cecum was removed, and the
remaining colon was opened longitudinally along the main axis to expose the internal
tumors. After taking a picture of the inside of each colon, the colons were divided into their
distal parts and middle parts for histological analysis and quantitative real-time polymerase
chain reaction experiments, respectively. Tumor number and size were evaluated by two
independent investigators and expressed as the mean value of the two measurements. To
obtain reproducible results, the number of tumors was counted by dividing them into those
that were 2 mm or larger and those that were 2 mm or smaller [26]. Hematoxylin and eosin
(H & E) staining was performed for general histological assessments and colonic inflamma-
tion score calculation. After H & E staining, five random areas of the colon per tissue slide
were used to calculate the colonic inflammation score. Colonic inflammation was classified
into five grades (Grade 0 to Grade 4) based on the criteria of Cooper et al. [27,28].

4.4. Immunofluorescent ROS Staining

Immunofluorescent staining of colon tissue from mice in the HC and SF groups in
Experiment 2 was conducted to measure ROS using a protocol from a previous study [6].
Distal colons excised from the mice were immediately placed on dry ice and embedded
in the O.C.T. compound (Tissue-Tek). 30-μm thick sections were obtained using a cryomi-
crotome. The sections were air-dried and then incubated with 10 μM dihydroethidium
(Sigma-Aldrich, St. Louis, MO, USA) at 37 ◦C for 30 min. After being washed with PBS,
the sections were incubated with 1 μg/mL Hoechst 33342 (Thermo Fisher, Waltham, MA,
USA) at room temperature for 10 min. Then, the sections were mounted with Fluoroshield
(Sigma-Aldrich, St. Louis, MO, USA). The red fluorescence of each image was obtained by
excitation at 610 nm and collected at 600–780 nm using confocal microscopy (LSM 700, Carl
Zeiss, Jena, Germany).

4.5. Immunohistochemical 8-OHdG Staining

For immunohistochemistry (IHC), excised colon tissue was fixed with 10% neutral-
buffered formalin, embedded in paraffin, and cut into 4-μm slices using a rotary microtome.
For antigen retrieval, tissue slides were autoclaved with HIER citrate buffer (pH 6.0;
Zytomed Systems, Berlin, Germany). IHC for 8-OHdG staining was conducted using a
commercial mouse and rabbit-specific HRP/DAB detection kit (Abcam, Cambridge, UK).
After being incubated with 3% hydrogen peroxide in methanol for 10 min, the sections
were treated with a blocking solution for 1 h at room temperature to remove nonspecific
background reactions. Following treatment with blocking solution, the sections were
incubated with anti-8-OHdG/8-oxo-dG monoclonal antibody (1:200; JalCA, Nikken SEIL
CO, Shizuoka, Japan) for 1 h at 4 ◦C. After washing the samples with TBST four times,
a biotinylated goat anti-polyvalent was applied to the tissues and incubated for 10 min
at 4 ◦C. After being treated with streptavidin peroxidase for 10 min, the sections were
developed with 3,3′-diaminobenzidine solution. As a counterstain, hematoxylin QS (Vector
Laboratories, Inc., Burlingame, CA, USA) was applied to the tissues for 1 min, and then the
sections were dehydrated, cleared, and mounted for microscopic examination. The stained
slides were scanned with a Pannoramic SCAN II slide scanner (3d Histech, Budapest,
Hungary). Then, 4–5 high-power field images (400 X) per slide were randomly acquired.
The intensity (%) of the stained area in each image was blindly analyzed using ImageJ
(NIH, Bethesda, MD, USA).

4.6. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from the colon tissue using an RNeasy mini kit (Qiagen,
Germantown, MD, USA). One microgram of total RNA was used for cDNA synthesis and
reverse transcribed using a Tetro cDNA synthesis kit (Bioline, London, UK). qRT-PCR was
performed using a StepOne PlusTM real-time PCR system (Applied Biosystems, Waltham,
MA, USA). TaqMan real-time PCR master mixes were used for TaqMan assay–based real-
time PCR. The following TaqMan primer and probes were purchased from Applied Biosys-
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tems: NADPH oxidase 2 (NOX2) assay# Mm01287743_m1, NOX1 assay# Mm00549170_m1,
interleukin (IL)-1β assay# Mm00434228_m1, IL-6 assay# Mm00446190_m1, and β-actin
assay# Mm02619580_g1. All reactions were performed in duplicate. The 2ΔΔ method was
used for the relative comparison of genes between the HC and SF groups. β-actin was used
as a housekeeping gene for normalization.

4.7. Statistical Analysis

Data are expressed as the mean ± standard error of the mean (S.E.M). Differences in
the means were evaluated using the non-parametric Kruskal-Wallis test. Mann-Whitney
U-tests were used for the post hoc analyses and comparisons of variables between two
independent groups. Spearman’s rank correlation coefficients were calculated to evaluate
correlations between the intensity of 8-OHdG stained areas (%) and the number of tumors.
All statistical analyses were performed using IBM SPSS version 21.0 (SPSS; Chicago, IL,
USA), and a p-value < 0.05 was considered to be statistically significant.

5. Conclusions

We found that SF has carcinogenic effects in the murine AOM/DSS colon cancer
model. Moreover, elevated oxidative stress-induced DNA damage correlated with an
increase in carcinogenesis. Our findings suggest that SF is a risk factor for colon cancer
and that preventing ROS accumulation is important for preventing the development of
SF-induced colon cancer. Further studies are needed to elucidate whether SF can induce
carcinogenesis in other visceral organs and determine the exact mechanism by which SF
promotes carcinogenesis.
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Abstract: CD44 is a cell surface glycoprotein, and its isoforms are produced by the alternative
splicing with the standard and variant exons. The CD44 variant exon-containing isoforms (CD44v)
are overexpressed in carcinomas. CD44v6 is one of the CD44v, and its overexpression predicts
poor prognosis in colorectal cancer (CRC) patients. CD44v6 plays critical roles in CRC adhesion,
proliferation, stemness, invasiveness, and chemoresistance. Therefore, CD44v6 is a promising target
for cancer diagnosis and therapy for CRC. In this study, we established anti-CD44 monoclonal
antibodies (mAbs) by immunizing mice with CD44v3-10-overexpressed Chinese hamster ovary
(CHO)-K1 cells. We then characterized them using enzyme-linked immunosorbent assay, flow
cytometry, western blotting, and immunohistochemistry. One of the established clones (C44Mab-
9; IgG1, kappa) reacted with a peptide of the variant 6-encoded region, indicating that C44Mab-9
recognizes CD44v6. Furthermore, C44Mab-9 reacted with CHO/CD44v3-10 cells or CRC cell lines
(COLO201 and COLO205) by flow cytometry. The apparent dissociation constant (KD) of C44Mab-9
for CHO/CD44v3-10, COLO201, and COLO205 was 8.1 × 10−9 M, 1.7 × 10−8 M, and 2.3 × 10−8 M,
respectively. C44Mab-9 detected the CD44v3-10 in western blotting, and partially stained the formalin-
fixed paraffin-embedded CRC tissues in immunohistochemistry. Collectively, C44Mab-9 is useful for
detecting CD44v6 in various applications.

Keywords: CD44; CD44v6; monoclonal antibody; colorectal cancer

1. Introduction

Colorectal cancer (CRC) has become the second cancer type for the estimated deaths
in men and women combined in the United States, 2023 [1]. The development of CRC
is classically explained by Fearon and Vogelstein model; the sequential genetic changes
including APC (adenomatous polyposis coli), KRAS, DCC (deleted in colorectal cancer,
chromosome 18q), and TP53 lead to CRC progression [2]. However, CRC exhibits het-
erogeneous outcomes and drug responses. Therefore, the large-scale data analysis by
an international consortium classified the CRC into four consensus molecular subtypes,
including the microsatellite instability immune, the canonical, the metabolic, and the mes-
enchymal types [3]. In addition, various marker proteins have been investigated for the
prediction of prognosis and drug responses of CRC [4,5]. Among them, recent studies
suggest that CD44 plays a critical role in tumor progression through its cancer-initiating
and metastasis-promoting properties [6].

CD44 is a polymorphic integral membrane protein, which binds to hyaluronic acid
(HA), and contributes to cell-matrix adhesion, cell proliferation, migration, and tumor

Int. J. Mol. Sci. 2023, 24, 4007. https://doi.org/10.3390/ijms24044007 https://www.mdpi.com/journal/ijms118



Int. J. Mol. Sci. 2023, 24, 4007

metastasis [7]. When the CD44 is transcribed, its pre-messenger RNA can be received
alternative splicing and maturated into mRNAs that encode various CD44 isoforms [8].
The mRNA assembles with ten standard exons and the sixth variant exon encodes CD44v6,
which plays critical roles in cell proliferation, migration, survival, and angiogenesis [9,10].
Functionally, CD44v6 can interact with HA via the standard exons-encoded region [11].
Furthermore, the v6-encoded region functions as a co-receptor of various receptors for
epidermal growth factor, hepatocyte growth factor, C-X-C motif chemokine 12, and osteo-
pontin [12]. Therefore, the receptor tyrosine kinase or G protein-coupled receptor signaling
pathways are potentiated in the presence of CD44v6 [13]. These functions are essential for
homeostasis or regeneration in normal tissues. Importantly, CD44v6 overexpression plays
a critical role in CRC progression. For instance, CD44v6 is involved in colorectal carcinoma
invasiveness, colonization, and metastasis [14]. Therefore, CD44v6 is a promising target for
cancer diagnosis and therapy.

The clinical significance of CD44v6 in CRC deserves consideration. Anti-CD44v6
therapies mainly include the blocking of the v6-encoded region by monoclonal antibody
(mAb) [12]. First, humanized anti-CD44v6 mAbs (BIWA-4 and BIWA-8) labeled with
186Re exhibited therapeutic efficacy in head and neck squamous cell carcinoma (SCC)
xenograft-bearing mice [15]. Furthermore, the humanized anti-CD44v6 mAb, bivatuzumab-
mertansine (anti-tubulin agent) conjugate, was evaluated in clinical trials [16]. However,
the clinical trials were discontinued due to severe skin toxicity, including a case of lethal
epidermal necrolysis [17]. The efficient accumulation of mertansine was most likely respon-
sible for the high toxicity [17,18]. Therefore, the development of anti-CD44v6 mAbs with
more potent and fewer side effects is desired.

We established the novel anti-CD44 mAbs, C44Mab-5 (IgG1, kappa) [19] and C44Mab-
46 (IgG1, kappa) [20] by Cell-Based Immunization and Screening (CBIS) method and immu-
nization of CD44v3-10 ectodomain, respectively. Both C44Mab-5 and C44Mab-46 recognize
the first five standard exons-encoding sequences [21–23]. Therefore, they can recognize
both CD44s and CD44v (pan-CD44). Furthermore, C44Mab-5 and C44Mab-46 exhibited
high reactivity for flow cytometry and immunohistochemical analysis in oral [19] and
esophageal [20] SCCs. C44Mab-5 reacted with oral cancer cells such as Ca9-22, HO-1-u-1,
SAS, HSC-2, HSC-3, and HSC-4 using flow cytometry [19]. Moreover, immunohistochem-
ical analysis revealed that C44Mab-5 detected 166/182 (91.2%) of oral cancers [19]. In
contrast, C44Mab-46 reacted with esophageal squamous cell carcinoma (ESCC) cell lines
(KYSE70 and KYSE770) using flow cytometry [20]. In immunohistochemical analyses using
C44Mab−46 against ESCC tissue microarrays, C44Mab−46 stained 63 of 67 (94.0%) cases of
ESCC [20].

We also examined the antitumor effects of C44Mab-5 in mouse xenograft models [24].
We converted the mouse IgG1 subclass antibody (C44Mab-5) into an IgG2a subclass antibody
(5-mG2a), and further produced a defucosylated version (5-mG2a-f) using FUT8-deficient
ExpiCHO-S (BINDS-09) cells. In vitro analysis demonstrated that 5-mG2a-f showed moder-
ate antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent cyto-
toxicity activities against HSC-2 and SAS oral cancer cells. In vivo analysis revealed that
5-mG2a-f significantly reduced tumor growth in HSC-2 and SAS xenografts in comparison
to control mouse IgG, even after injection seven days post-tumor inoculation. These results
suggested that treatment with 5-mG2a-f may represent a useful therapy for patients with
CD44-expressing oral cancers.

For epitope mapping of C44Mab-5, we employed the RIEDL tag system (“RIEDL”
peptide and LpMab-7 mAb) [23]. We inserted the “RIEDL” peptide into the CD44 protein
from the 21st to 41st amino acids. The transfectants produced were stained by LpMab-7
and C44Mab-5 in flow cytometry. C44Mab-5 did not react with the 30th-36th amino acids
of the deletion mutant of CD44. Further, the reaction of C44Mab-5 to RIEDL tag-inserted
CD44 from the 25th to 36th amino acids was lost, although LpMab-7 detected most of the
RIEDL tag-inserted CD44 from the 21st to 41st amino acids. These results indicated that
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the epitope of C44Mab-5 for CD44 was determined to be the peptide from the 25th to 36th
amino acids of CD44 using the RIEDL insertion for epitope mapping (REMAP) method.

In this study, we developed a novel anti-CD44v6 mAb, C44Mab-9 (IgG1, kappa) by
CBIS method, and evaluated its applications, including flow cytometry, western blotting,
and immunohistochemical analyses.

2. Results

2.1. Establishment of Anti-CD44v6 mAb, C44Mab-9

We employed the CBIS method to develop anti-CD44 mAbs. In the CBIS method, we
prepared a stable transfectant as an immunogen. Then, we performed the high throughput
hybridoma screening using flow cytometry (Figure 1). In this study, mice were immu-
nized with CHO/CD44v3-10 cells. Hybridomas were seeded into 96-well plates, and
CHO/CD44v3-10-positive and CHO-K1-negative wells were selected. After limiting di-
lution, anti-CD44 mAb-producing clones were finally established. We next performed
an enzyme-linked immunosorbent assay (ELISA) to determine the epitope of each mAb.
Among them, C44Mab-9 (IgG1, kappa) was shown to recognize the only CD44p351–370
peptide (EETATQKEQWFGNRWHEGYR), which is corresponding to variant 6-encoded
sequence (Table 1).

 

Figure 1. A schematic illustration of ant-human CD44 mAbs production. A BALB/c mouse was
intraperitoneally immunized with CHO/CD44v3-10 cells. Hybridomas were produced by the fusion
of the splenocytes and P3U1 cells. Then, the screening was performed by flow cytometry using
parental CHO-K1 and CHO/CD44v3-10 cells. After cloning and additional screening, a clone C44Mab-
9 (IgG1, kappa) was established. Finally, the binding epitopes were determined by enzyme-linked
immunosorbent assay (ELISA) using peptides that cover the extracellular domain of CD44v3-10.
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Table 1. The determination of the binding epitope of C44Mab-9 by ELISA.

Peptide Coding Exon * Sequence C44Mab-9

CD44p21–40 2 QIDLNITCRFAGVFHVEKNG −
CD44p31–50 2 AGVFHVEKNGRYSISRTEAA −
CD44p41–60 2 RYSISRTEAADLCKAFNSTL −
CD44p51–70 2 DLCKAFNSTLPTMAQMEKAL −
CD44p61–80 2/3 PTMAQMEKALSIGFETCRYG −
CD44p71–90 2/3 SIGFETCRYGFIEGHVVIPR −

CD44p81–100 3 FIEGHVVIPRIHPNSICAAN −
CD44p91–110 3 IHPNSICAANNTGVYILTSN −
CD44p101–120 3 NTGVYILTSNTSQYDTYCFN −
CD44p111–130 3/4 TSQYDTYCFNASAPPEEDCT −
CD44p121–140 3/4 ASAPPEEDCTSVTDLPNAFD −
CD44p131–150 4/5 SVTDLPNAFDGPITITIVNR −
CD44p141–160 4/5 GPITITIVNRDGTRYVQKGE −
CD44p151–170 5 DGTRYVQKGEYRTNPEDIYP −
CD44p161–180 5 YRTNPEDIYPSNPTDDDVSS −
CD44p171–190 5 SNPTDDDVSSGSSSERSSTS −
CD44p181–200 5 GSSSERSSTSGGYIFYTFST −
CD44p191–210 5 GGYIFYTFSTVHPIPDEDSP −
CD44p201–220 5 VHPIPDEDSPWITDSTDRIP −
CD44p211–230 5/v3 WITDSTDRIPATSTSSNTIS −
CD44p221–240 5/v3 ATSTSSNTISAGWEPNEENE −
CD44p231–250 v3 AGWEPNEENEDERDRHLSFS −
CD44p241–260 v3 DERDRHLSFSGSGIDDDEDF −
CD44p251–270 v3/v4 GSGIDDDEDFISSTISTTPR −
CD44p261–280 v3/v4 ISSTISTTPRAFDHTKQNQD −
CD44p271–290 v4 AFDHTKQNQDWTQWNPSHSN −
CD44p281–300 v4 WTQWNPSHSNPEVLLQTTTR −
CD44p291–310 v4/v5 PEVLLQTTTRMTDVDRNGTT −
CD44p301–320 v4/v5 MTDVDRNGTTAYEGNWNPEA −
CD44p311–330 v5 AYEGNWNPEAHPPLIHHEHH −
CD44p321–340 v5 HPPLIHHEHHEEEETPHSTS −
CD44p331–350 v5/v6 EEEETPHSTSTIQATPSSTT −
CD44p341–360 v5/v6 TIQATPSSTTEETATQKEQW −
CD44p351–370 v6 EETATQKEQWFGNRWHEGYR +
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Table 1. Cont.

