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Abstract: The Rho associated coiled-coil containing protein kinase (ROCK1 and ROCK2) and my-
otonic dystrophy-related Cdc-42 binding kinases (MRCKα and MRCKβ) are critical regulators of cell
proliferation and cell plasticity, a process intimately involved in cancer cell migration and invasion.
Previously, we reported the discovery of a novel small molecule (DJ4) selective multi-kinase inhibitor
of ROCK1/2 and MRCKα/β. Herein, we further characterized the anti-proliferative and apoptotic
effects of DJ4 in non-small cell lung cancer and triple-negative breast cancer cells. To further optimize
the ROCK/MRCK inhibitory potency of DJ4, we generated a library of 27 analogs. Among the various
structural modifications, we identified four additional active analogs with enhanced ROCK/MRCK
inhibitory potency. The anti-proliferative and cell cycle inhibitory effects of the active analogs were
examined in non-small cell lung cancer, breast cancer, and melanoma cell lines. The anti-proliferative
effectiveness of DJ4 and the active analogs was further demonstrated against a wide array of cancer
cell types using the NCI-60 human cancer cell line panel. Lastly, these new analogs were tested
for anti-migratory effects in highly invasive MDA-MB-231 breast cancer cells. Together, our results
demonstrate that selective inhibitors of ROCK1/2 (DJE4, DJ-Allyl) inhibited cell proliferation and
induced cell cycle arrest at G2/M but were less effective in cell death induction compared with dual
ROCK1/2 and MRCKα/β (DJ4 and DJ110).

Keywords: ROCK; MRCK; multi-kinase inhibitor; cancer; invasion; metastasis

1. Introduction

Cancer is the second leading cause of death in the USA [1]. Sustained cell proliferation,
resistance to cell death, and acquisition of invasive and metastatic phenotypes are some
of the fundamental hallmarks of cancer [2]. During the process of metastasis, tumor cells
migrate and invade the extracellular matrix [3]. The process of migration is dynamic and
requires active remodeling of actin cytoskeleton stress fibers or cortical actin [4,5].

Stress fibers are primarily composed of filamentous actin (F-actin) and myosin II.
Stress fibers not only define the shape of the cells but are also responsible for generating
contractions of the cell body during migration. Such contractile forces are generated by
phosphorylated myosin light chain (MLC) of non-muscle myosin II. MLC phosphorylation
is regulated by the Rho associated coiled-coil containing protein kinases (ROCK, Rho kinase;
subtypes ROCK1 and ROCK2) and myotonic dystrophy-related Cdc-42 binding kinases
(MRCK; subtypes MRCKα and MRCKβ) [6–8].

Cancer cell migration is broadly classified into individual (amoeboid and mesenchy-
mal) and collective cell migration. ROCK and MRCK are known to play distinct and

Pharmaceuticals 2023, 16, 1060. https://doi.org/10.3390/ph16081060 https://www.mdpi.com/journal/pharmaceuticals

https://doi.org/10.3390/ph16081060
https://doi.org/10.3390/ph16081060
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pharmaceuticals
https://www.mdpi.com
https://orcid.org/0000-0002-7010-2630
https://orcid.org/0000-0003-0519-7087
https://orcid.org/0000-0001-9476-7795
https://orcid.org/0000-0001-9367-8600
https://doi.org/10.3390/ph16081060
https://www.mdpi.com/journal/pharmaceuticals
https://www.mdpi.com/article/10.3390/ph16081060?type=check_update&version=1


Pharmaceuticals 2023, 16, 1060 2 of 23

compensatory roles in these types of cell migration mechanisms and plasticity of cancer
cell migration [9,10]. ROCK also induces contraction of the constriction ring resulting in
the successful completion of cytokinesis and division of cells into daughter cells.