Peptide Coding Exon * Sequence C44Mab-9

CD44p361–380 v6 FGNRWHEGYRQTPREDSHST −
CD44p371–390 v6/v7 QTPREDSHSTTGTAAASAHT −
CD44p381–400 v6/v7 TGTAAASAHTSHPMQGRTTP −
CD44p391–410 v7 SHPMQGRTTPSPEDSSWTDF −
CD44p401–420 v7 SPEDSSWTDFFNPISHPMGR −
CD44p411–430 v7/v8 FNPISHPMGRGHQAGRRMDM −
CD44p421–440 v7/v8 GHQAGRRMDMDSSHSTTLQP −
CD44p431–450 v8 DSSHSTTLQPTANPNTGLVE −
CD44p441–460 v8 TANPNTGLVEDLDRTGPLSM −
CD44p451–470 v8/v9 DLDRTGPLSMTTQQSNSQSF −
CD44p461–480 v8/v9 TTQQSNSQSFSTSHEGLEED −
CD44p471–490 v9 STSHEGLEEDKDHPTTSTLT −
CD44p481–500 v9/v10 KDHPTTSTLTSSNRNDVTGG −
CD44p491–510 v9/v10 SSNRNDVTGGRRDPNHSEGS −
CD44p501–520 v10 RRDPNHSEGSTTLLEGYTSH −
CD44p511–530 v10 TTLLEGYTSHYPHTKESRTF −
CD44p521–540 v10 YPHTKESRTFIPVTSAKTGS −
CD44p531–550 v10 IPVTSAKTGSFGVTAVTVGD −
CD44p541–560 v10 FGVTAVTVGDSNSNVNRSLS −
CD44p551–570 v10/16 SNSNVNRSLSGDQDTFHPSG −
CD44p561–580 v10/16 GDQDTFHPSGGSHTTHGSES −
CD44p571–590 16/17 GSHTTHGSESDGHSHGSQEG −
CD44p581–600 16/17 DGHSHGSQEGGANTTSGPIR −
CD44p591–606 17 GANTTSGPIRTPQIPEAAAA −

+, OD655 � 0.3; −, OD655 < 0.1. * The CD44 exons are illustrated in Figure 1.

2.2. Flow Cytometric Analysis of C44Mab-9 to CD44-Expressing Cells

We next confirmed the reactivity of C44Mab-9 against CHO/CD44v3-10 and CHO/CD44s
cells by flow cytometry. As shown in Figure 2A, C44Mab-9 recognized CHO/CD44v3-
10 cells in a dose-dependent manner, but neither CHO/CD44s (Figure 2B) nor CHO-K1
(Figure 2C) cells. The CHO/CD44s cells were recognized by a pan-CD44 mAb, C44Mab-
46 [20] (Supplemental Figure S1). Furthermore, C44Mab-9 also recognized endogenous
CD44v6 in CRC cell lines as it reacted with both COLO201 (Figure 2D) and COLO205
(Figure 2E) in a dose-dependent manner.

Next, we determined the binding affinity of C44Mab-9 with CHO/CD44v3-10, COLO201,
and COLO205 using flow cytometry. The dissociation constant (KD) of C44Mab-9 for
CHO/CD44v3-10, COLO201, and COLO205 was 8.1 × 10−9 M, 1.7 × 10−8 M, and
2.3 × 10−8 M, respectively, indicating that C44Mab-9 possesses a moderate affinity for
CD44v3-10 or endogenous CD44v6-expressing cells (Figure 3).
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Figure 2. Flow cytometry to CD44-expressing cells using C44Mab-9. CHO/CD44v3-10 (A),
CHO/CD44s (B), CHO-K1 (C), COLO201 (D), and COLO205 (E) were treated with 0.01–10 μg/mL of
C44Mab-9, followed by treatment with Alexa Fluor 488-conjugated anti-mouse IgG (Red line). The
black line represents the negative control (blocking buffer).
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Figure 3. The determination of the binding affinity of C44Mab-9 to CD44-expressing cells.
CHO/CD44v3-10 (A), COLO201 (B), and COLO205 (C) cells were suspended in 100 μL of serially di-
luted C44Mab-9 at indicated concentrations. Then, cells were treated with Alexa Fluor 488-conjugated
anti-mouse IgG. Fluorescence data were subsequently collected, followed by the calculation of the
apparent dissociation constant (KD) by GraphPad PRISM 8.
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2.3. Western Blot Analysis

We next performed western blot analysis to assess the sensitivity of C44Mab-9. Total
cell lysates of CHO-K1, CHO/CD44s, and CHO/CD44v3-10 were analyzed. As shown in
Figure 4, C44Mab-9 detected CD44v3-10 as a more than 180-kDa band. However, C44Mab-9
did not detect any bands from lysates of CHO-K1 and CHO/CD44s cells. An anti-pan-
CD44 mAb, C44Mab-46, recognized the lysates from both CHO/CD44s (~75 kDa) and
CHO/CD44v3-10 (>180 kDa). These results indicated that C44Mab-9 specifically detects
exogenous CD44v3-10.

Figure 4. Western blotting by C44Mab-9. The cell lysates of CHO-K1, CHO/CD44s, and
CHO/CD44v3-10 (10 μg of protein) were electrophoresed and transferred onto polyvinylidene difluo-
ride (PVDF) membranes. The membranes were incubated with 10 μg/mL of C44Mab-9, 10 μg/mL of
C44Mab-46, and 1 μg/mL of anti-β-actin mAb, followed by incubation with peroxidase-conjugated
anti-mouse immunoglobulins. The black arrow indicates the CD44s (~75 kDa). The red arrows
indicate the CD44v3-10 (>180 kDa).

2.4. Immunohistochemical Analysis Using C44Mab-9 against Tumor Tissues

We next examined whether C44Mab-9 could be used for immunohistochemical analy-
ses using formalin-fixed paraffin-embedded (FFPE) sections. Since previous anti-CD44v6
mAbs could detect CD44v6 in SCC tissues at a high frequency, we first stained an oral SCC
tissue. As shown in Figure 5A, C44Mab-9 exhibited clear membranous staining, and could
clearly distinguish tumor cells from stromal tissues. In contrast, C44Mab-46 stained both
(Figure 5B). We next investigated CRC sections. C44Mab-9 showed membranous staining
in CRC cells, but not stromal tissues (Figure 5C). In contrast, C44Mab-46 also stained both
(Figure 5D). These results indicated that C44Mab-9 is useful for immunohistochemical
analysis of FFPE tumor sections.
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Figure 5. Immunohistochemical analysis using C44Mab-9 and C44Mab-46. (A,B) Oral SCC sections
were incubated with 1 μg/mL of C44Mab-9 (A) and C44Mab-46 (B). (C,D) CRC sections were incu-
bated with 1 μg/mL of C44Mab-9 (C) and C44Mab-46 (D), followed by treatment with the Envision+
kit. The color was developed using DAB, and sections were counterstained with hematoxylin. Scale
bar = 100 μm.

3. Discussion

In this study, we developed C44Mab-9 using the CBIS method (Figure 1), and deter-
mined its epitope as variant 6 encoded region (Table 1). Then, we showed the usefulness of
C44Mab-9 for multiple applications, including flow cytometry (Figures 2 and 3), western
blotting (Figure 4), and immunohistochemistry (Figure 5).

Anti-CD44v6 mAbs (clones 2F10, VFF4, VFF7, and VFF18) were previously developed,
and mainly used for tumor diagnosis and therapy. The 2F10 was established by the immu-
nization of CD44v3-10-Fc protein produced by COS1 cells. The exon specificity of the 2F10
was determined by indirect immunofluorescent staining of COS1 cells transfected with
human CD44v cDNAs, including CD44v3-10, CD44v6-10, CD44v7-10, CD44v8-10, and
CD44v10 [25]. Therefore, the 2F10 is thought to recognize the peptide or glycopeptide struc-
ture of CD44v6. However, the detailed binding epitope of 2F10 has not been determined.

The VFF series mAbs were established by the immunization of bacterial-expressed
CD44v3-10 fused with glutathione S-transferase [26,27]. Afterward, VFF4 and VFF 7 were
used in the immunohistochemical analysis [28], and VFF18 was humanized as BIWA-
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4 [15], and developed to bivatuzumab-mertansine drug conjugate for clinical trials [17,18].
The VFF18 bound only to the fusion proteins, containing a variant 6-encoded region.
Furthermore, the VFF18 recognized several synthetic peptides, spanning the variant 6-
encoded region in ELISA, and the WFGNRWHEGYR peptide was determined as the
epitope [26]. As shown in Table 1, C44Mab-9 also recognized a synthetic peptide (CD44p351–
370), which possesses the above sequence. In contrast, a synthetic peptide (CD44p361–380)
possesses the FGNRWHEGYR sequence, which is not recognized by C44Mab-9. Therefore,
C44Mab-9 and VFF18 recognize CD44v6 with a similar variant 6-encoded region. Detailed
epitope mapping for C44Mab-9 is required in the future.

A mutated version of BIWA-4, called BIWA-8, was constructed for improving binding
affinity. This was achieved by two amino acid mutations of the light chain without changing
the humanized heavy chain [15]. The BIWA-8 was further engineered to chimeric antigen
receptors (CARs). The CD44v6 CAR-T exhibited antitumor effects against primary human
acute myeloid leukemia and multiple myeloma cells in immunocompromised mice [29].
Furthermore, the CD44v6 CAR-T also showed efficacy in xenograft models of lung and
ovarian carcinomas [30], which is expected for a wider development toward solid tumors.
However, Greco et al. demonstrated that the N-glycosylation of CD44v6 protects tumor cells
from the CD44v6 CAR-T targeting [31]. This phenomenon is probably due to the masking
of CD44v6 CAR binding by the N-glycosylation because the original VFF18 was established
by bacterial-expressed CD44v3-10 immunization and recognized the peptidic epitope
lacking the N-glycosylation [26]. In contrast, C44Mab-9 was established by immunization of
CHO/CD44v3-10 cells, but recognizes a synthetic peptide (Table 1). Meanwhile, C44Mab-9
could detect more than 180 kDa, heavily glycosylated CD44v3-10 in western blot analysis
(Figure 4). Further studies are required to reveal whether the N-glycosylation affects the
recognition by C44Mab-9 for future application to CAR-T therapy.

The clinical significance of CD44v6 expression in patients with CRC using immuno-
histochemical analysis remains controversial. The elevated expression has been associated
with poor prognosis, linked to adverse prognosis [32,33]. However, others have reported
that CD44v6 expression is associated with a favorable outcome [34,35]. Various clones of
anti-CD44v6 mAbs appeared to influence the outcome of the clinical significance. Among
these clinical studies, Saito et al. used VFF18 and showed similar staining patterns of
C44Mab-9 (Figure 5). They also found that CD44v6 expression was observed in poorly dif-
ferentiated CRC without E-cadherin expression. Furthermore, the high CD44v6 expression
exhibited a significant inverse correlation with E-cadherin expression and was found to be
an independent poor prognostic factor in disease-free survival and overall survival [36]. In
the future, we should evaluate the clinical significance of the C44Mab-9-positive CRC with
E-cadherin expression.

Large-scale genomic analyses of CRCs defined 4 subtypes: (1) microsatellite instability
immune; (2) canonical; (3) metabolic; (4) mesenchymal types [3]. Since the CD44v6 expres-
sion was observed in a part of CRC tissues (Figure 5), the relationship to the subtypes should
be evaluated. In addition, the mechanism of CD44v6 upregulation including the transcrip-
tional regulation and the v6 inclusion by alternative splicing should be determined. The
inclusion of CD44 variant exons was reported to be promoted by the ERK-Sam68 axis [37].
Moreover, CD44v6 forms a ternary complex with MET and HGF, which is essential for
the c-MET activation [38]. This positive feedback is a potential mechanism to promote the
variant exon inclusion.

CD44v6-positive CRC cells exhibited cancer-initiating cell properties [39]. Cytokines,
HGF, C-X-C motif chemokine 12, and osteopontin, secreted from tumor-associated fi-
broblasts, promote the CD44v6 expression in the cancer-initiating cells, which promotes
migration and metastasis of CRC cells [14]. Clinically, circulating-tumor cells (CTCs), which
express EpCAM, MET, and CD44, identify a subset with increased metastasis-initiating phe-
notype [40], suggesting that CD44v6 plays an important role in cancer-initiating cell prop-
erty cooperating with MET. In addition, CTC culture methods, including two-dimensional
(2D) expansion, 3D organoids/spheroids culture, and xenograft formation in mice, have
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been developed to evaluate the character of CTCs [41]. Therefore, the biological property
to affect cell proliferation and invasiveness by C44Mab-9 should be investigated because
CD44v6 can potentiate the MET signaling by forming the ternary complex with HGF [38].
Therefore, it would be valuable to examine the effect of C44Mab-9 on CTC proliferation
in vitro and metastasis in vivo.

To evaluate the in vivo effect, we previously converted the IgG1 subclass of mAbs
into a mouse IgG2a, and produced a defucosylated version. These defucosylated IgG2a
mAbs exhibited potent ADCC in vitro, and reduced tumor growth in mouse xenograft
models [24,42–48]. Therefore, the production of a class-switched and defucosylated version
of C44Mab-9 is required to evaluate the antitumor activity in vivo.

4. Materials and Methods

4.1. Cell Lines

Mouse multiple myeloma P3X63Ag8U.1 (P3U1) and CHO-K1 cell lines were obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA). These cells
were cultured in Roswell Park Memorial Institute (RPMI)-1640 medium (Nacalai Tesque,
Inc., Kyoto, Japan), supplemented with 10% heat-inactivated fetal bovine serum (FBS;
Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 U/mL penicillin, 100 μg/mL
streptomycin, and 0.25 μg/mL amphotericin B (Nacalai Tesque, Inc.). Human colorectal
cancer cell lines, COLO201 and COLO205, were obtained from ATCC and the Cell Resource
Center for Biomedical Research Institute of Development, Aging, and Cancer at Tohoku
University, respectively. The COLO201 and COLO205 were cultured in RPMI-1640 medium,
supplemented with 10% heat-inactivated FBS, 100 units/mL of penicillin, and 100 μg/mL
streptomycin (Nacalai Tesque, Inc.). All the cells were grown in a humidified incubator at
37 ◦C with 5% CO2.

CD44s cDNA was amplified using HotStar HiFidelity Polymerase Kit (Qiagen Inc.,
Hilden, Germany) using LN229 cDNA as a template. CD44v3-10 ORF was obtained
from the RIKEN BRC through the National Bio-Resource Project of the MEXT, Japan.
CD44s and CD44v3-10 cDNAs were subcloned into pCAG-Ble-ssPA16 vector possessing
signal sequence and N-terminal PA16 tag (GLEGGVAMPGAEDDVV) [19,49–52], which
is detected by NZ-1 [53–68]. CHO/CD44s and CHO/CD44v3-10 were established by
transfecting pCAG-Ble/PA16-CD44s and pCAG-Ble/PA16-CD44v3-10 into CHO-K1 cells
using a Neon transfection system (Thermo Fisher Scientific, Inc.).

4.2. Hybridoma Production

The female BALB/c mice (6-weeks old) were purchased from CLEA Japan (Tokyo,
Japan). Animals were housed under specific pathogen-free conditions. All animal experi-
ments were also conducted according to relevant guidelines and regulations to minimize
animal suffering and distress in the laboratory. The Animal Care and Use Committee of
Tohoku University (Permit number: 2019NiA-001) approved animal experiments. The
mice were monitored daily for health during the full four-week duration of the experi-
ment. A reduction of more than 25% of the total body weight was defined as a humane
endpoint. During sacrifice, the mice were euthanized through cervical dislocation, after
which death was verified through respiratory and cardiac arrest. The mice were intraperi-
toneally immunized with CHO/CD44v3-10 (1 × 108 cells) and Imject Alum (Thermo
Fisher Scientific Inc.) as an adjuvant, which stimulates a nonspecific immune response for
mixed antigens using this formulation of aluminum hydroxide and magnesium hydrox-
ide. After three additional immunizations of CHO/CD44v3-10 (1 × 108 cells), a booster
injection of CHO/CD44v3-10 was intraperitoneally administered 2 days before harvesting
the spleen cells. The splenocytes were fused with P3U1 cells using polyethylene glycol
1500 (PEG1500; Roche Diagnostics, Indianapolis, IN, USA). The supernatants, which are
positive for CHO/CD44v3–10 cells and negative for CHO-K1 cells, were selected by the
flow cytometry-based high throughput screening using SA3800 Cell Analyzers (Sony Corp.,
Tokyo, Japan).
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4.3. ELISA

Fifty-eight synthesized peptides (Sigma-Aldrich Corp., St. Louis, MO, USA), which
cover the CD44v3-10 extracellular domain [21], were immobilized on Nunc Maxisorp 96-
well immunoplates (Thermo Fisher Scientific Inc) at a concentration of 1 μg/mL for 30 min
at 37 ◦C. After washing with phosphate-buffered saline (PBS) containing 0.05% (v/v) Tween
20 (PBST; Nacalai Tesque, Inc.) using Microplate Washer, HydroSpeed (Tecan, Zürich,
Switzerland), wells were blocked with 1% (w/v) bovine serum albumin (BSA)-containing
PBST for 30 min at 37 ◦C. C44Mab-9 was added to each well, and then incubated with
peroxidase-conjugated anti-mouse immunoglobulins (1:2000 diluted; Agilent Technologies
Inc., Santa Clara, CA, USA). Enzymatic reactions were performed using 1 Step Ultra TMB
(Thermo Fisher Scientific Inc.). The optical density at 655 nm was measured using an iMark
microplate reader (Bio-Rad Laboratories, Inc., Berkeley, CA, USA).