Due to the role of ROCK and MRCK in cancer cell proliferation and metastasis, we
developed small molecules to simultaneously inhibit both of these targets. Previously, we
reported the discovery of DJ4, a novel multi-kinase selective inhibitor of ROCK and MRCK,
which is effective against migration and invasion of multiple types of cancer cells [11].
Herein, we examined the anti-proliferation and pro-apoptotic effects of DJ4 in non-small
cell lung cancer (NSCLC) and MDA-MB-231 breast cancer cells. We then further optimized
DJ4 to develop more potent analogs. In the process of optimization, we discovered four
additional active analog compounds. The DJ4-analogs were studied for their in vitro (cell-
free) kinase inhibitory activity, anti-proliferative, and pro-apoptotic effects primarily in
MDA-MB-231 breast cancer cells. Additionally, all the compounds were investigated for
their effects on the cancer cell viability in National Cancer Institute’s (NCI) 60 human cancer
cell line screening program. This screening identified the sensitivity of different types of
cancer cell lines for these analogs.

Twenty-seven (27) analogs of DJ4 were designed by either substituting or deleting
various chemical moieties on group 1 and group 2 (phenethylamine) (Figure 1). Detailed
modifications of the functional groups of DJ4 and chemical synthesis are beyond the scope
of this manuscript and will be discussed separately. Analogs, including DJ4, were initially
tested at 1 µM concentration for their ROCK1 kinase inhibitory activity and four analogs
were identified as inhibitors of ROCK1.
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chemical groups on DJ4 were modified. However, modifications on chemical group 2 (phenethy-
lamine) resulted in four active molecules. Those modifications are shown in the figure.

Figure 1 depicts general modifications on phenethylamine group of DJ4 that resulted
in four active analogs. The substitution of n-ethylbenzene moiety of phenethylamine
group (Group 2) with allyl, ethyl, or morpholine moieties resulted in DJ-Allyl, DJE4, and
DJ-Morpholine, respectively. DJ110 was designed by reducing one carbon atom from the
phenethylamine group of DJ4.

2. Results
2.1. DJ4 Decreases Survival in Various NSCLC and Breast Cancer Cell Lines

In our previously reported studies, we observed that DJ4 treatment exhibited minor
effects on proliferation of A549 and MDA-MB-231 cells after 24 h of exposure [11]. Interest-
ingly, we observed much more profound effects on cell viability in acute myeloid leukemia
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(AML) cell lines at 24 h [12]. To determine whether the effects on cell viability in AML cells
were related to the specific cancer subtypes, or to differences in temporal response to DJ4,
we examined whether DJ4 affected the viability of various NSCLC cells over longer periods
of drug exposure. MTT assays were performed on H1299, H226, A549, H522, H23, and
H460 NSCLC cell lines. After a 72-h treatment, a concentration-dependent decrease in cell
survival was observed in all the cell lines. The H1299 cell line was the most sensitive (IC50
= 0.44 µM) while the H460 was relatively resistant (IC50 = 9.53 µM) (Figure 2A, Table 1).
Similarly, the cell viability of MDA-MB-231 breast cancer cells was assessed by counting
live/dead cell populations after a 24-h treatment with 1–10 µM concentrations of DJ4.
A concentration-dependent increase in cell death from 29% (1 µM) to 47% (10 µM) was
observed (Figure 2B). Together, these results indicate that DJ4 decreases the survival of
different types of NSCLC and breast cancer cells.
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was assessed by MTT assay. The error bars indicate SEM of triplicates. (B) To assess cytotoxicity of
DJ4 in breast cancer cells, MDA-MB-231 cells were treated for 24 h with indicated concentrations
of DJ4. Percentage of live cells were counted using MuseTM Live/Dead reagent and analyzed by
MuseTM cell analyzer. Error bars indicate SEM. n = 2. * p < 0.05. (C) DJ4 inhibits colony forming
ability of A549 cells treated for 48 h. After a 48-h treatment, cells were seeded with number of
cells mentioned in the table and were allowed to grow and form colonies. At the end of 14 days,
colonies were stained and counted. Percent surviving fraction was calculated. The figure is the
representative of the replicates. (D) The data are summarized in the table and represent the average
of three replicates.

Table 1. Mean cytotoxic concentration of DJ4 in NSCLC cells measured by MTT assay.

Cell Lines IC50 (µM)

H1299 0.44 ± 0.04

H226 0.67 ± 0.38

A549 0.98 ± 0.21

H522 1.69 ± 0.48

H23 2.91 ± 0.71

H460 9.53 ± ND

2.2. DJ4 Inhibits Colony Forming Ability of Cancer Cells

To further determine the effects of DJ4 on cell proliferation, we performed colony
forming assays in A549 lung cancer cells. Forty-eight hours after the treatment with 2.5,
5.0, and 10 µM DJ4, individual cells were re-plated at low seeding density and colony
formation was monitored for 14 days. The percent surviving fraction of cells relative
to control cells that formed the distinct colonies were 2.3%, 0.4%, and 0.1% at 2.5, 5.0,
and 10 µM, respectively, after 14 days of growth in a treatment-free culture medium
(Figure 2C,D). Consistent with the observed effect on cell viability, these results indicate
that DJ4 significantly inhibits the colony forming ability of A549 lung cancer cells within
48 h.

2.3. DJ4 Treatment Arrests Cancer Cells in G2/M Phase

Since DJ4 inhibits phosphorylation of MLC, we hypothesized that DJ4-treated cells
are unable to complete cell division and arrest in G2/M phase of the cell cycle. To test
this hypothesis, A549 lung cancer cells were synchronized in the G1 phase by serum-
starvation for 24 h. After serum replenishment, cells were further treated with 2.5 µM,
5 µM, and 10 µM DJ-4 for 16-, 24-, and 48 h (Figure 3A). Before treatment with DJ4 (time
zero), about 80% of cells were in the G1 phase, 20% in the G2/M phase, and essentially
none in the S phase. In vehicle treated control cells, there were minimal cells in the G2/M
phase at both 24 h (1%) and 48 h (8%). However, DJ4 treatment significantly and dose-
dependently increased the G2/M cell population at 2.5 µM (31%), 5 µM (42%), and 10 µM
(45%) concentrations at 24 h (Figure 3A). At 48 h, cells remained arrested in the G2/M
phase, but also, there was an increase in the sub-G1 cell population indicating apoptotic
cells. Together, these results indicate that DJ4 induces a G2/M phase cell cycle arrest
consistent with the known roles of ROCK kinases during cytokinesis.
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Figure 3. DJ4 arrests A549 lung cancer cells in G2/M phase and induces apoptotic cell death in
NSCLC and breast cancer cells. (A). A549 cells were serum-starved for 24 h and treated for 16 h,
24 h, and 48 h with indicated concentrations. Propidium iodide stained cells were analyzed for DNA
content by flow cytometry. The cell cycle graphs indicate distribution of cells in the G1, S, and G2/M
phases of cell cycle. Sub-G1 cell population indicates apoptotic cells. (B). Annexin V staining of
A549 cells. The cells were treated with indicated concentrations and durations. Percent annexin
V + cells were analyzed using MuseTM cell analyzer. Error bars indicate SEM. n = 2. (C). Analysis of
annexin V + ve and mitochondrial membrane depolarized cells. MDA-MB-231 cells were treated for
48 h at the indicated concentrations. Staurosporin (2.5 µM) was used as a positive control. Error bars
indicate SEM. n = 2. * p < 0.05.
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2.4. DJ4 Induces Intrinsic Apoptotic Signaling Pathway

G2/M phase arrest commonly precedes induction of the intrinsic apoptotic pathway.
We therefore investigated whether DJ4 induced the cell death through activation of this
apoptotic pathway (Figure 3). A549 lung cancer cells were treated with 1.25, 2.5, and 5.0 µM
concentrations for 16-, 24-, and 48 h. Apoptotic cell death was assessed by fluorescent
staining for cell surface exposure of annexin V.