4.4. Flow Cytometry

CHO-K1 and CHO/CD44v3-10 were isolated using 0.25% trypsin and 1 mM ethylene-
diamine tetraacetic acid (EDTA; Nacalai Tesque, Inc.) treatment. COLO201 and COLO205
were isolated by brief pipetting. The cells were treated with primary mAbs or blocking
buffer (0.1% bovine serum albumin (BSA; Nacalai Tesque, Inc.) in phosphate-buffered
saline [PBS]; control) for 30 min at 4 ◦C. Subsequently, the cells were incubated in Alexa
Fluor 488-conjugated anti-mouse IgG (1:2000; Cell Signaling Technology, Inc.) for 30 min at
4 ◦C. Fluorescence data were collected using the SA3800 Cell Analyzer and analyzed using
SA3800 software ver. 2.05 (Sony Corporation).

4.5. Determination of Dissociation Constant (KD) by Flow Cytometry

Serially diluted C44Mab-9 was suspended with CHO/CD44v3-10, COLO201, and
COLO205 cells. The cells were further treated with Alexa Fluor 488-conjugated anti-mouse
IgG (1:200). Fluorescence data were collected using BD FACSLyric and analyzed using BD
FACSuite software version 1.3 (BD Biosciences). To determine the dissociation constant
(KD), GraphPad Prism 8 (the fitting binding isotherms to built-in one-site binding models;
GraphPad Software, Inc., La Jolla, CA, USA) was used.

4.6. Western Blot Analysis

The cell lysates (10 μg of protein) were separated on 5–20% polyacrylamide gels (FUJI-
FILM Wako Pure Chemical Corporation, Osaka, Japan) and transferred onto polyvinylidene
difluoride (PVDF) membranes (Merck KGaA, Darmstadt, Germany). After blocking (4%
skim milk (Nacalai Tesque, Inc.) in PBS with 0.05% Tween 20), the membranes were incu-
bated with 10 μg/mL of C44Mab-9, 10 μg/mL of C44Mab-46 or 1 μg/mL of an anti-β-actin
mAb (clone AC-15; Sigma-Aldrich Corp.), and then incubated with peroxidase-conjugated
anti-mouse immunoglobulins (diluted 1:1000; Agilent Technologies, Inc., Santa Clara, CA,
USA). Finally, the signals were detected with a chemiluminescence reagent, ImmunoStar
LD (FUJIFILM Wako Pure Chemical Corporation) using a Sayaca-Imager (DRC Co., Ltd.,
Tokyo, Japan).

4.7. Immunohistochemical Analysis

The FFPE oral SCC tissue was obtained from Tokyo Medical and Dental University [69].
FFPE sections of colorectal carcinoma tissue array (Catalog number: CO483a) were pur-
chased from US Biomax Inc. (Rockville, MD, USA). The sections were autoclaved in citrate
buffer (pH 6.0; Nichirei biosciences, Inc., Tokyo, Japan) for 20 min. After blocking with
SuperBlock T20 (Thermo Fisher Scientific, Inc.), the sections were incubated with C44Mab-9
(1 μg/mL) and C44Mab-46 (1 μg/mL) for 1 h at room temperature and then treated with
the EnVision+ Kit for mouse (Agilent Technologies, Inc.) for 30 min. The color was de-
veloped using 3,3′-diaminobenzidine tetrahydrochloride (DAB; Agilent Technologies Inc.)
for 2 min. Hematoxylin (FUJIFILM Wako Pure Chemical Corporation) was used for the
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counterstaining. Leica DMD108 (Leica Microsystems GmbH, Wetzlar, Germany) was used
to examine the sections and obtain images.
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Abstract: Kirsten rat sarcoma virus oncogene homolog (KRAS) is the most frequently mutated
oncogene in human cancer. In colorectal cancer (CRC), KRAS mutations are present in more than 50%
of cases, and the KRAS glycine-to-cysteine mutation at codon 12 (KRAS G12C) occurs in up to 4%
of patients. This mutation is associated with short responses to standard chemotherapy and worse
overall survival compared to non-G12C mutations. In recent years, several KRAS G12C inhibitors
have demonstrated clinical activity, although all patients eventually progressed. The identification of
negative feedback through the EGFR receptor has led to the development of KRAS inhibitors plus an
anti-EGFR combination, thus boosting antitumor activity. Currently, several KRAS G12C inhibitors
are under development, and results from phase I and phase II clinical trials are promising. Moreover,
the phase III CodeBreaK 300 trial demonstrates the superiority of sotorasib-panitumumab over
trifluridine/tipiracil, establishing a new standard of care for patients with colorectal cancer harboring
KRAS G12C mutations. Other combinations such as adagrasib-cetuximab, divarasib-cetuximab, or
FOLFIRI-panitumumab-sotorasib have also shown a meaningful response rate and are currently
under evaluation. Nonetheless, most of these patients will eventually relapse. In this setting, liquid
biopsy emerges as a critical tool to characterize the mechanisms of resistance, consisting mainly
of acquired genomic alterations in the MAPK and PI3K pathways and tyrosine kinase receptor
alterations, but gene fusions, histological changes, or conformational changes in the kinase have also
been described. In this paper, we review the development of KRAS G12C inhibitors in colorectal
cancer as well as the main mechanisms of resistance.

Keywords: KRAS G12C colorectal cancer; liquid biopsy; mechanism of resistance; KRAS inhibitor; pocket

1. Introduction

Kirsten rat sarcoma virus oncogene homolog (KRAS) is the most frequently mutated
oncogene in human cancer. In colorectal cancer (CRC), KRAS mutations are present in more
than 50% of cases [1,2]. The recommended backbone treatment for KRAS-mutant colorectal
cancer included a fluoropyrimidine-based regimen in combination with oxaliplatin and/or
irinotecan and the addition of an anti-VEGF in the first and second line [2]. EGFR inhibitors
are not recommended in RAS-mutant CRC due to their limited clinical activity. Beyond
the second line, trifluridine/tipiracil (-TAS-102-, a combination of trifluridine, a cytotoxic
nucleic acid analogue, and tipiracil, a thymidine phosphorylase inhibitor), regorafenib
(an oral multikinase inhibitor that blocks VEGFR1-3, KIT, RET, RAF1, BRAF, PDGFR, and
FGFR), and recently the combination TAS-102-bevacizumab have demonstrated clinical
benefit and are considered the standard of care [3–5]. However, not all patients respond to
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such treatments in the refractory setting and overall survival remains poor. The prognostic
impact of a RAS mutation is already well-established, demonstrating worse overall survival
compared with those tumors with a RAS/BRAF wild-type profile [6–10]. In colorectal cancer,
the KRAS glycine-to-cysteine mutation at codon 12 (KRAS G12C) occurs in up to 4% of
patients and is associated with poorer overall survival (OS) in the first and second line
when treated with chemotherapy. In addition, in the refractory setting among patients
treated with TAS-102, KRAS G12C mutations were biomarkers for reduced OS benefit from
TAS-102 [11–13]. Indeed, median overall survival (mOS) among patients with KRAS G12C
tumors was 16.1 and 9.7 months in the first and second line, whereas mOS for those patients
with non-G12C KRAS-mutated tumors was 18.3 and 11.4 months in the first and second
line, respectively [12,13].

The most frequent KRAS mutation in colorectal cancer is the G12D mutation that can
be found in up to 42% of colorectal tumors. The G12D mutation has been shown to have an
intermediate intrinsic and GAP-mediated GTP hydrolysis rate compared to other G12 and
G13 mutants, with mutations such as G12A significantly reducing intrinsic hydrolysis, and
G12C exhibiting wild-type levels [14]. KRAS G12D mutations have been shown to elicit
distinct gene and protein expression profiles compared with other KRAS mutations in a
tissue-specific manner [15,16].

Importantly, the KRAS G12C protein cycles between an “on” state, in which a guano-
sine triphosphate (GTP) is attached, and an “off” state in which the GTP loses one phos-
phate, turning into guanosine diphosphate (GDP). In its active state, KRAS increases
downstream oncogenic signaling and cell growth. The G12C mutation impairs GTP hy-
drolysis, which shifts KRAS to the active GTP-binding state, promoting tumorigenesis
and metastases [17,18]. This dynamic conformational change exposes a pocket that can
be targeted with specific inhibitors. Indeed, in the last few years, several KRAS G12C
inhibitors, including adagrasib, sotorasib, and divarasib among others, have been devel-
oped as monotherapy or in combination with anti-EGFR agents, demonstrating meaningful
clinical activity. New combinations that boost antitumor efficacy and overcome acquired re-
sistance are currently being developed. In this paper, we review the development of KRAS
inhibitors in metastatic colorectal cancer, the already described mechanism of resistance,
and novel combinations to overcome such resistances and boost the antitumoral effect.

2. The RAS Pathway and Downstream Signaling

RAS proteins are small, membrane-bound guanine nucleotide-binding proteins in-
volved in several signaling pathways that ultimately regulate cell growth, motility, angio-
genesis, and survival in various cancer types. They are associated with tumor progression
and resistance to targeted therapies. In physiological conditions, RAS shifts between two
conformational states: an active state, where an active guanosine-5′-triphosphate (GTP)
is attached to the RAS protein, and an inactive state, where GTP is processed to become
guanosine diphosphate (GDP). The initial step in RAS activation involves the activation of
several receptor tyrosine kinases (RTKs), induced by ligand binding in the extracellular
domain of RTKs. This leads to RTK dimerization and autophosphorylation. The activated
receptors then interact with the growth factor receptor protein 2 (GRB2), recruiting guanine
nucleotide exchange factors (GEFs), including the Son of Sevenless homolog (SOS). SOS
promotes GDP/GTP exchange, inducing a conformational change that activates the kinase.
This activation triggers different pathways, including RAF/MEK/ERK, PI3K/AKT/mTOR,
and nuclear transcription factors involved in cell survival and metastases. The RAS cy-
cle is ultimately switched off by GTPase-activating proteins (GAPs), which induce GTP
hydrolysis, forming inactive RAS-GDP. The G12C mutation occurs at the 12th position of
the KRAS gene, where glycine (G) is replaced by a cysteine (C) amino acid [17,18]. This
mutation leads to the production of a mutated KRAS protein with altered function, which
remains constitutively active. In this case, an allosteric pocket below the switch II region
of the mutant cysteine was identified by Ostrem et al. [19]. G12C inhibitors preferentially
bind RAS in the GDP-bound conformation, blocking the exchange with GTP and thus
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preventing the activation of the signaling cascade. Figure 1 pictures Ras signaling pathways
and drugs associated with KRAS G12C inhibition.

Figure 1. RAS signaling pathways and drugs associated with KRAS G12C inhibition.

3. Development of KRAS G12C Inhibitors

The emergence of KRAS G12C inhibitors represents a new therapeutic strategy in this
population. In addition to the development of several inhibitors, upfront and acquired
mechanisms of resistance have been identified and some strategies have been developed to
overcome such resistance.

3.1. KRAS Inhibitors in Monotherapy
3.1.1. Sotorasib

After the discovery of compounds that covalently bind to the switch II pocket of
KRAS G12C in its inactive GDP-bound state (off) and the understanding of the mechanism
of KRAS G12C inhibition, sotorasib (AMG510) was developed and entered the clinical
setting in 2018 as the first-in-class anti-KRAS G12C [19–23]. In the phase I/II CodeBreaK
100 trial, 129 patients with previously treated advanced solid tumors harboring the KRAS
G12C mutation were enrolled in the phase I cohort [24]. Among them, 42 were heavily
pretreated. In total, twenty-five patients received the expansion dose of 960 mg qd (from the
Latin “quaque die”, once a day), which was subsequently established as the recommended
phase II trial dose (RP2D). No dose-limiting toxic effects occurred, nor did any treatment-
related adverse event resulting in death. The most common treatment-related adverse
events (TRAEs) were diarrhea, fatigue, nausea, and an increase in aspartate or alanine
aminotransferase, occurring in 30%, 23%, 21%, 13%, and 12% of the total population,
respectively. Regarding anti-tumor activity, three out of 42 mCRC patients (7.1%) responded,
with all responses occurring in the cohort treated with the 960 mg qd dose. The disease
control rate (DCR) was 73.8% in the total mCRC patients and 80% in the 960 mg qd cohort.
The subsequent phase II cohort of the CodeBreaK 100 trial included 62 patients with a
mean of three previous lines [25]. These patients received sotorasib 960 mg qd. After

136



Int. J. Mol. Sci. 2024, 25, 3304

almost 2 years, with five patients still on the treatment, the objective response rate (ORR)
was 9.7%, with tumor shrinkage in 66% of patients and a DCR of 82% of patients. The
median progression free survival (mPFS) was 4 months. Grade 3 TRAEs occurred in six
patients (10%); diarrhea, fatigue, nausea, and elevation of transaminases were confirmed as
the most common. The only grade 4 event observed was an increase in blood creatinine
phosphokinase. Apart from being safe and tolerable, sotorasib monotherapy demonstrated
only modest anti-tumor activity in mCRC, especially if compared with other histologies
such as NSCLC, in which sotorasib monotherapy achieved an ORR of 41% and a mPFS
of 6.3 months [26]. Table 1 summarizes clinical trials evaluating KRAS G12C inhibition in
patients with KRAS G12C-mutated colorectal cancer.

Table 1. Key clinical trials targeting KRAS G12C in mCRC, completed or with already published data.

Clinical Trials Targeting KRAS G12C in mCRC, Completed or with Already Published Data

Study Name/ID Population (n. of
Patients)

Treatment Regimen
(n. of Patients Treated)

Results
Grade 3 or

Higher TRAEsPhase

CodeBreaK 100/NCT03600883 advanced KRAS G12C
mutant solid tumors (124,

including 42 mCRC)
Sotorasib (AMG510)

limited to mCRC treated
with any dose 52.7%, in the

overall
population

Phase I ORR 7.1% (3/42)
DCR 73.8% (31/42)

mPFS 4 mo

CodeBreaK 100 (CRC expansion
cohort)/NCT03600883 advanced KRAS G12C

mutant mCRC (62)
Sotorasib (AMG510) 960

mg qd

ORR 9.7% (6/62)
10% (6/62)DCR 82.3% (51/62)

Phase II mPFS 4 mo

KRYSTAL-1/NCT03785249 advanced KRAS G12C
mutant solid tumors (25,

including 4 mCRC)
Adagrasib (MRTX849)

limited to evaluable
mCRC treated with

600 mg bid 36% (9/25)
Phase I/Ib ORR 50% (1/2)

DOR 4.2 mo

KRYSTAL-1 (monotherapy
arm)/NCT03785249 advanced KRAS G12C

mutant mCRC (44)
Adagrasib (MRTX849)

600 mg bid

ORR 19% (8/43)
34% (15/43)Phase I/II DCR 86% (37/43)

mPFS 5.6 mo

NCT04449874

advanced KRAS G12C
mutant solid tumors (137,

including 55 mCRC)
Divarasib (GDC-6036)

limited to mCRC
population

7% (4/55)
Phase Ib ORR 29.1% (20/55)

mPFS 5.6 mo
limited to mCRC treated

with 400 mg qd
ORR 35.9% (14/39)

mPFS 6.9 mo

pooled analysis of NCT05005234 and
NCT05497336 advanced KRAS G12C

mutant solid tumors,
including 45 mCRC

Fulzerasib (IBI531)

limited to mCRC patients
treated with 600 mg bid 20% (9/32)Phase I ORR 43.8% (14/32)

DCR 87.5% (28/32)

Clinical trials targeting EGFR-KRAS G12C in mCRC, completed or with already published data

CodeBreaK 101/NCT04185883
advanced KRAS G12C

mutant mCRC (48)
Sotorasib (AMG510) +

panitumumab

limited to patients treated
with 960 mg qd

27% (13/48)Phase Ib ORR 30% (12/40)
DCR 92.5% (37/40)

mPFS 5.7 mo

CodeBreaK 101 (subprotocol
H)/NCT04185883 advanced KRAS G12C

mCRC previously treated
≥1 prior treatment (33)

Sotorasib (AMG510)
960 mg qd +

panitumumab + FOLFIRI
(54)

ORR 58.1%

45.5% (15/33)DCR 93.5%
Phase Ib mPFS 5.7 mo
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Table 1. Cont.

Clinical Trials Targeting KRAS G12C in mCRC, Completed or with Already Published Data

Study Name/ID Population (n. of
Patients)

Treatment Regimen
(n. of Patients Treated)

Results
Grade 3 or

Higher TRAEsPhase

CodeBreaK 300/NCT05198934

advanced KRAS G12C
mutant mCRC (160)

Sotorasib (AMG510)
960 qd mg +

panitumumab (53)
ORR 26.4% DCR 71.7% 35.8% (19/53)

Phase III mPFS 5.6 mo

Sotorasib (AMG510)
240 qd mg +

panitumumab (53)
ORR 5.7% DCR 67.9% 30.2% (16/53)

mPFS 3.9

SOC (54) ORR 0% DCR 46.3% 43.1% (23/54)
mPFS 2.2 mo

KRYSTAL-1 (combination
arm)/NCT03785249

advanced KRAS G12C
mutant mCRC (32)

Adagrasib (MRTX849)
600 mg bid + cetuximab

ORR 46% (13/28)

16% (5/32)Phase I/II DCR 100% (28/28)
mPFS 6.9 mo
mOS 13.4 mo

NCT04449874 (arm C)
advanced KRAS G12C

mutant mCRC (29)

Divarasib (GDC-6036) at
400 mg qd (26) +

cetuximab

limited to KRAS G12C
inhibitor naive population 37.9% (11/29)Phase Ib ORR 62.5% (14/24)

mPFS 8 mo

NCT04585035 advanced KRAS G12C
mutant solid tumors,
including 29 mCRC

Garsorasib (D-1553)
600 mg bid (29) +

cetuximab

ORR 51.7% (15/29)
10.3% (3/29)Phase I/II DCR 93.1% (27/29)

mPFS 7.56 mo

ID: identification number; TRAEs: treatment-related adverse events; Mo: months; DOR: duration of response;
ORR: overall response rate; mPFS: progression-free survival; qd: quaque die (once a day); bid: bis in die (2 times
a day).

3.1.2. Adagrasib

The KRAS G12C inhibitor adagrasib (MRTX849) binds irreversibly and selectively to
KRAS G12C in its inactive state [27]. In the phase I/Ib KRYSTAL-1 trial, where 25 patients
with advanced, previously treated, solid tumors harboring KRAS G12C mutations were
enrolled and treated with various expansion doses, four of them were affected with mCRC,
with two receiving the RP2D of 600 mg bid (from the Latin “bis in die”, two times a day).
A toxicity profile consistent with sotorasib was observed, with nausea (80.0%), diarrhea
(70.0%), vomiting (50.0%), and fatigue (45.0%) being the most prevalent TRAEs in the
cohort treated with the RP2D. The most common grade 3/4 TRAE was fatigue (15.0%). In
terms of pharmacokinetics, adagrasib displayed a longer half-life compared to sotorasib
(23 h versus 5.5 h), along with a higher exposure dose dependency and ability to penetrate
the central nervous system. Notably, one out of the two mCRC patients treated with the
RP2D exhibited a partial response (PR), with a DOR lasting 4.2 months. Additional efficacy
data came from the phase I/II trial KRYSTAL-1, in which 44 patients affected with mCRC
were treated with adagrasib 600 mg bid, with 19% achieving PR, an mDOR of 4.3 months,
and an mPFS of 5.6 months [28].

3.1.3. Divarasib

The clinical development of divarasib (GDC-6036) started in 2020. Compared to its
predecessors, divarasib boasts a potency of five to twenty times greater and a selectivity
of up to 50 times higher [29]. Notably, at equivalent nanomolar concentrations, divarasib
achieves a higher relative alkylation of KRAS G12C compared to sotorasib and adagrasib.
Furthermore, non-KRAS G12C proteins are alkylated at higher concentrations with divara-
sib compared to the other two drugs. In a phase I trial assessing the safety of divarasib, out
of the 137 patients enrolled, 55 were diagnosed with mCRC [30]. Grade 3 or higher TRAEs
were observed in 12% of the total population, including diarrhea, increased aspartate
aminotransferase, nausea, vomiting, and fatigue. A long half-life of 17 h was observed.
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Regarding efficacy in the mCRC population, a complete response (CR) or PR was observed
in 29% of patients, including one CR. Importantly, higher ORR and mPFS of 36% and
6.9 months, respectively, emerged when analyzing only the subset of 39 patients treated
with the RP2D of 400 mg qd. All partial responses were accompanied by a reduction in
circulating tumor DNA (ctDNA) KRAS G12C allele frequency to less than 1% after 2 cy-
cles. Co-occurring mutations in APC and TP53 did not significantly impact the response.
Analysis of pre- and post-treatment ctDNA from 16 responders revealed that at least one
genomic alteration mechanistically linked to KRAS inhibitor resistance developed in nine
patients. These alterations included RAS copy number gain or amplification, non-KRAS
G12C mutations, alterations in receptor tyrosine kinases (RTKs) and mitogen-activated
protein kinase (MAPK) pathway components, including ERBB2 and MET amplifications,
and BRAF mutations, respectively. Conversely, at least one pre-existing mutation in all RAS
genes was found in six out of 25 patients in the total population with progressive disease
(PD) as the best response, including one mCRC patient, with an adaptive increase and
decrease in the allele variant frequency of the non-KRAS G12C and KRAS G12C mutations,
respectively, in three out of these six. Again, a striking difference in efficacy endpoints
between NSCLC and CRC was observed with divarasib, as higher ORR of 53.4% and mPFS
of 13.1 months were achieved in NSCLC patients.

3.1.4. Other Inhibitors

The aggregate data of two phase I trials (NCT05005234, NCT05497336) in which
Fulzerasib (IBI351) has been tested in 45 mCRC patients with KRAS G12C mutations
have been reported. Among the 32 evaluable patients, an ORR of 43.8% (14/32) was
observed. Grade 3 TRAEs occurred in nine patients (20.0%), with no drug-related adverse
events leading to treatment discontinuation or death [31]. Finally, Garsorasib (D-1553)
monotherapy demonstrated deep clinical activity and safety in heavily pretreated patients
with KRAS G12C-mutated CRC. Based on this initial activity, the combination of Garsorasib
and cetuximab was evaluated in a phase II trial [32]. This trial included 40 patients, 80% of
them having received at least two previous lines. ORR was 45% with a DCR of 95%. mPFS
was 7.6 months whereas OS data is still immature. No grade 4/5 TRAEs were reported [29].

3.2. A Step Forward in Boosting Antitumor Activity: Combining KRAS G12C Inhibitors
with Anti-EGFR

From the outset, a notable discrepancy in efficacy emerged between patients with
NSCLC and CRC in the early phases of trials involving sotorasib. Impressively, the best
ORR reported was 41% in NSCLC compared to 9.7% in mCRC (CodeBreaK 100) [25,26].
Amodio et al. uncovered several variances at the cellular level, notably observing that
colorectal cancer lines exhibited a higher basal level of phosphorylated-functional-receptor
tyrosine kinases (RTKs) and maintained responsiveness to further activation of EGFR by
growth factors [33]. In this milieu of concurrent mechanisms, inhibiting KRAS G12C can not
result in quelling cell growth and proliferation. Moreover, a more pronounced rebound of
the MAPK pathway following KRAS G12C inhibition was demonstrated in CRC compared
to NSCLC cell lines. Consequently, the synergistic combination of KRAS G12C inhibitors
and anti-EGFR therapies was investigated both in vitro and in colorectal patient-derived
models, yielding significant tumor regression or even complete remission. Rayan et al.
further explored adaptive resistance to KRAS G12C inhibitors, identifying the rebound of
the MAPK pathway as a principal mechanism [34]. This rebound, characterized by marked
induction of GTP-bound forms of wild-type HRAS and KRAS, which was otherwise
abrogated by the knockdown of HRAS and NRAS, leads to MAPK pathway activation in
a KRAS G12C-independent way, suggesting that it can not be overcome by escalating the
dosage of KRAS G12C inhibitors. Instead, a strategy involving upstream and downstream
inhibition, specifically with SHP2 or MEK inhibitors, resulted in a robust and sustained
inhibition of MAPK signaling in vitro. This study suggested an alternative approach,
consisting of a combination of KRAS G12C inhibitors with compounds targeting RTK
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signaling. These findings paved the way for the combination of KRAS G12C inhibitors with
either panitumumab and cetuximab, and with other inhibitors along the MAPK pathway,
which are currently under investigation in combination with KRAS G12C inhibitors in
ongoing clinical trials [18,35].

3.2.1. Adagrasib Cetuximab

In the phase I/II trial KRYSTAL-1, adagrasib was also tested in combination with
cetuximab in 32 patients [28]. Grade 3 or higher TRAEs were reported in 34% of the
monotherapy group and 16% of the combination therapy group, with no grade 5 adverse
events observed. However, 16% of patients receiving cetuximab discontinued the drug
due to toxicity. The toxicity profile of the combination only differed in cetuximab-related
adverse events, without any synergistic toxic effects observed. Notably, in patients receiv-
ing adagrasib with cetuximab, the ORR increased from 19% to 46%, along with a mPFS
of 6.9 months, compared to adagrasib monotherapy. An exploratory analysis of ctDNA
revealed a higher clearance of the KRAS G12C mutant allele after two cycles in the com-
bination therapy group compared to the monotherapy group (88% vs. 55%), correlating
with the different ORR. No association between response and PI3KCA and TP53 mutations
were identified. The phase III KRYSTAL-10 trial comparing adagrasib plus cetuximab vs.
second-line chemotherapy has completed recruitment.

3.2.2. Sotorasib Panitumumab

The combination of sotorasib and panitumumab has also been investigated [36,37].
The phase Ib trial, CodeBreaK 101, included cohorts specifically focused on mCRC pa-
tients, comprising a dose exploration cohort of eight patients to determine the RP2D of
sotorasib in combination with panitumumab and a dose expansion cohort that included
40 patients [36]. In total, 27% of patients experienced TRAEs of grade ≥3, mostly attributed
to panitumumab, including rash (6%), acneiform dermatitis (4%), and hypomagnesemia
(4%). Panitumumab led to interruption or reduction more often than sotorasib (29% versus
15%), but no discontinuation of any drug due to a treatment-related adverse event was
reported. In the exploratory cohort, which included 63% of patients previously treated with
sotorasib monotherapy, ORR was 12% and the DCR was 80%. Conversely, in the expansion
cohort (anti-KRAS naive), ORR and DCR were higher at 30% and 92%, respectively, with a
mPFS of 5.7 months. Importantly, the study also evaluated the impact of sidedness but no
difference in terms of response based on primary tumor location was observed.

The phase III trial CodeBreaK 300 tested sotorasib in the refractory setting at two
different doses (960 mg and 240 mg qd), both in combination with panitumumab, and
compared the results with the standard of care, consisting of either regorafenib or trifluri-
dine/tiparacil [37]. Despite the RP2D having already been set at 960 mg qd, the alternative
dose of 240 mg qd of sotorasib was tested due to its non-linear pharmacokinetic properties.
The trial reached its primary endpoint by demonstrating the superiority of the combination
of panitumumab and sotorasib at the two doses tested compared to the SOC in terms of
PFS [5.7 versus 2.2 months, HR 0.49 (95% CI, 0.30 to 0.80; p = 0.006) and 3.9 versus 2.2,
HR 0.58 (95% CI, 0.36 to 0.93; p = 0.03), respectively]. A significant difference in terms
of ORR also emerged among the arms, in which CR/PR was achieved in 26%, 5.7%, and
0% of patients treated with sotorasib 960 mg qd and panitumumab, sotorasib 240 mg qd
and panitumumab, and regorafenib or trifluridine/tiparacil, respectively. Data on overall
survival is still immature. Regarding treatment-related events, a grade 3 or higher TRAE
occurred in 35.8%, 30.2%, and 43% of patients treated with the combination of sotorasib
and panitumumab at a dose of either 960 mg qd or 240 mg qd, respectively, and with the
SOC. The most common grade 3 or higher TRAEs of regorafenib-trifluridine/tiparacil were
neutropenia (23.5%), anemia (5.9%), and hypertension (5.9%), whereas for the combinations,
the grade 3 or higher TRAEs were panitumumab-related dermatitis acneiform (11.3%),
hypomagnesemia (5.7%), and rash (5.7%). Finally, sotorasib and panitumumab were also
investigated in combination with FOLFIRI in 33 pretreated mCRC with at least one prior
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line of systemic therapy. ORR was 58%. More grade 3 or higher TRAEs were observed, up
to 45%, mostly dermatologic [38].

3.2.3. Divarasib Cetuximab

Divarasib was also tested in combination with cetuximab in a cohort of 29 patients with
KRAS G12C mutation mCRC, predominantly administrated at the dose of 400 mg qd [39].
Patients had been previously treated with at least two prior lines of systemic therapy,
including KRAS G12C inhibitors in five patients. A similar frequency of grade 3 or higher
TRAEs was observed with the combination and monotherapy (11%). However, a more
complex toxicity profile emerged, as in addition to diarrhea, lipase elevation, hypomagne-
semia, rash, and other anti-EGFR-related toxicities also occurred. Two grade 4 TRAEs were
reported: one case of hypomagnesemia and one neutropenia. Among patients who have
not previously received KRAS G12C inhibitors, the ORR was 62.5% and the mPFS was
8.1 months. Interestingly, three out of five patients pre-treated with KRAS G12C inhibitors
achieved PR. CtDNA analysis revealed a significant and widespread decline in KRAS G12C
variant allele frequency (VAF), with a KRAS G12C VAF below 0.5% after two cycles in
77% of patients, including one patient achieving stable disease (SD). At the time of disease
progression, an acquired genomic alteration potentially related to adaptive resistance was
identified in 13 out of 14 profiled patients; genomic alterations were consistent with those
reported in patients receiving divarasib monotherapy.

3.3. Ongoing Clinical Trials and New KRAS G12C Inhibitors in Colorectal Cancer

Several clinical trials investigating the safety and efficacy of both well-established
and new KRAS G12C inhibitors, alone, in combination with anti-EGFR, or combined with
inhibitors of other upstream/downstream modulators of the MAPK pathway, are ongoing.

A combination of adagrasib and cetuximab is under further investigation in a phase III
trial that compares the combination to chemotherapy in a second-line setting (KRYSTAL-10).
The addition of irinotecan to adagrasib and cetuximab is under evaluation in a phase I
trial, to explore the safety and activity of the combination (NCT05722327). Boosting KRAS
G12C inhibition through targeting upstream/downstream effectors of the MAPK pathway
is also under evaluation. The main MAPK pathway effectors targeted by combination com-
pounds under evaluation include SHP2 (Src homology region 2-containing protein tyrosine
phosphatase 2), a non-receptor-type protein tyrosine phosphatase encoded by the gene
PTPN11 that acts downstream of most receptor tyrosine kinases, and SOS1 (Son of Sevenless
homolog 1), a GEF that switches RAS-GDP to its active conformational status. Simultane-
ous inhibition of SOS1 and KRAS, which was synergistic in preclinical models of KRAS
G12C-mutated cancer cells [40], is now under clinical investigation in KRYSTAL-14 and
other trials (such as NCT05578092). Similarly, the KRYSTAL-2, KontRASt-1, NCT05288205,
and NCT06024174 are currently evaluating concurrent inhibition of KRAS and SHP2, as
it boosted KRAS inhibition in preclinical models [34,41–43]. In addition, adagrasib is also
under investigation in combination with the CDK4/6 (cycline-dependent kinase 4/6) in-
hibitor palbociclib in KRYSTAL-16, as it boosts KRAS inhibition due to the fact that KRAS is
known to mediate cell proliferation partly through the Cyclin D family [44]. The concurrent
inhibition of KRAS and CDK4/6 demonstrated increased antitumor activity in preclinical
models [45]. Another putative target of combinational inhibition under clinical investiga-
tion in combination with garsorasib is the downstream effector of the MAPK pathway FAK
(focal adhesive kinase), a non-receptor tyrosine kinase that promotes tumorigenesis. In
fact, its concurrent blockade was found superior to anti-KRAS monotherapy in preclinical
models [46].
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The combination of divarasib and cetuximab, plus or minus chemotherapy, is under
investigation in the INTRINSIC trial (NCT04929223), an umbrella trial evaluating the safety
and efficacy of diverse targeted therapies in specific subpopulations of patients with mCRC,
including those harboring KRAS G12C.

Several other anti-KRAS G12C compounds have been developed and are now being
tested in phase I trials, mainly in combination with anti-EGFR therapy, anti-SHP2, anti-
SOS1, or a pan RAS inhibitor. Pharmacodynamic and pharmacokinetic differences between
these compounds might translate into differential efficacy. For example, JDQ443 and JNJ-
74699157 interact with a different cysteine residue than other KRAS G12C inhibitors [47].
Thus, this suggests that they may be able to overcome mechanisms of resistance consisting
of target mutations that have already been reported [47–49]. Conversely, RMC 6291 has
a unique and innovative mechanism of action compared to other KRAS G12C inhibitors:
it binds to cylophilin A and forms a binary complex which then blocks KRAS G12C in
its GTP-bound state (on) in a tertiary complex, leading to the disruption of RAS effector
binding and direct extinction of KRAS G12C (on) signaling [50]. Although it outperformed
other anti-KRAS G12C (off) inhibitors in ex vivo models, clinical data are still awaited.
Table 2 summarizes ongoing clinical trials evaluating KRAS G12C inhibition in patients
with KRAS G12C-mutated colorectal cancer, and Table 3 summarizes the most relevant
differences between adagrasib, sotorsaib, and divarsib.

Table 2. Key ongoing clinical trials evaluating KRAS G12C inhibitors, alone or in combination with
other compounds.

Study ID/Name
Treatment Regimen Population

Phase

Ongoing clinical trials evaluating well established anti-KRAS G12C in combination with other compounds

NCT04975256/KRYSTAL 14 Adagrasib (MRTX849) + BI 1701963 (inhibitor of
KRAS and SOS1 interaction) advanced KRAS G12C mutant solid tumorsPhase I/Ib

NCT05578092 Adagrasib (MRTX849) + MRTX0902
(SOS1 inhibitor)

advanced solid tumors KRAS G12C mutant or harboring
any mutations in MAPK pathway effectorsPhase I/II

NCT05178888/KRYSTAL-16 Adagrasib (MRTX849) + palbociclib advanced KRAS G12C mutant solid tumorsPhase I/Ib

NCT04330664/KRYSTAL-2 Adagrasib (MRTX849) + TNO155 (SHP2 inhibitor) advanced KRAS G12C mutant solid tumorsPhase I/II

NCT04793958/KRYSTAL-10 Adagrasib (MRTX849) + cetuximab
vs chemotherapy advanced KRAS G12C mutant mCRCPhase III

NCT05722327 Adagrasib (MRTX849) + cetuximab and irinotecan advanced KRAS G12C mutant mCRCPhase I

NCT06024174 Adagrasib (MRTX849) + BMS-986466 (SHP2
Inhibitor) +/− cetuximab

advanced KRAS G12C mutant NSCLC, PDCA, BTC
and CRCPhase 1/2

NCT04418661 Adagrasib (MRTX849) + RMC-4630 (SHP2
inhibitor) advanced KRAS G12C mutant solid tumorsPhase I

NCT04892017 DCC-3116 (ULK inhibitor) +/− trametinib,
binimetinib, or sotorasib (AMG510)

advanced solid tumors harboring any mutation in
RAS/MAPK pathwayPhase I/II

NCT05480865/Argonaut Sotorasib (AMG510) + BBP-398 (SHP2 inhibitor) advanced KRAS G12C mutant solid tumorsPhase I

NCT04929223/INTRINSIC Divarasib (GDC-6036) + Cetuximab +/− FOLFOX
or FOLFIRI (in KRAS G12C) advanced mutant mCRCPhase I/Ib

NCT05497336 Fulzerasib (IBI351) + cetuximab (phase Ib) and
versus SOC (phase III in mCRC)

advanced KRAS G12C mutant solid tumors (phase Ib)
Phase Ib/III pretreated KRAS G12C mutant mCRC (phase III)

NCT06166836 Garsorasib (D-1553) + ifebemtinib (IN10018)
(FAK inhibitor) advanced KRAS G12C mutant solid tumorsPhase Ib/II
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Table 2. Cont.