In response to DJ4 treatment, there was a statistically significant increase in annexin V
positive cells. There was a statistically significant increase in annexin V positive cells at 5 µM
at 16 h, 2.5 µM and 5 µM at 24 h, and at all the concentrations at the 48-h duration (Figure 3B).
Similarly, DJ4 treatment (1.25 µM and 2.5 µM) significantly increased the percentage
of annexin V positive cells undergoing apoptosis in MDA-MB-231 breast cancer cells
(Figure 3C). Additionally, duplicate samples were studied for mitochondrial membrane
depolarization. The depolarization of the mitochondrial inner transmembrane potential is
often associated with mitochondrial outer membrane permeabilization (MOMP), release
of cytochrome c from the mitochondria, and activation of downstream intrinsic apoptotic
pathways culminating in activation of executory caspases 3/7 [13,14]. DJ4 (1.25 µM and
2.5 µM) significantly increased the number of cells with depolarized mitochondrial inner
membrane indicating activation of the intrinsic apoptosis pathway (Figure 3C). Together,
these results suggest that DJ4 induces cell death by activation of the intrinsic apoptotic
pathway in NSCLC and breast cancer cells.

2.5. DJ4 Modulates Expression of Cell Cycle- and Apoptosis-Regulatory Proteins

To better understand the anti-proliferative and pro-apoptotic effects of DJ4, expression
of key proteins involved in proliferation and apoptosis were determined by a Western
blot. A549 cells were treated with 2.5 µM and 10 µM concentrations for 24 h and 48 h.
Counterintuitively, 2.5 µM of DJ4 significantly induced activation of cell proliferation
promoter Erk1/2 (phospho-Erk; pERK) at 24 h, while at 48 h, pERK levels were decreased
but were still elevated compared to the vehicle controls (Figure 4A). Interestingly, activated
ERK has been shown to induce the expression of the cell cycle inhibitor p21 WAF1/CIP1

(cyclin-dependent kinase inhibitor) correlating with the induction of growth arrest [15].
To this end, expression of p21 WAF1/CIP1 is upregulated at 2.5 µM concentration at 24 h
mirroring the activation of pERK (Figure 4A). We also examined the expression of cyclin D3
and CDK4 (G1/S cell cycle checkpoint kinase). Both cyclin D3 and CDK4 were upregulated
at 2.5 µM concentration at 24 h which was decreased after a 48-h treatment. The expression
of p21 WAF1/CIP1, pERK, CDK4, and cyclin D3 decreased below vehicle treatment levels at
both 24 h and 48 h at 10 µM.

To extend these observations to MDA-MB-231 breast cancer cells, cells were treated
with DJ4 at 2.5, 5.0, and 10 µM for 24 h. ROCK1/2 catalyzes the inactivating phosphory-
lation of the myosin phosphatase subunit MYPT1 at Thr696 and Thr853 [16]. To confirm
the targeting of ROCK1/2 by DJ4 in MDA-MB-231 cells, we probed for phosphorylation
of MYPT1. A concentration-dependent decrease in pMYPT1 (Thr696 and Thr853) was
observed, which indicates inactive/less active ROCK in the DJ4-treated cells (Figure 4B). As
observed in A549 cells, DJ4 significantly increased the expression of pErk in a concentration-
dependent manner in MDA-MB-231 cells (Figure 4B). Cyclin D3 expression was maintained
or slightly increased at 2.5 µM and 5 µM as compared to vehicle (DMSO) control and
reduced at 10 µM at 24 h.

Among apoptotic markers, DJ4 significantly increased the expression of cleaved
caspase 7 at all the concentrations with corresponding increases in caspase substrate,
cleaved PARP. This observation indicates that DJ4 induces apoptosis in MDA-MB-231
cells at all the concentrations tested (Figure 4C). In contrast, expression of proliferating
cell nuclear antigen (PCNA) protein was decreased at all the concentrations (Figure 4C).
PCNA is highly expressed during active DNA synthesis (S phase) [17]. Decreased PCNA
expression after DJ4 treatment indicates that the cells are not in active DNA synthesis
phase.
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Together, these results indicate that DJ4 affects multiple cell cycle checkpoints, how-
ever, the observed G2/M phase arrest may predominate over the long-term due to the
requirement of actin filaments for cytokinesis.