Study ID/Name
Treatment Regimen Population

Phase

Ongoing clinical trials evaluating other anti-KRAS G12C inhibitors

NCT04165031 LY3499446 +/− several compounds, based on
histology (cetuximab in mCRC) advanced KRAS G12C mutant solid tumorsPhase I/II

NCT
04956640/LOXO-RAS-2000 LY3537982 +/− several compounds, based on

histology (cetuximab in mCRC) advanced KRAS G12C mutant solid tumors
Phase I/II

NCT04699188/KontRASt-01 Opnurasib (JDQ443) +/− TNO155 (SHP2
inhibitor) + tislelizumab advanced KRAS G12C mutant solid tumorsPhase Ib/II

NCT05358249/KontRASt-03 Opnurasib (JDQ443) + cetuximab (in mCRC) advanced KRAS G12C mutant solid tumorsPhase Ib/II

NCT05002270 Glecirasib (JAB-21822) advanced KRAS G12C mutant solid tumorsPhase I/II

NCT05194995 Glecirasib (JAB-21822) + cetuximab
advanced KRAS G12C CRC, small intestine cancer and

appendiceal cancerPhase Ib/II

NCT05288205 Glecirasib (JAB-21822) + JAB-3312 (SHP2 inhibitor) advanced KRAS G12C mutant solid tumorsPhase I/IIa

NCT04006301 JNJ-74699157 advanced KRAS G12C mutant solid tumorsPhase I

NCT05462717
RMC-6291 advanced KRAS G12C mutant solid tumorsPhase I

NCT06128551 RMC-6291 + RMC-6236 (pan-RAS inhibitor) advanced KRAS G12C mutant solid tumorsPhase Ib

NCT06117371
BEBT-607 advanced KRAS G12C mutant solid tumorsPhase I/Ib

NCT06006793
SY-5933 advanced KRAS G12C mutant solid tumorsPhase I

NCT06006793
BPI-421286 advanced KRAS G12C mutant solid tumorsPhase I

NCT04973163
BI 1823911 advanced KRAS G12C mutant solid tumorsPhase Ia/Ib

NCT05410145
D3S-001 advanced KRAS G12C mutant solid tumorsPhase I

NCT05768321
GEC255 advanced KRAS G12C mutant solid tumorsPhase I

NCT05485974
HBI-2438 advanced KRAS G12C mutant solid tumorsPhase I

FAK: focal adhesion kinase; SHP: Src homology region 2-containing protein tyrosine phosphatase 2; SOS1: Son of
Sevenless homolog 1.

Table 3. Summary of the most relevant differences between adagrasib, sotorsaib, and divarsib.

Main Pharmacokinetics Characteristic of KRAS G12C Inhibitors
Name Sotorasib (AMG510) Adagrasib (MRTX849) Divarasib (GDC-6036)

Mechanism of action covalent inhibitor of KRAS
G12C

covalent inhibitor of KRAS
G12C

covalent inhibitor of KRAS
G12C

Half-life (hours) 5.5 ± 1.8 24 17.6 ± 2.7
Dose 960 mg qd 600 mg bid 400 mg qd
Median time to maximum
concentration (hours) 1 6 2

Other features CNS penetration

qd: quaque die (once a day); bid: bis in die (2 times a day): CNS: central nervous system.
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4. Mechanisms of Resistance

4.1. EGFR-Mediated Adaptive Feedback Reactivation of the RAS-MAPK Pathway

The first clinical results with KRAS G12C inhibitors in monotherapy suggested that
the KRAS G12C inhibition was lineage-specific. Colorectal cancer cell lines have high basal
RTK activation compared to NSCLC cell lines, and in colorectal cancer, G12C inhibition
promotes higher phospho-ERK rebound than in NSCLC. Amodio et al. identified EGFR
signaling as the main mechanism of resistance to KRAS G12C inhibitors, paving the way to
a new strategy of combinatorial targeting of both EGFR and KRAS G12C. This was proven
to be highly effective in patient-derived organoids and xenografts [33]. Figure 2 summarizes
the mechanisms of resistance and proposed therapeutic strategies to overcome it.

Figure 2. Summary of mechanisms of resistance and proposed therapeutic strategies to overcome it.

4.2. Acquired Genomic Events

From the results of paired plasma sample analyses from patients treated with divara-
sib +/− cetuximab, up to 90% had at least one acquired genomic alteration associated with
treatment resistance [30,39]. Most common genomic mechanisms of resistance included
genomic KRAS alterations (including mutations in non-G12C KRAS, BRAF-V600E, HRAS,
MAP2K1, and KRAS, NRAS, and BRAF amplifications) that led to KRAS oncogenic activa-
tion, but also alterations in the PI3K and RTK pathways components, including EGFR, MYC,
and MET amplifications and ALK and RET fusions [30,39]. Similar data has been reported
with adagrasib +/− cetuximab, where genomic acquired mechanisms of resistance were
detectable in more than 70% of the patients, mostly affecting genes coding for MAPK and
PI3K pathway effectors and RTKs [51]. Importantly, responses were observed regardless of
EGFR expression. Among patients treated with sotorasib monotherapy, genomic acquired
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mechanisms were also common (71%), and mostly involved RTK genes (27%), above all
EGFR, ERBB2, and KIT [52]. In fact, more than 30% of the patients had more than three
genomic mechanisms of resistance. New RTK alterations frequently emerged at progression
in CRC, highlighting the potential role of combining KRAS G12C inhibitors with upstream
inhibitors such as SHP2 or EGFR inhibitors. Finally, deep mutational scanning (in sil-
ico) demonstrates drug-specific patterns of resistance, with some mutations conferring
resistance to adagrasib but not to sotorasib, and vice versa [49]. These pieces of evidence
demonstrate the distinctiveness and complexity of the secondary resistance to KRAS G12C
inhibition and pave the way to overcoming it through the development of both novel KRAS
inhibitors with alternative modes of binding and different allele specificities, and effective
combination therapy regimens with inhibitors of other effectors in the MAPK pathway.
Both these strategies are already under investigation [41,47,48,50]. On the contrary, besides
promising pre-clinical evidence of effective concurrent blockading of PI3K/AKT/mTOR
signaling, no clinical trial is currently ongoing to our knowledge [43,53].

4.3. KRAS Switch-II Pocket Mutations

Most of the patients treated with KRAS G12C inhibitors will develop polyclonal ge-
nomic alterations as a central acquired mechanism of resistance. Notably, several KRAS
mutations including R68S, H95R, and Y96D mutations affect the switch-II pocket, to which
KRAS G12C inhibitors bind, conferring resistance to these drugs [49,54]. In patient-derived
KRAS G12C models, a novel functionally distinct tricomplex KRAS G12C active-state in-
hibitor (RM-018) has been tested preclinically and successfully inhibited KRAS G12C/Y96D,
thus overcoming this mechanism of resistance. Collectively, mutations that disrupt covalent
drug binding can lead to clinical resistance to KRAS G12C inhibitors.

4.4. Histological Switch

In two out of ten patients (one patient with CRC and the other with non-small cell
lung carcinoma) treated with adagrasib monotherapy, from whom paired tumor tissue was
available, the histologic transformation from adenocarcinoma to squamous cell carcinoma
was observed without any identifiable genomic mechanism of resistance [49]. Studies in
G12C and G12D KRAS-mutant lung cancer mouse models and organoids treated with
KRAS inhibitors reveal that tumors invoke a lineage plasticity program to switch from
adenocarcinoma to squamous via transcriptomic and epigenomic changes, modulating the
response to KRAS inhibition [55].

5. Discussion

KRAS G12C mutations are present in a small percentage of metastatic colorectal cancer
patients [9]. However, it is associated with a poor response to standard treatments and
shorter overall survival compared with non-G12C mutations [12,13]. Thus, the devel-
opment of targeted agents that can improve these outcomes is paramount. In the last
decade, several KRAS G12C inhibitors have emerged. Nonetheless, the understanding of
the underlying biology of these tumors has also been crucial in identifying and overcoming
mechanisms of resistance. Early on, after the first patients were treated with KRAS G12C
inhibitors, it was observed that, like BRAF-mutated tumors [56,57], when blocking the
KRAS mutation, negative adaptive feedback through the EGFR receptor emerges, leading
to resistance [33]. Thus, subsequent studies included either cetuximab or panitumumab to
overcome this mechanism of resistance. Indeed, with this combination, clinical outcomes
improved as the drugs boost the antitumor effect. In this scenario, adagrasib and sotorasib
are the first inhibitors being developed and the ones that are in a more advanced stage. The
CodeBreaK 300 trial, combining sotorasib and panitumumab, has been the first phase III
randomized trial to demonstrate the benefit of a KRAS inhibitor over standard treatment in
colorectal cancer [38]. Currently, the KRYSTAL-10 trial, a randomized phase III trial com-
paring adagrasib plus cetuximab vs. chemotherapy, has finished recruitment, and results
are awaited in the upcoming months. In addition, new KRAS inhibitors such as divarasib
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or garsorasib have also demonstrated deep clinical activity not only in monotherapy, with
disease control rates of 84% and 95%, respectively, but also in combination with anti-EGFR
agents. When divarasib was combined with cetuximab, the DCR increased to 95.8% [30,39].
However, data from these trials, despite being promising, need to be carefully interpreted
as they come from small, non-randomized phase I and phase II clinical trials. However,
it could be expected that the combination of these new KRAS inhibitors plus anti-EGFR
may improve the patients’ clinical outcomes significantly. Regarding treatment-related
adverse events, the toxicity profile is similar and manageable among different KRAS G12C
inhibitors, mostly low-grade gastrointestinal adverse events and rash.

On the other hand, despite the addition of anti-EGFR to overcome the EGFR-mediated
adaptive feedback reactivation of the RAS-MAPK pathway following KRAS G12C inhibi-
tion, eventually all patients will progress. In this regard, liquid biopsy has been demon-
strated to be a reliable tool in colorectal cancer to monitor response, to forecast prognosis,
and to identify genomic mechanisms of resistance [58–63]. Circulating tumor DNA from
the KRYSTAL-1 and CodeBreaK 100 trials has been demonstrated to be able to identify
multiple acquired pathological genomic alterations among patients treated with KRAS
G12C inhibitors, with or without anti-EGFR, in up to 70% of the patients, but particularly
among patients treated with the combination [51,52]. In addition, through ctDNA, it has
been identified that patients receiving the double combination have larger decreases in
ctDNA, and this was associated with deeper responses. Indeed, those patients with a mu-
tant allele fraction clearance (MAFC) higher than 90% achieve an ORR of 47% and 67% with
adagrasib and adagrasib-cetuximab, respectively, whereas patients with a MAFC lower
than 90% have an ORR of 8% and 33% with adagrasib and adagrasib-cetuximab, respec-
tively [51]. Similar results were also observed in phase 1b, where divarasib and cetuximab
were combined, in which patients with higher MAFC achieve higher ORR compared with
patients with lower MAFC [39]. Based on these results, it is clear that ctDNA can be used
to track tumor dynamics and identify mechanisms of resistance. In this regard, it could
be hypothesized that, similar to the RAS wild-type and BRAF story in which rechallenge
(anti-EGFR and BRAF inhibitor plus anti-EGFR, respectively) guided with liquid biopsy
has been demonstrated to improve clinical outcomes [64–67]. If there is a resistance to
clonal decay, perhaps the reintroduction of KRAS G12C inhibitors may be effective in a
well-selected population. However, liquid biopsy has also highlighted that RTK alterations
are commonly found in this scenario, which opens a window of opportunity to test new
drugs such as SHP2 inhibitors or combinations with immune checkpoint inhibitors. Lastly,
less common but also important mechanisms of resistance need to be discussed, such as
the histological switch after a KRAS inhibitor-based combination or the conformational
changes of the switch-II pocket produced by specific acquired KRAS mutations. The first
scenario highlights the importance of obtaining, when possible, tumor tissue upon pro-
gression, as this tissue can be informative in helping make decisions such as changes to a
specific chemotherapy regimen based on histological differentiation. The second scenario
is also a window of opportunity to test new tricomplex inhibitors that can block KRAS
activation even when conventional inhibitors are not able to because of three-dimensional
structural changes. Finally, the combination of chemotherapy with KRAS G12C inhibitors
has also demonstrated deep clinical responses. The phase 1b CodeBreaK 101 subprotocol
H is currently evaluating the combination of FOLFIRI plus sotorasib plus panitumumab in
the refractory setting with an ORR of 58% and a DCR of 93%, including patients previously
treated with KRAS G12C inhibitors, thus suggesting that rechallenge with KRAS G12C
inhibitors in combination with chemotherapy may lead to responses even among patients
who have previously progressed to a KRAS G12C inhibitor [38].

Finally, many studies have pointed out the role of the gut microbiome as a prognostic
and predictive biomarker in colorectal cancer [68,69]. In colorectal cancer, Fusobacterium
nucleatum has been related to genetic and epigenetic lesions, such as microsatellite insta-
bility, the CpG island methylator phenotype, and genome mutations in colorectal cancer
tissues [70]. Indeed, F. nucleatum could promote proliferation and metabolism, remodel
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the immune microenvironment, and facilitate metastasis and chemoresistance in the tu-
morigenesis and development of CRC [68]. In addition, F. nucleatum is enriched in KRAS
G12-mutant CRC tumor tissues and contributes to colorectal tumorigenesis. Thus, per-
sonalized modulation of the gut microbiota may provide a more targeted strategy for
CRC treatment.

All in all, the landscape of KRAS G12C inhibitors in colorectal cancer is changing
faster, and the identification of mechanisms of resistance has been paramount in boosting
the antitumor activity of these combinations. Despite data from randomized phase III trials
still being scarce, data from phase II trials evaluating new molecules are promising.

6. Conclusions

Even though KRAS G12C mutations represent a small percentage of all mCRC (around
4%), the development of KRAS G12C inhibitors has demonstrated meaningful clinical
activity. Currently, there is only one randomized phase III trial demonstrating benefit
over trifluridine/tipiracil, but ongoing trials, combining KRAS inhibitors with anti-EGFR,
show promising results and may increase therapeutic options in different settings in the
upcoming years. In addition, the identification of mechanisms of resistance has led to new
treatment strategies to overcome acquired mechanisms of resistance such as conformational
changes of the switch-II pocket, acquired genomic events, or histological changes. In
this scenario, liquid biopsy may help to track tumor responses, identify mechanisms of
resistance, and track clonal decay to develop new treatment strategies. There are new
arrows in the quiver for KRAS-mutated colorectal cancer.
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Abstract: Exosomes are nanosized vesicles that have been found to be involved in many diseases.
Exosomes can mediate communication between cells in a variety of ways. Certain types of mediators
derived from cancer cells can play a crucial role in the development of this pathology, promoting
tumor growth, invasion, metastasis, angiogenesis, and immunomodulation. Exosomes in the blood-
stream show promise as a future tool for detecting cancer at an early stage. The sensitivity and
specificity of clinical exosome biomarkers need to be enhanced. Knowledge of exosomes is not only
important for understanding the significance of cancer progression but also for providing clinicians
with useful information for the diagnosis, treatment, and discovery of methods to prevent cancer
from recurring. The widespread adoption of diagnostic tools based on exosomes may revolutionize
cancer diagnosis and treatment. Tumor metastasis, chemoresistance, and immunity are all aided by
exosomes. A potential new approach to cancer therapy involves preventing metastasis by inhibiting
miRNA intracellular signaling and blocking the formation of pre-metastatic niches. For colorectal
patients, exosomes represent a promising area of investigation for improving the diagnosis, treatment,
and management. Reported data demonstrate that the serum expression level of certain exosomal
miRNA is significantly higher in primary colorectal cancer patients. The present review discusses
mechanisms and clinical implications of exosomes in colorectal cancer.

Keywords: exosome; cancer; colorectal cancer; exosomal miRNA; lncRNA

1. Exosomes

Exosomes are nanosized vesicles that have been found to be involved in many diseases.
They are secreted by various cell types upon the fusion of multivesicular bodies and the
plasma membrane [1]. Exosomes are typically 40–150 nm in diameter and carry nucleic
acids, proteins, lipids, and metabolites [2]. Exosomes eventually generate multivesicular
endosomes (MVEs) that are secreted into the extracellular space to travel to other cells [3].
Originally, when released from cells, exosomes were considered cellular garbage collectors
following cell degradation or loss of cellular homeostasis without playing an important
role in the surrounding body cells. However, more recent findings have showed that they
mediate cell–cell communication, being loaded with proteins, lipids and nucleic acids that
are delivered to target cells, and they are able to alter the biological behavior of the recipient
cells [4]. Various surface molecules are shown to be responsible for the interaction between
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extracellular vesicles and recipient cells for their uptake. After they bind to the target cell,
several processes may occur, receptor–ligand interaction, endocytosis and/or phagocytosis
or membrane fusion and further load delivery into the cytosol and the subsequent change
in the physiological state of the recipient cell [4]. There have been several studies where all
membrane-bound vesicles are largely cited as extracellular vesicles and not particularly
referred to as exosomes, microvesicles or other subtypes. Nevertheless, it is necessary to
clearly distinguish exosomes from other extracellular vesicles in order to comprehend their
action and compare various study results [5]. The biogenesis of exosomes involves their
origin in endosomes, and they exhibit membrane protein expression profiles involved in
membrane transport and fusion such as Rab GTPases, annexins and flotillin, components
of the ESCRT complex, integrins and tetraspanins, including CD9, CD63, and CD81 [6].

One of the basic functions of exosomes is the elimination of excessive proteins or
undesirable molecules from the cell, but they are important mediators of intercellular
communication and are involved in various pathways being biologically active vesicles
released into the extracellular environment [1].

Exosome engineering through genetic and chemical methods for targeted drug deliv-
ery may help increase their therapeutic applicability as clinical biomarkers [7]. There are
still a lot of aspects to be considered for the design of new cancer treatment strategies, but
exosomes exhibit great potential in precision cancer medicine. Figure 1 is broadly depicting
all clinical applications that exosomes may have.

Figure 1. Key applications of exosomes. Reprinted with permission from Zhu, L. et al., 2000 [7].

As exosomes have proved their key role in cancer processes, there are three main
research areas with clear participation in cancer progression: exosomes can modulate
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host immune response and induce immune tolerance; exosome crosstalk with the tumor
microenvironment promotes tumor growth and progression; and their significant role in
metastasis [2].

More exosomes are produced and released by cancer cells than by healthy ones, and
the molecules found in exosomes released by tumor cells are very different from those
found in healthy ones. Recent studies have shown that there are substantial differences
between colorectal cancer (CRC) patients and healthy controls in the levels of certain
microRNAs (miRNAs), long non-coding RNA (lncRNAs), and proteins found in exosomes
isolated from blood (NCs). Some research suggests that these exosomal molecules can
serve as markers for colorectal cancer.

2. The Role of Exosomes in Human Disease in General and Cancer in Particular

2.1. Exosome Modulation of the Immune System

There have been various studies on the role exosomes play in immune regulation,
with a more recent one focusing on how exosomes regulate the immune response [8].

It has been demonstrated that human Epstein–Barr virus-infected B cells secrete
exosomes carrying Major Histocompatibility Complex (MHC) classes I and II, thus indicat-
ing their potential implication in the modulation of immune responses [9]. This finding
has triggered numerous other studies that have confirmed that exosomes secreted by
antigen-presenting cells, for example, DCs, express class I, class II MHC, adhesion, and
co-stimulatory molecules. Such features allow exosomes to directly activate CD8+ and
CD4+ T-cells and induce a strong immune response [1]. Peptide-pulsed dendritic cells
release immunogenic exosomes and stimulate a strong CD8+ T-cell-dependent anti-tumor
immune response [10].

Exosomes derived from cancer cells express tumor antigens able to activate dendritic
cells, therefore determining immune priming and triggering a specific cytotoxic response
superior to the immunogenicity of tumor cell lysates or soluble antigens in vaccines [11].
It has been shown that one intraperitoneal injection of tumor peptide-loaded dendritic
cell-derived exosomes can trigger a very powerful immune response that could lead to
tumor growth delay or tumor rejection [12]. While this could be attributed to high antigen
density, it is also due to the presence of heat shock proteins as seen in the case of exosomes
produced by melanoma cells [13,14].

Exosomes trigger immune response suppression, leading to the low immunogenicity
observed in several studies. Exosomes derived from cancer cells can suppress natural killer
cells by downregulating NKG2D expression [15].

Dendritic cell maturation is impaired in vivo by tumor cell-derived exosomes, there-
fore leading to immunosuppression. Breast cancer cell-derived exosomes are internalized
by bone marrow myeloid precursors, impairing dendritic cell differentiation by promoting
IL6 overexpression and Stat3 phosphorylation [16]. Subsequent research showed that bone
marrow precursor cells isolated from an IL6 knockout (KO) model can differentiate into
dendritic cells following treatment with exosomes derived from cancer cells. Altogether,
these study results indicate the immunosuppressive potential of tumor cell-derived exo-
somes via NK and DC modulation. Still, not all findings can identify the effector molecules
initiating the modulation of the immune response [2].

2.2. Exosomes and Cancer

Cancer progression is determined by the crosstalk between cancer cells and the neigh-
boring cells. This type of cell-to-cell communication is based on dynamic information
exchange, inducing a pro-tumor microenvironment where carcinogenesis occurs and the
immune response is modulated in order to promote tumor progression and survival [1].

Exosomes are essential components of the intercellular microenvironment, acting as
regulators of cell-to-cell communication. It has been widely demonstrated that exosomes
can induce phenotypic changes in neighboring cells through the activation of specific
cell-signaling pathways leading to cancer progression [17].
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Extensive studies have been carried out on intracellular communication, mainly during
tumor development. Exosome-associated RNAs, miRNAs, proteins, DNAs, and even
metabolites are able to determine changes in the outcome of recipient cells via autocrine
and paracrine signaling mechanisms. Exosomal proteins are able to modulate the outcome
of exosome-secreting cells through autocrine signaling. More specifically, chronic myeloid
leukemia-derived exosomes contain TGFβ1, a cytokine that binds to the TGFβ1 receptor
in leukemia cells and further promotes tumor growth by the activation of ERK, AKT and
anti-apoptotic pathways in producer cells [5].

Some of their characteristics make exosomes superior to other extracellular vesicles for
use as therapeutic agents, such as their stability in vivo and in vitro, bioavailability, good
distribution into the surrounding body fluids, their ability to successfully cross the blood–
brain barrier, good tolerance and regulation of gene expression by transferring miRNA
and siRNA into target cells. All these features indicate their potential role in anti-cancer
vaccines as well as natural liposomes for targeted delivery with various options for novel
cancer therapies [1].

Mitochondrial DNA components were detected in exosomes, resulting from the culture
supernatant of myoblasts and chromosomal DNA (vide infra). Chromosomal DNA was
identified in cell culture supernatant in both human and mouse biological fluids, such as
blood, seminal fluid, and urine. DNA-loaded exosomes could enhance DNA stability after
it leaves the cell [18]. Such findings promote the use of exosomes as novel biomarkers
in liquid biopsies, assisting the diagnosis and monitoring of cancer patients [19]. Blood
plasma exosomes containing circulating DNA are complex agents in cancer therapies,
isolating cancer-specific DNA for circulating cancer cell-derived exosomes [20].

Fibroblast-derived exosomes were shown to stimulate the protrusion of breast cancer
cells (BCC) as well as their motility and metastasis dependent on tetraspanins, namely Cd81,
which are common EV-associated markers. A study on a mouse model showed that tumor
exosomes influence cancer metastasis based on the core PCP pathway in breast cancer
cells, indicating that PCP components are almost mutually distributed in the protrusions of
single, motile and malignant cells. Exosome activity is associated with the Wnt11 produced
in breast cancer cells, and exosomes secreted from fibroblast are internalized by BCCs
and further loaded with Wnt11. Therefore, exosomes secreted from fibroblasts play an
important role in mediating the mobilization of autocrine Wnt-PCP signaling in BCCs,
stimulating invasive behavior and metastasis in murine models [21].

In a recent study, cancer-associated fibroblasts demonstrated enhanced exosome pro-
duction following gemcitabine injection, which also influenced exosome content by an
increase in the presence of SNAIL1 and miR-146a. After treating pancreatic cancer cells
with gemcitabine-derived CAF exosomes, cancer cells showed resistance to therapy and
increased proliferation. Such results emphasize the ability of stromal cell-derived exosomes
to enhance pro-cancer properties, including migration and resistance to therapy [22].

3. Exosomes and Colon Cancer—Reported Associations

Exosomes are often employed as a novel reservoir for disease biomarker discovery,
especially in cancers. There have been reports showing the usefulness of exosomal miRNA-
103, tripartite motif-containing 3 protein, glypican-1 proteoglycan protein and hepatocyte
growth factor-regulated tyrosine kinase substrate protein in colon cancers. As a result,
exosomes proved their potential as tumor markers for various types of cancers, including
colorectal cancer [23–25].

As cancer cells secrete more exosomes than normal cells, there is a significant difference
between molecules found in tumor cell-derived exosomes and those in normal cells. It has
been demonstrated that there is a significant difference in certain miRNAs, lncRNAs and
proteins in blood-derived exosomes between patients with colorectal patients and healthy
subjects. Such exosomal molecules could be used as predictors for colorectal cancer [24].

The serum expression level of exosomal miRNA (let-7a, miR-1229, miR-1246, miR-150,
miR-21, miR-223, and miR-23a) was significantly higher in primary colorectal cancer
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patients, including those with early-stage disease than in healthy subjects, being sub-
stantially downregulated following tumor excision. Those seven miRNAs also showed
significantly higher secretion by colon cancer cell lines when compared to the healthy
colon-derived cell line.

Their high sensitivity was validated by receiver operating characteristic (ROC) analysis [26].

Exosome and CRC Metastasis

It has been stated that 90% of cancer deaths are caused by metastasis. Commonly,
colorectal cancer spreads to distant organs (liver, lung, lymph nodes). In the case of patients
with distant metastasis, the five-year survival rate is a grim 10%. It is thus very important
to detect metastasis early in order to increase the survival of these patients [24].

MiR-203 demonstrated the existence of a link between tumor and host cells, with exo-
somal miR-203 presented as a novel biomarker to predict metastasis mainly as a promotor
of monocyte differentiation to M2-TAMs and the subsequent formation of pre-metastatic
niches. There have been significant clinical findings showing the dual functions of miR-203
in the progression of colorectal cancer [27].

Enhanced IRF-2 serum levels in CRC patients with lymph node metastasis present
themselves as a novel biomarker for metastasis. Exosomal IRF-2 is able to activate lymph
node metastases by remodeling the lymphatic network [28].

Shao et al. demonstrated that serum extracellular vesicles containing miR-21 in colon
cancer cells are new macrophage regulators leading to the creation of an inflammatory pre-
metastatic niche in colon cancer liver metastasis. While cancer develops, primary CRC cells
secrete serum extracellular vesicles containing miR-21 that are transported by the blood
flow to the liver where they are engulfed by macrophages. The serum extracellular vesicles
deliver the miR-21 load, and by targeting the TLR7 pathway, they polarize macrophages
enhancing the synthesis and release of pro-inflammatory cytokines such as IL-6, thus
paving the way for a permissive inflammatory pre-metastatic niche in the liver where
circulating CRC cells can survive, colonize and subsequently develop macrometastasis [29].

Recent research has shown that miR-375 controls the expression of MMP2 and other
genes involved in the epithelial–mesenchymal transition (EMT), such as SNAIL. Colorectal
cancer cells proliferate, invade, and migrate when miR-375 is suppressed. Loss of function
of the tumor suppressor miR-374 in colorectal cancer (CRC) promotes proliferation, inva-
sion, migration, and intrahepatic metastasis through activation of the PIK3/AKT pathway.
To a large extent, miR-374 inhibition upregulates the expression of its targets, which include
the transcription factors SNAIL, SLUG, and ZEB1 as well as NCAD and VIM [30].

The regulation of ZEB transcription factors in CRC cells is primarily mediated by
two members of the miR-200 family: miR-200c and miR-429. MiR-200c inhibition of ZEB1
expression leads to EMT inactivation and decreased CRC cell invasion and migration.
Because of its ability to target ONECUT2, MiR-429 could suppress cell migration and
invasion, reversing TGFb’s EMT-inducing effects. MiR-429 is, however, substantially
downregulated in colorectal cancer [31].

Because of its ability to target ONECUT2, MiR-429 could suppress cell migration and
invasion, reversing TGFb’s EMT-inducing effects. In contrast, miR-429 is considerably
downregulated in colorectal cancer [32].

In addition, the loss of ASCL2 function, a target of WNT signaling, can activate the
miR-200 cluster, which in turn inhibits the ZEB and SNAIL families of transcription factors
and controls the plasticity from EMT to mesenchymal–epithelial transition (MET) [33].

It has been found that the upregulation of the ZEB2 target gene is associated with CRC
invasion and metastasis when other tumor suppressors, particularly miR-335, miR-132,
and miR-192, are downregulated [34–36].

Takano et al. stated that CRC cell-derived exosomal miR-203 promotes the differentia-
tion of monocytes into M2-tumor-associated macrophages (TAMs) involved in colorectal
cancer metastasis to the liver [27].
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Table 1 summarizes the roles of exosomes in colorectal metastatic disease. One can
distinguish the important clinical aspects in which exosomes are involved as well as
opposite effects (anticancer/cancer promoter) reported for different exosomes.

Table 1. Exosomes in colorectal metastatic disease.

Name Role Clinical Implication

miR-203 promotor of monocyte
differentiation to M2-TAMs

carcinogenesis and progression by
promoting tumor growth, proliferation,

antiapoptotic mechanisms, and
migration [27]

IRF-2 vascular endothelial growth
factor C

activate lymph node metastases by
remodeling the lymphatic network [28]

miR-21 TLR7 pathway
polarize macrophages enhancing synthesis
and release of pro-inflammatory cytokines

such as IL-6 [29]

miR-375

controls expression of MMP2
(and other genes involved in the

epithelial-mesenchymal
transition (EMT)), SNAIL gene

promotes proliferation, invasion, migration,
and intrahepatic metastasis through

activation of the PIK3/AKT pathway [30]

miR-200c inhibition of ZEB1 expression EMT inactivation and decreased CRC cell
invasion and migration [31]

miR-429 target ONECUT2 suppress cell migration and invasion [32]

miR-335
miR-132
miR-192

upregulation of the ZEB2 CRC invasion and metastasis [27]

4. Exosomal Elements as Predictive Markers for Colon Cancer

Efforts have been made to employ miRNAs in serum or plasma as diagnostic biomark-
ers for more cancers. There are still decisions to be made regarding the type of miRNAs
to be selected as markers. The particular properties of exosomes, such as their ability to
embed specific miRNAs, their stability in the blood flow, their reproducible detection, and
especially their ability to reflect the properties of cancer cells, promote them as important
tools in the design of highly sensitive diagnostic strategies for the rapid and non-invasive
monitoring of cancer evolution [26].

Exosomal miRNAs could be a biomarker of colorectal cancer. A recent RNA sequenc-
ing study on exosomes in colorectal cancer patients indicated high miRNA-139-3p, let-7b-3p
and miRNA-145-3p expression in plasma exosomes [37].

Elevated exosomal miRNA-19a levels in the serum of colorectal patients were indica-
tive of cancer recurrence [38].

Moreover, exosomal miRNA-17-92a expression in the blood was associated with cancer
recurrence. Certain exosomal miRNAs such as miRNA-1229, miRNA-1246, miRNA-21,
miRNA-23a, let-7a, miRNA-223 and miRNA-150 demonstrated great transfer by serum
exosomes in colorectal cancer patients, but they were significantly lower following surgical
excision [26].

MiRNA-1246, miRNA-21 and miRNA-23a stand out as powerful diagnostic biomark-
ers of colorectal cancer [39].

Figure 2 illustrates one method to be implemented in the future to analyze cargoes
of exosomes in order to highlight different types of miRNA embedded as biomarkers for
colorectal cancer.
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Figure 2. Method for highlighting types of biomarkers of colorectal cancer patient. Reprinted with
permission from Ahmadi, M et al., 2021 [40].

Table 2 shows the types of exosomal miRNAs that are potential cancer diagnostic
biomarkers in colorectal cancer. The studies discussed the use of lncRNA-loaded CRC-
derived exosomes as diagnostic biomarkers.

Table 2. Potential cancer diagnostic biomarkers miRNA in colorectal cancer. Adapted with permission
from Ahmadi, M et al., 2021 [40].

miRNA Type Isolated from Level of miRNA in CRC

mrRNA-23a; miRNA-301a Serum High
miRNA-486-5p Plasma High

miRNA-6803-5p Serum High
miRNA-125a-3p Plasma High
miRNA-150-5p Serum Low

In another study, Zou et al. observed significantly lower serum exosomal miR-150-5p lev-
els in colorectal cancer patients, therefore being appropriate diagnosis indicators. Diagnostic
accuracy was boosted by the combined use of miR-150-5p and the carcinoembryonic anti-
gen. Altogether, these findings emphasize the potential of exosomal miRNAs in diagnosing
colorectal cancer [41].

LncRNA is a non-coding RNA that has a size of more than 200 nt in length, and it was
found in the blood exosomes of patients diagnosed with colorectal cancer. The results in
one study showed an overexpression of lncRNA differentially expressed. This could lead
in using lncRNA as a tumor marker due to its non-invasive character, high sensitivity and
specificity, as well as stability. It is also highly correlated with aggressive tumor behavior
and poor prognosis. Such results provide the grounds for the design of an early diagnostic
and prognostic biomarker for colorectal cancer and the corresponding novel therapeutic
strategies [42].

In their study, Hu et al. study demonstrated that exosomal lncRNAs, namely LNCV6_98602,
LNCV6_98390, LNCV_108266, LNCV6_116109, LNCV6_38772, and LNCV6_84003 plasma ex-
pression, was significantly higher in patients with colorectal cancer, promoting them as potential
diagnostic biomarkers for this type of cancer [43].
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Barbagallo et al. showed in two types of CRC cell lines (HCT-116, Caco-2) that
urothelial cancer associated 1 (UCA1), also a lncRNA, can act as a RNA regulator for
colorectal cancer progression by modulating the ceRNA network, thus upregulating ANLN,
BIRC5, IPO7, KIF2A and KIF23 in two ways: (1) miRNAs sponge effects determining
negative expression, and (2) the direct binding of mRNAs to 3′-UTRs to protect them from
degradation. Such elaborate RNA-based regulatory signaling for cancer control suggests
the design of novel anticancer therapies targeting UCA1 [44].

Granulocytic myeloid-derived suppressor cells were shown to enhance the capability
of colorectal cancer cells for self-renewal and differentiation as a result of exosomes and exo-
somal S100A9 influence in the tumor microenvironment, mainly under hypoxic conditions.
Hyperoxia reduces the stemness of colon cancer cells via the inhibition of the production of
GM-Exo. Elevated plasma concentration of exosomal S100A9 was linked to the occurrence
and recurrence of colorectal cancer. The production of block MDSC exosomes could be
used as a new approach for colorectal therapy [45].