2.6. Assessment of the Kinase Specificity of DJ4

We previously demonstrated that DJ4 is an ATP competitive inhibitor and is thus
susceptible to off-target inhibition of other protein kinases [18]. To examine specificity
of DJ4 to different human kinases, we performed a KINOMEscan profiling assay (Dis-
coverX, Fremont, CA, USA) [19]. The KINOMEscan assay consists of a panel of more
than 480 kinases of different classes (TK/TKL/STE/CK1/AGC/CAMK/CMGC/others),
including clinically relevant mutants, atypical kinases, lipid, and pathogen kinases. A
cut-off of %Ctrl score 15 (>85% inhibition) resulted in ~80 kinases, where the majority of
them belong to the AGC and CMGC classes, with a primary concentration of 10 µM DJ4
(Figure 5A,B). The potential target kinases, including ROCK1/2, MRCK1/2, FLT3, KIT,
and CDK7/8/9/11/14 exhibited more than 98% inhibition in the activity with DJ4 and
stood out as hits (Figure 5B). Interestingly, the inhibitory activity of DJ4 is enhanced by
certain clinically relevant kinase mutations (Figure 5C,D). For instance, mutations of RET
(rearranged during transfection) tyrosine kinase (V804L/V804/M918T) exhibited stronger
binding (i.e., higher inhibition) with DJ4 (Figure 5C). Similarly, mutants of the tyrosine
kinase epidermal growth factor receptor (EGFR; G718C, G719S, L858R, etc.) exhibited
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differential inhibition by DJ4 relative to its wild-type form (Figure 5D). Together with our
previous studies indicating that DJ4 has potential therapeutic efficacy in mouse models of
AML, we determined that targeting the ROCK1/2 and MRCK α/β kinase simultaneously is
an effective strategy to reduce migration of highly invasive/metastatic cancers and induce
cancer cell death. However, we also recognized the limitations of DJ4 that preclude its
clinical development and the need for further optimization of the DJ4 chemotype.
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Figure 5. The kinase selectivity profile for DJ4 assessed using KINOMEscan high-throughput
assay. (A) The kinome tree annotation by KinMap for ~80 kinases (red colored dots) that exhib-
ited %Ctrl score over 15 (>85% inhibition) with DJ4. (B) The kinases with %Ctrl score greater
than 15 (i.e., >85% inhibition with DJ4) were visualized using Reaction Biology’s kinase map-
per tool (www.reactionbiology.com/tools/kinase-mapper; accessed on 9 January 2023). The red
spots (ROCK/MRCK/CDK/FLT3/KIT) indicate kinases with high specificity to DJ4. (C,D) The
% inhibition profile of DJ4 with wild-type (WT) and its clinically relevant kinase mutants of RET
(rearranged during transfection) tyrosine kinase (C) and EGFR (epidermal growth factor receptor)
protein kinase (D).

2.7. Optimization of ROCK and MRCK Kinase Inhibitory Potential through Development of
DJ4 Analogs

With the aim to increase the efficacy and potency of the parent compound DJ4, we
generated a library of 27 analogs of DJ4 with substitutions of chemical groups 1 and/or
2 (Figure 1). Cell-free biochemical kinase inhibitory activity of these compounds was