The results demonstrate the potential use of exosomal proteins as biomarkers of
colorectal cancer.

5. Detection and Screening Based on Exosomal Components

The carcinoembryonic antigen (CEA) was also observed in the serum exosomes of
colorectal patients [46]. The value of the area under the curve (AUC) of serum exosomal
CEA (0.9354) was greater than that of serum CEA (0.8557). It is thus more significant
to detect serum exosomal CEA in order to predict distant metastasis in colorectal cancer.
The overexpression of interferon regulatory factor 2 (IRF-2) was observed in the serum
exosomes of colorectal cancer patients with lymph node metastasis [28].

From a mechanistic view, exosomal IRF-2 triggers lymph node metastasis by remodel-
ing the lymphatic network. Certain miRNAs were differentially expressed in the plasma
exosomes of patients with locally advanced rectal cancer, therefore promoting themselves
as potential biomarkers for the poor prognosis of colorectal cancer [47].

Among them, there was a correlation between low miR-181a-5p levels and high
miR-30d-5p levels in plasma exosomes and lymph node metastases and liver metastases.
There is still no clear definition of the roles these RNAs play in colorectal cancer [24].

In their study, Jun et al. were able to identify several candidate targets with a miRNA–
mRNA network (mRNA: CBFB, CDH3, ETV4, FOXQ1, FUT1, GCNT2, GRIN2D, KIAA1549,
KRT80, LZTS1, SLC39A10, SPTBN2, ZSWIM4; and exosomal miRNA: hsa-miR-126, hsa-
miR-139, hsa-miR-141, hsa-miR-29c, and hsa-miR-423), which could be used as potential
biomarkers in the diagnosis of colorectal cancer with the presence of an exosomal miRNA–
mRNA network in cancer progression. Their results pave the way for new diagnostic and
treatment strategies of colorectal cancer [48].

6. Targeting Exosomal Components—Drugs, Nanostructures, Polymers

There have been great attempts to enhance the innate properties of exosomes and to
enhance the manufacturing process of exosomes or exosome mimetics. Exosome-based
drug delivery tools were divided into three subgroups based on the extent of human
manipulation and their natural feel compared with cell-derived exosomes. Frequent
protein components that exosomes contain include cytoskeletal (such as actin), cytosolic (for
example GAPDH), heat shock (HSP90), antigen presentation (MHC-I, -II), and membrane
proteins (CD9, CD63) together with proteins involved in vesicle trafficking (Tsg101) [49].

In the tumor microenvironment (TME), fibroblasts are a major component. MicroRNAs
regulate multiple signaling pathways, causing fibroblasts at the primary tumor site to take
on a new phenotype and transform into CAFs. Cancer-associated fibroblasts (CAFs) are
distinct from normal fibroblasts (NFs) due to their pro-tumorigenic properties and high
expression of smooth muscle actin (28). To promote tumor growth, CAFs secrete a variety
of pro-inflammatory molecules, such as interleukins, chemokines, and extracellular matrix
(ECM) components.
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Oxaliplatin (Oxa) is a common chemotherapeutic agent for colorectal cancer treatment.
The exosome-mediated crosstalk between CRC-associated fibroblasts (CAFs) and CRC cells
have demonstrated important roles in chemoresistance to Oxa. It was also confirmed that
oncogene miR-21, one of the most oncogenic miRNAs, was enriched in the exosomes from
CAFs [50].

After overexpression in exosomes, miR-21 is transported to colorectal cancer cells and
enhances AKT phosphorylation strongly related to chemoresistance to Oxa. In another
study, lncRNA H19 was expressed to a great extent in the CAFs of colorectal cancer patients,
which also increased with cancer progression. LncRNA H19, as a oncofetal transcript, has
been shown to promote SIRT1-mediated autophagy in colorectal cancer (CRC) cells, which
in turn confers resistance to 5-fluorouracil [51].

One of the most common causes of therapeutic failure is resistance to therapy. The
various mechanisms of exomes were shown to determine drug resistance in several recent
studies. Exosomes can guide miRNAs, lncRNAs and proteins to the target cells and trigger
signal transmission between drug-resistant cells and sensitive cells, stromal cells and tumor
cells, which can lead to the drug resistance of tumor cells [52,53].

Other examples of resistance were observed in the microenvironment of ovarian
cancer, where exosomes derived from tumor-associated adipocytes and tumor-associated
fibroblasts are able to transport miR-21 to ovarian cells, downregulating APAF1 expression
and inhibiting tumor apoptosis, thus leading to resistance to paclitaxel [54].

In colorectal cancer, CAF-derived exosomes loaded with miR-92a-3p are aimed at
FBXW7 and MOAP1 in the tumor microenvironment and further activate the WNT/β-catenin
pathway, inhibit mitochondrial apoptosis, leading to cell stemness, epithelial–mesenchymal
transition, tumor metastasis and resistance to 5-FU/L-OHP [55].

Tumors are able to stray from attacks from the immune system by various mecha-
nisms that allow them to avoid being detected. The immunomodulatory potential makes
exosomes useful in novel immunological strategies to improve antitumor immunity.

Cancer immunotherapy using chimeric antigen receptor (CAR) is a promising thera-
peutic approach. The clinical use of CAR-modified T cell (CAR-T) therapy in solid tumors
was not as successful as in hematological malignancies, such as acute lymphoid leukemia,
mainly due to side effects such as cytokine release syndrome (CRS), cytokine storm and
on-target/off-tumor responses [56].

7. Future Directions

Because of their notable accuracy across a wide range of biological datasets, microRNAs
have emerged as promising leads in the search for additional CRC cancer biomarkers. The
value of serum miRNAs throughout CRC diagnosis, prognosis, and treatment response has
been the subject of a plethora of recent papers. Compared to traditional markers such as
carcinoembryonic antigen (CEA) and CA19-9, a panel of six miRNAs (miR-21, let-7g, miR-31,
miR-92a, miR-181b, and miR-203) has been shown to be a potential marker for CRC diagnosis
with over 40% specificity and sensitivity [57].

The absence of trustworthy methods for cancer detection has led to a drawback in the
development of colorectal cancer. There is a need for highly efficient detection techniques
in order to lower the risk of cancer-associated mortality. More and more findings have
demonstrated the strong correlation between the initiation and progression of colorectal
cancer and the differentially expressed exosomal RNAs and proteins. These molecules are
able to influence the oncogenesis, metastasis, chemoresistance and recurrence of colorectal
cancer, thus being potential candidates for this type of cancer. There are several advantages
offered by exosomes as novel tumor markers: (i) they could be superior to conventional
techniques in terms of sensitivity and specificity; (ii) their bioactive molecular content,
without much serum involvement; (iii) they are characterized by high stability and their
contents do not degrade in the extracellular environment; and (iv) they are secreted by a
variety of body liquids, and thus, they can be extracted in a non-invasive manner. The
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Food and Drug Administration has already approved the use of certain exosome-based
diagnostic kits in clinical trials [24].

Nevertheless, there are certain drawbacks to the use of exosomes as tumor markers.
For example, it is essential to rapidly and meticulously isolate exosomes from a sample prior
to using them as biomarkers. The present isolation techniques have their own limitations,
being bulky, lengthy, including contaminations, and they are expensive. The purity of
exosomes is of great importance and the presence of impurities, such as proteins and RNAs
in exosomal compounds has been reported, which may have a negative impact on the
accuracy of exosome-based diagnosis. It is thus crucial to design highly accurate separation
methods to enable the transition of exosome detection to clinical applications. Another
aspect is the term “exosomes” itself, which is not recommended nomenclature anymore
due to the wide vesicle heterogeneity depending on the purification method, which has
dictated the quality and accuracy of the final product. The different results have led to
standardization issues, and thus, studies cannot be compared. It is necessary to eliminate
all deviations in order to successfully employ exosomes as biomarkers [24].

There are multiple mechanisms by which exosomes act as mediators of intercellular
communication. Those derived from colorectal cancer cells are essential mediators in this
type of cancer influencing tumor formation by enhancing growth, invasion, metastasis,
angiogenesis and immunomodulation. Regardless the stage of the condition, exosomes can
transport certain biomolecules into the blood, therefore promoting themselves as promising
biomarkers for cancer stage. As exosomes are released into various biofluids, they could be
used as a novel diagnostic biomarker in colorectal cancer. There are still a few aspects that
need to be thoroughly explained, such as the processes of separation, characterization and
validation [40].

8. Conclusions

Several studies have investigated the potential of exosomes as diagnostic and prognos-
tic biomarkers in cancer in general and colorectal cancer in specific and as targets for novel
therapeutic interventions. However, further research is needed to fully understand the
complex roles of exosomes in colorectal cancer and to translate this knowledge into clinical
practice. Overall, exosomes represent a promising area of investigation for improving the
diagnosis, treatment, and management of colorectal cancer.

It has become increasingly evident that there are several key aspects regarding the
underlying mechanisms of exosome-mediated crosstalk in the tumor microenvironment,
distant cell interactions, exosome heterogeneity, and molecular mechanisms that are re-
sponsible for resistance and metastasis. Our understanding of exosome-mediated therapy-
resistance in different cancers will be directed by the tumor context, which will be directed
by the design of different research approaches in this new vast area of study based on the
tumor context. The translation of these findings into the clinical realm will provide a novel
and effective treatment modality for future cancer patients.

Due to their quantity and heterogeneity, exosome biomarkers can produce false pos-
itives and negatives in diagnosis and prognosis. Clinical exosome biomarker sensitivity
and specificity must be improved.

Blocking the formation of pre-metastatic niches and inhibiting miRNAs intracellular
signaling to prevent metastasis may be used as a novel cancer therapy strategy.
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Abstract: DNA mismatch repair deficient (dMMR) and microsatellite instable (MSI) metastatic col-
orectal cancer (mCRC) can be successfully treated with FDA- and EMA-approved immune checkpoint
inhibitors (ICI) pembrolizumab and nivolumab (as single agents targeting the anti-programmed
cell death protein-1 (PD-1)) or combinations of a PD-1 inhibitor with ipilimumab, a cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4)-targeting antibody. The best treatment strategy beyond
progression on single-agent ICI therapy remains unclear. Here, we present the case of a 63-year-old
male with Lynch-syndrome-associated, microsatellite instability-high (MSI-H) mCRC who achieved a
rapid normalization of his tumor markers and a complete metabolic remission (CMR), currently last-
ing for ten months, on sequential ICI treatment with the combination of nivolumab and ipilimumab
followed by nivolumab maintenance therapy after progression on single-agent anti-PD-1 ICI therapy.
The therapy was well-tolerated, and no immune-related adverse events occurred. To the best of our
knowledge, this is the first case of a sustained metabolic complete remission in an MSI-H mCRC
patient initially progressing on single-agent anti-PD-1 therapy. Thus, dMMR mCRC patients might
benefit from sequential immune checkpoint regimens even with long-term responses. However,
further sophistication of clinical algorithms for treatment beyond progression on single-agent ICI
therapy in MSI-mCRC is urgently needed.

Keywords: immune checkpoint inhibition; nivolumab; ipilimumab; microsatellite instability; metastatic
colorectal cancer

1. Introduction

Mutations in the DNA repair genes MLH1, MSH2, MSH6, and PMS2 may result
in DNA-mismatch-repair-deficient cancer, characterized by a high mutational burden in
repetitive DNA sequences, so-called microsatellites. Therefore, MMR deficiency is often
associated with a high frequency of microsatellite instability, as found in various cancer
entities [1].

While MMR deficiency is seen in about 10 to 15% of colorectal carcinomas, an under-
lying germline mutation in at least one DNA repair gene can be found in approximately
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3% of all CRC patients [2,3]. Inherited MSI (hereditary non-polypous colorectal cancer;
HNPCC, Lynch syndrome) is one of the most frequent tumor predisposition syndromes
in CRC.

MSI-H mCRC responds poorly to cytotoxic treatment. Molecularly, genomic alter-
ations in dMMR/MSI-H CRC lead to the creation of neoantigens and thus immunogenic
epitopes on the cell surface. The microenvironment of dMMR/MSI-H CRC has been
demonstrated to be enriched in tumor-infiltrating lymphocytes directed against these dis-
tinct tumor neoantigens, indicating ongoing immune surveillance in those cancers [4,5].
Nevertheless, an effective anti-tumor immune response is thwarted by an augmented
expression of immune checkpoint molecules including PD-1, its ligand anti-programmed
cell death protein-ligand 1 (PD-L1), and CTLA-4 and thus immunosuppressive features of
the tumor immune ecosystem [6–9]. These immune escape mechanisms allow growth and
progression of dMMR/MSI-H mCRC and are key barriers in anti-tumor immunity, as they
inhibit T-cell anti-tumor responses [10].

Immune checkpoint inhibitors have revolutionized the treatment of solid tumors as
they can overcome this blockade and strengthen anti-tumor immunity. For dMMR/MSI-H
mCRC patients, ICI therapy has been shown to induce an effective anti-tumor immune re-
sponse with long-term efficacy, while MSI stable tumors poorly respond to immunotherapy.
Therefore, testing for MMR protein expression or MSI, preferably both, is mandatory.

More in detail, treatment of dMMR/MSI-H mCRC with a single anti-PD-1 agent,
such as pembrolizumab (evaluated in KEYNOTE-164 [11,12] and KEYNOTE-177 trials [13])
or nivolumab (evaluated in the CHECKMATE-142 trial [14]), resulted in response rates
of up to 32% and a median progression-free survival (PFS) and overall survival (OS)
of 4.1/47.0 months for pembrolizumab and a 12-month overall survival rate of 73% for
nivolumab, respectively [15,16]. Combined ICI therapy using the anti-PD-1 antibody
nivolumab and the anti-CTLA-4 antibody ipilimumab has been demonstrated to increase
the tumor infiltration with T-cells in melanomas [10]. In dMMR/MSI-H mCRC patients,
the combined immune checkpoint blockade has shown increased objective response and
disease control rates of 69% and 84%, respectively (median PFS/OS not reached at a
minimum 24.2 months-follow-up; CHECKMATE-142 trial [17,18]). Hence, combined ICI
treatment is already the current standard of care for MSI-H/dMMR mCRC patients in a
first-line setting in the US and approved by the FDA.

However, the majority of patients with an initial response to single-agent ICI eventually
develop progressive disease due to acquired ICI resistance [9,10,19–22]. The mechanisms
of secondary resistance to ICI treatment are diverse and entity-specific [9]. Infiltration with
tumor-suppressive cells, downregulation of major histocompatibility complexes (MHC)
class I molecules, and thus, hampered antigen presentation, apotosis inhibition by hypoxia,
alterations in gut microbioma, defective tp53 and INF-signal pathways, amplified WNT/ß-
Catenin, and TGF-ß signaling, inducing an increased portion of cancer stem cells (CSCs)
that impact the tumor environment, are factors that promote to the tumor-mediated ICI
bypass [9,10,20].

With rising evidence to the underlying mechanisms of hampered ICI efficacy, therapeutic
approaches to restore the immune system and boost ICI efficacy, such as CSC-directed therapy
or fecal microbial transplantation, are increasing, but currently remain experimental.

At present, there is no general recommendation for further treatment options, and
especially not for an adjustment of the immunotherapeutic regimen in dMRR/MSI-H
mCRC patients progressing on single-agent anti-PD-1 ICI therapy.

Here, we report on the clinical course of a patient with KRAS-mutated dMMR/MSI-H
mCRC successfully treated with dual checkpoint inhibition using nivolumab and ipili-
mumab after initial progression under single anti-PD-1 agent pembrolizumab.

2. Case Presentation

A 63-year-old male was diagnosed with a pT3, pN1c, pMx, L0, V0, Pn0, UICC
(version 8) stage IIIB high-grade (G3), KRAS-mutated (Q61K) adenocarcinoma of the
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ascending colon in December 2019. Figure 1 illustrates the relevant timepoints of the
diagnostic assessments and treatment strategies.

Figure 1. Timeline of the patient’s treatment and course of the disease including obtained samples
and imaging performed.

Histopathological work-up revealed the loss of MSH6 expression in the tumor tissue
(Figure 2), and germline testing detected a frame-shift mutation in MSH6 gene, impli-
cating Lynch syndrome. The patient was treated with four adjuvant courses of XELOX
(capecitabine and oxaliplatin) after initial right hemicolectomy prior to initiating further
care in our department. Post-treatment imaging showed no further evidence of disease.

 

Figure 2. Immunohistochemistry reveals loss of MSH-6 mismatch repair protein in the tumor tissue
immunohistochemical staining of mismatch repair proteins in tumor tissue of the small intestine
shows an isolated nuclear loss of MSH6 (C), whereas MSH2 (A), MLH1 (B), and PMS2 (D) are
strongly expressed (original magnification ×200, scale bar ∼= 50 μm). Nuclear staining was assessed
in comparison to lymphocytes serving as internal positive control.

Eight months prior to the diagnosis of the dMMR/MSI-H colon carcinoma, the patient
had already been diagnosed with prostate carcinoma (initial Gleason-Score 3 + 3 = 6) and
high-grade prostate intraepithelial neoplasia (PIN). The lesions were regularly monitored
via MRI and 3-monthly biopsies were performed while chemotherapy with capecitabine
and oxaliplatin (XELOX) was applied. In July 2020, biopsies revealed a rising Gleason score
(3 + 5 = 8), and the patient underwent robotic-assisted radical prostatectomy. As expected
from the germline variants observed in the colon cancer samples, the immunohistochemical
workup also revealed a loss of MSH6 expression in the prostate cancer tissue. Postoperative
PSA-levels were always normal.
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In November 2020, the first follow-up imaging by computed tomography (CT) showed
multiple liver nodules, suspicious for diffuse liver metastases. At that time, the patient
was admitted to our emergency department with melaena, infrapubic swelling, and severe
periumbilical pain. Colonoscopy and balloon-assisted enteroscopy were inconclusive,
while positron emission tomography and computed tomography (PET/CT, Figure 3a)
showed local tumor recurrence at the site of the ileocolic anastomosis as well as massive
disease progression with diffuse peritoneal carcinomatosis, subcutaneous lesions in the
lower left abdomen at former laparoscopic port sites, one bone lesion in the tenth rib on the
right, and multiple metastases to the liver and abdominal lymph nodes.

Figure 3. PET-CT images therapeutic response resulting in complete metabolic remission. (a) Local
relapse and metachronous metastatic disease (December 2020). (b) Mixed response in April 2021
after six cycles pembrolizumab. (c) PR with decrease of metabolic activity and complete metabolic
remission (CMR) of liver and bone metastases in June 2021. (d) Sustained CMR of liver metastases.
Postoperative increased metabolic activity of one lymph node (red circle) in November 2021. (e) PR
of the subcutaneous metastases, sustained CMR of liver metastases in March 2022. (f) CMR in
September 2022.

Treatment with pembrolizumab was initiated at a fixed dose of 200 mg every three
weeks (q3). Pembrolizumab was well tolerated, brought a rapid clinical improvement after
the first dose with a decrease in abdominal swelling and pain, and reduced levels of the
tumor markers carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA 19-9,
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see Figure 4). A CT scan after three weeks of treatment confirmed the partial remission of
the metastatic lesions (images not shown). However, after seven cycles of pembrolizumab
monotherapy the CEA and CA 19-9 levels increased again to 19 ng/mL and 687 U/mL,
respectively, and the patient developed indurated painful subcutaneous metastases of the
abdominal wall. PET/CT imaging confirmed the suspected disease progression (Figure 3b).
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Figure 4. Dynamics of tumor markers after initiation of ICI therapy. CEA and CA 19-9 were
monitored in regular blood draws. Rising tumor marker levels were seen after initial decrease under
pembrolizumab monotherapy, matching with the image-confirmed disease progression. Treatment
with ipilimumab and pembrolizumab led to a rapid decline and eventually normalization of CEA and
CA 19-9 levels, respectively. Under ongoing nivolumab monotherapy, both markers are persistently
in normal ranges.

In May 2021, the patient began a four-course treatment with the combination of
the anti-PD-1 antibody nivolumab (3 mg/kg body weight) and the anti-CTLA-4 antibody
ipilimumab (1 mg/kg body weight). This was chosen in view of the rapid initial clinical and
serological response to pembrolizumab and the long-lasting clinical benefit seen with the
combined blockade of PD-1 and CTLA-4 [14], which had just been approved for treatment
of MSI-high CRC after failure of one line of chemotherapy [17]. The treatment was well
tolerated, except for initial severe periumbilical pain that was controlled by oral opioids,
and an inflammation of the abdominal wall after the third cycle of treatment that was
thought to be immune-mediated. With this suspicion in mind, 10 mg oral prednisolone per
day was applied together with the fourth cycle of combined ICI therapy. CA 19-9 and CEA
levels declined rapidly, the latter returning to normal after three therapy cycles. A PET-CT
scan revealed partial remission with a complete metabolic remission of the bone lesion and
regression of all other metastases (Figure 3c).

After four cycles of nivolumab and ipilimumab, the patient was admitted to the
emergency room with clinical signs of an acute abdomen showing elevated C-reactive
protein (CRP) levels (20.5 mg/dL; normal range < 0.5 mg/dL) and an indurated abdominal
swelling caused by abscesses in the abdominal wall at the sites of the former subcutaneous
and peritoneal metastases. The abscesses were drained, intravenous antibiotic treatment
was initiated, and the condition of the patient improved. The nivolumab maintenance
therapy was continued at a constant dose of 240 mg every three weeks (q3w). However, a
few days later, the patient was re-admitted to the hospital with progressive swelling of the
right abdominal wall, rising CRP levels, and severe abdominal pain. An MRI with an oral
contrast agent revealed a phlegmonous abdominal wall with multiple enteral fistulas and
abscesses at sites of former metastases. That condition was most likely caused by rapid,
treatment-induced tumor necrosis with subsequent superinfection. The abscesses were
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drained, dead and infected tissue was surgically debrided, and a combined antimycotic
and antibiotic treatment was administered. Under the combined interventional and conser-
vative treatment, the patient’s condition improved, and the laboratory parameters returned
to normal.

Although desired by the patient, the surgical excision of the fistulas and reconstruction
of the abdominal wall was not recommended due to the marked local inflammation and
the ongoing immunotherapy with nivolumab.

With the patient’s consent and on his insistence, a laparotomy was performed, during
which the perforated small bowel sections and the fistulas were removed and the abdominal
wall was reconstructed (Figure 5).

 

Figure 5. Laparotomy, fistula excision and abdominal wall reconstruction. Abdomen prior to surgery
with multiple entero-cutaneous fistulas. (A) Necrotic former tumor tissue in the small intestine (B).
After fistula excision, multiple end-to-end enterostomies were performed (C). Finally, the abdominal
wall was reconstructed (D).

The histopathological work-up showed necrosis in former tumor lesions and one vital
adenocarcinoma of the small intestine, again with an immunohistochemical-confirmed loss
of MSH6 expression. The postoperative PET-CT scan (Figure 3d) indicated a persisting
therapeutic response, although with a new metabolically active lymph node in the surgical
site (SUVmax 34.6) that was interpreted as a postoperative reactive lymphadenopathy.

After nine cycles of single-agent nivolumab 240 mg, q2w the condition of the patient
was excellent, the tumor markers remained normal, and a PET-CT confirmed an ongoing
PR in March 2022 (Figure 3e). The nivolumab maintenance therapy was, therefore, adjusted
to a four-week interval with a flat dose of 480 mg. In September 2022, during an incisional
hernia repair, no signs of a relapse were observed. In addition, after a total duration of
17 months of second-line dual ICI therapy, including 14 months of nivolumab maintenance
therapy, PET-CT imaging (Figure 3f) first showed a complete metabolic remission (CMR)
and no morphological evidence of residual disease in September 2022. Since then, the
patient has remained in ongoing complete metabolic remission with tumor markers CEA
and CA 19-9 within normal ranges during the 24-month follow-up after initiation of relapse-
directed treatment.
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To further investigate the underlying causes and mechanisms of this excellent response
to combined anti-CTLA-4 and anti-PD-L1 blockade after progression under single agent
PD-1 inhibiting therapy, we performed a molecular pathological analysis of the tumor
tissue. We found no distinct CD274/PD-L1 mutation, which might possibly have reduced
the efficacy of pembrolizumab, but not that of nivolumab due to the different binding sites.
The tumor harbored a JAK2-mutation (R1063H, ClinVar: CN169374), which is described as
a gain of function mutation (https://ckb.jax.org/geneVariant/show?geneVariantId=7650
(accessed on 29 June 2023)). In addition, 12 HLA class I somatic mutations were found
in the tumor tissue (Table 1). Individually, none of the mutations have been described as
pathogenic variant in molecular analysis databases. However, the frequency of mutations
at the HLA gene loci was increased by a factor of 7.5 compared with the expected frequency
of random gene mutations (p < 0.01). Nonetheless, the impact of the combination of several
HLA mutations, and especially an eventual upregulation of HLA class I expression on
antigen-presenting cells by the mutations, remains elusive.

Table 1. Multiple HLA mutations were observed during molecular pathological analysis of colon
tumor tissue, which might contribute to the high efficacy of combined ICI therapy in this patient. All
variants are, individually, of benign or indeterminate potential.

Locus
(Transcript ID)

Start
Position

End
Position

Type of
Variant

Affected DNA
Section

Encoded Gene

Chr.6 p22.1
(ENST00000396634.5)

Substitution
29726903 29726904 AA > CT ncRNA
29943483 29943484 AC > CG Exon HLA-A
29943494 29943495 GT > CG Exon HLA-A
29944153 29944154 CA > TG Exon HLA-A

SNV
29944118 29944118 T > A Intron HLA-A
29944151 29944151 C > G Exon HLA-A

Chr. 6 p21.33
(ENST00000376228.9)

Substitution
31271152 31271154 CAG > GTC Exon HLA-C
31356226 31356227 TC > GT Promotor
31356246 31356248 CCG > GTC Promotor
31356748 31356749 CC > TG Promotor

SNV
31271082 31271082 G > C Exon HLA-C
31271089 31271089 C > G Exon HLA-C

3. Discussion

Here, we present a case of a complete metabolic and serologic remission in a patient
with dMMR/MSI-H mCRC and Lynch syndrome-associated prostate cancer under treat-
ment with combined anti-PD-1 and anti-CTLA-4 blockade with nivolumab and ipilimumab
after progression under pembrolizumab monotherapy.

Treatment of mCRC with dMMR/MSI-H has traditionally been challenging due
to the poor response to conventional chemotherapeutic therapy [23,24]. The develop-
ment of FDA- and EMA-approved single agent immunotherapeutic drugs targeting PD-1,
such as nivolumab and pembrolizumab, has revolutionized the therapeutic strategies
in dMMR/MSI-H mCRC, refractory or relapsed after cytotoxic treatment, due to high
objective response rates (ORR) and sustained responses [11,14]. Compared to the ther-
apy with a single agent anti-PD-1 antibody, the combination of nivolumab (targeting
PD-1) and ipilimumab (targeting CTLA-4) applied in the phase II CheckMate-142 trial
yielded an increased ORR of 55% in patients previously treated with chemotherapy and
showed a manageable safety profile [14,25]. Thus, dual checkpoint blockade was approved
by the FDA in a first-line setting and by the EMA in dMMR/MSI-H mCRC after prior
fluoropyrimidine-based treatment.

The use of pembrolizumab as a first line treatment in dMMR/MSI-H mCRC was shown
to be superior to 5-fluoruracil-based therapy with regard to progression-free survival [19].
However, the combination of nivolumab and ipilimumab studied in the CHECKMATE-142
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trial [17] showed a superior and durable responses, and thus, constitutes the new first-
line standard treatment in dMMR/MSI-H mCRC in the US, but is not yet authorized by
the EMA.

Treating patients with progression after initial response to immune checkpoint in-
hibitors remains a major challenge. As every antibody directed against PD-1 binds to a
distinct epitope, sequential therapy with another PD-1 blocker after progression on an anti-
PD-1 antibody may be an option, although clear evidence for antibody-specific mechanisms
of resistance is lacking [26,27]. Recent data for such sequential treatment with a single-agent
anti-PD-1 drug or a combined use with a CTLA-4 inhibitor showed non-uniform responses
ranging from durable response to massive disease progression [28–31].

Analysis of tumors with acquired resistance to anti-PD-1 antibodies demonstrated
epigenetic changes, such as histone marks, DNA methylation, and miRNA signatures,
eventually leading to an altered microenvironment and immune escape [32]. Furthermore,
there is evidence that the tumor cells can escape immune surveillance by upregulating
immune-suppressive molecules including lymphocyte-activation gene (LAG-3) and CTLA-
4 as well as by the absence or decreased infiltration of (CD-8 positive) tumor-infiltrating
leukocytes or the increased presence of immunosuppressive cells, such as regulatory T
cells and myeloid-derived suppressor cells, in the tumor microenvironment [33,34]. Thus,
the addition of a second immune checkpoint inhibitor like the anti-CTLA-4 antibody
ipilimumab may help to overcome acquired resistance to the PD-1 blockade. There are
emerging data showing long-term disease control after re-challenging immunotherapy
with CTLA-4 and PD-1 antibodies in patients whose tumors had progressed on single agent
PD-1 blockade in melanoma [35,36], hepatocellular carcinoma [37], non-small cell lung
cancer [38], and urothelial cancer [39].

Moreover, loss of antigen expression, for example via defects in interferon-γ pathway
due to mutations in JAK2-signaling [40], is an alternative mechanism of immune escape.
We found one pathogenic somatic gain-of-function mutation in our patient. The mutation
variant (JAK2 R1063H) lies within the protein kinase domain 2 of the JAK2-protein and
results in, among other things, increased transcriptional activity. Gain of function mutations
in JAK2-signaling are described as being associated with a significant increase in PD-L1
expression, which can affect response to immunotherapy [41,42].

Recently, downregulation of HLA class-I molecules was described as being associated
with an inferior response to ICI therapy due to the impaired interaction with the antigen-
presenting machinery at the protein level [43–45]. On the other hand, high HLA evolution-
ary divergence, and thus, the physiochemical sequence divergence between HLA-I alleles,
has not only been shown to enable the presentation of more diverse immunopeptidomes,
but to be associated with better survival [46,47]. The distinct HLA phenotype resulting
from the various HLA mutations observed in our patient might have, thus, possibly led
to (a) HLA protein defects resulting in alternative/increased epitope presentation, (b) an
upregulation of the HLA-expression itself, or (c) a higher evolutionary divergence, and
thus, increased diversity of neoepitopes. Hence, the patients’ HLA variant might have
conceivably contributed to higher immunogenicity and thus to an improved response to
combined checkpoint inhibition compared with anti-PD-1 monotherapy. Moreover, it may
have been crucial for the sustained CMR of this case of metastasized HNPCC-associated
MSH6 deficient CRC under dual immune blockade. Future work on larger patient cohorts
is required to resolve the predominant molecular mechanisms predicting response to dual
checkpoint-inhibition after progress under PD-1 blockade.

In the literature, we found two other cases of dMMR/MSI-H CRC treated with se-
quential combined nivolumab and ipilimumab therapy after progression on single-agent
pembrolizumab. In line with our findings, the re-challenge with immunotherapy led
to partial responses of patients with dMMR/MSI-H mCRC in other case studies [48,49].
Winer et al. treated a 64-year-old patient with Lynch syndrome associated mCRC and
urothelial carcinoma with the anti-PD-L1 antibody atezolizumab after progression on pem-
brolizumab and subsequently with ipilimumab and nivolumab after clinical progression
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marked by rising tumor markers. Even if the patient had similar clinical features (age,
Lynch-syndrome, and multiple HNPCC-associated cancer entities) and a lower tumor
burden (liver metastases only) compared to our patient, only a partial metabolic response
and stabilized but strongly elevated CEA levels were reached [49]. Das et al. reported a 30%
tumor mass reduction in an MSI-H mCRC female patient (Lynch-syndrome association not
indicated) after four cycles of combined checkpoint inhibition and nivolumab maintenance
therapy [48].

To our knowledge, this is the first published case describing a PET-CT-confirmed
metabolic complete remission and serologic normalization of tumor markers CEA and
CA 19-9. The causes for this excellent response, especially in comparison to the patient
case reported by Winer et al., with a patient comparable in disease manifestation and
demographics, remain uncertain. Possibly, the patient’s good performance status at most
points of the therapy, limited pre-existing illnesses (ischemic stroke without remains, hyper-
lipidemia), and the limited co-medication (ASS, rosuvastation, ezetimib) have contributed
to an undelayed therapy administration and might have, thus, also contributed to this
excellent therapeutic response. Moreover, the ethnicity of our patient might have influenced
the response to ICI therapy, as non-Hispanic white patients are known to show higher
response rates [50,51]. Hence, demographics and treatment characteristics might have
impacted the therapy response. Finally, following a single case description, the results may
not automatically be applied to a larger cohort.

Molecular pathologic analyses and examination for MSI are implemented in the clinical
and diagnostic algorithms of mCRC. During the last decade, a variety of characteristic
mutations resulting in signal pathway activation, and thus, driving tumor growth, became
targetable. This case study underlines the high importance of molecular analyses and a
patient-individual treatment regimen based on the underlying tumor biology. Precision
medicine, and thus, the combination of drugs based on molecular tumor characteristics, will
become increasingly important in the foreseeable future. As they can provide tumor control
even in advanced therapy lines, clinicians should assess the molecular characteristics in
mCRC for potential molecularly based therapy options as for the patient in our case study.

ICI treatment has superseded conventional cytotoxic treatment in MSI-H mCRC
and has been implemented as a first-line standard in current guidelines. Despite the
limitations of a single case report mentioned here, the rapid and ongoing therapy response
in overcoming the acquired PD-1 resistance by adding an anti-CTLA-4 antibody may be
a promising strategy for other patients with Lynch syndrome-associated CRC. However,
for the inclusion of sequential ICI treatment beyond progression on single-agent anti-PD-1
therapy, future clinical trial evaluation is warranted, as patients with disease progression
on single-agent anti-PD-1 therapies have been excluded in recent trials and especially in
the CHECKMATE-142 trial.

The combination of drugs seems to reduce the immune escape phenomena associated
with a single-target directed ICI therapy as multiple resistance mechanisms are required,
achieves higher ORR and will, thus, become the first-line standard in the first-line setting
in the foreseeable future [18].

4. Conclusions

Post-progression treatment of dMMR/MSI-H mCRC on anti-PD-1 therapy remains
a major challenge. The addition of an anti-CTLA-4 drug might help to overcome initial
or acquired resistance to ICI monotherapy and is able to provide a durable response
this patient collective. Our patient with Lynch syndrome treated with four courses
of nivolumab/ipilimumab combined and subsequent nivolumab maintenance therapy
achieved an ongoing complete metabolic remission with normalized tumor markers.

Even if the predominant mechanisms and molecular features leading to the high
effectiveness of sequential double-immune checkpoint blockade in individual patients
are not yet fully understood, specific HLA mutations have emerged as biomarkers for
the ICI response. The high frequency of HLA mutations observed in the tumor sample
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of our patient might have contributed to the excellent therapeutic response. Prospective
HLA-genotyping may help to better understand the biological impact of distinct single
mutations, and especially the combined effects of multiple HLA aberrations.

Prospective clinical trials are needed to confirm the effectiveness and safety of com-
bined immunotherapy after progression on single agent ICI in dMMR/MSI-H mCRC, com-
paring sequential ICI therapy to a re-initiation of conventional chemotherapy, and to evalu-
ate the significance of HLA gene mutations in predicting responses to checkpoint blockade.
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