www.reactionbiology.com/tools/kinase-mapper
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evaluated at 1 µM concentration using the previously described ROCK1 kinase activity
assay [11]. Among the 27 analogs, we identified four analogs (DJ110, DJ-Allyl, DJE4, and DJ-
Morpholine) with >50% inhibition of MYPT1 phosphorylation (Supplementary Figure S1).
These four compounds were selected for further evaluation at 1 µM and 0.1 µM for their
in vitro inhibitory activity against ROCK1, ROCK2, MRCKα, and MRCKβ kinases. Quali-
tative immunoblot analysis indicated that DJ4 and DJ110 significantly inhibit the activity of
all the four kinases at 1 µM (Figure 6). DJ110 significantly inhibited activity of the ROCK1,
ROCK2, and MRCKα as low as 0.1 µM, whereas DJ4 was ineffective against these kinases
at this concentration. The other three analogs, DJE4, DJ-Allyl, and DJ-Morpholine almost
completely inhibited the activity of ROCK1 and ROCK2 at 1 µM, similar to DJ4, whereas
they displayed minimal inhibition of MRCKα and MRCKβ at this concentration. Together,
these results indicated that DJ4 and DJ110 are effective inhibitors of all four kinases whereas
DJE4, DJ-Allyl, and DJ-Morpholine are more selective towards ROCK1 and ROCK2.
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Figure 6. Chemical optimization of DJ4 and kinase inhibitory activity of active analogs. DJ4
analogs inhibit kinase activity of either ROCK 1/2 or both ROCK 1/2 and MRCK α/β in cell-free
biochemical kinase assay. DJ 4 and DJ 110 inhibited both ROCK 1/2 and MRCK α/β kinases.

2.8. DJ4 Analogs Effectively Inhibit Cancer Cell Growth

To correlate the observed inhibition of ROCK1/2 and MRCKα/β by the DJ4 analogs on
cancer cell growth and determine the relative efficacy of each analog, melanoma (A375M),
lung (A549), and breast cancer (MDA-MB-231) cells were treated for 48 h with multiple
concentrations of each compound. All compounds, except DJ110 and DJ-Morpholine
exhibited a concentration-dependent decrease in cell growth in all the three cell lines
(Figure 7). In the MDA-MB-231 cell line, DJ110 significantly decreased the cell growth in a
concentration-dependent manner up to 1.25 µM. However, as the concentration increased
from 2.5 µM onwards, the effect was reversed. Similarly, DJ-Morpholine decreased the cell
growth by ~30% at 0.6215 µM, while the effect remained saturated as the concentration
increased. This trend was also observed in A549 lung cancer and A375M melanoma cells.
These results suggest that DJ110 and DJ-Morpholine may have limited aqueous solubility.
We observed poor solubility of DJ 110 and DJ-Morpholine in 100% DMSO. In contrast, DJ4,
DJE4, and DJ–Ally compounds have much better solubility in 100% DMSO. As summarized
in Table 2, in spite of its limited solubility, DJ110 was two–five fold more effective than DJ4
or the other analogs.
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Figure 7. DJ4 analogs reduce cell growth in melanoma, breast, and lung cancer cells. MTT assay
was performed to evaluate the effect of DJ4 analogs on cell growth after 48 h of treatment. IC50 values
were calculated with nonlinear least squares regression curve fit by GraphPad prism. DJ110 and
DJ4 were the most potent with the least IC50 concentrations. DJ-Morpholine was the least effective
among all. The error bars indicate SD from triplicates of the experiment.

Table 2. IC50 (µM) values of DJ4 analogs from MTT assays.

Compound MDA-MB-231 A549 A375M

DJ110 0.65 ± 0.07 0.88 ± 0.16 0.49 ± 0.03
DJ4 2.3 ± 0.23 5.4 ± 1.19 1.1 ± 0.15

DJ-Allyl 4.1 ± 1.23 5.0 ± 2.20 4.7 ± 0.52
DJE4 5.9 ± 1.63 6.1 ± 1.69 5.1 ± 0.32

DJ-Morpholine >10 ± NA >10 ± NA >10 ± NA
(IC50 is derived from triplicates. Values are ±SE).

2.9. DJ4 Analogs Induce Cell Cycle Arrest

To confirm the effect of the DJ4 analogs on cell cycle progression, MDA-MB-231 breast
cancer cells were treated with each compound at 2.5 µM for 24 h and cell cycle analysis
was performed by flow cytometry. All the compounds, except DJ-Morpholine induced
significant accumulation of cells in the G2/M phase compared to the vehicle control
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(Figure 8A). The highest number of cells arrested in the G2/M phase were observed in the
DJ110 treatment (42.51%) followed by DJ4 (34%), DJ-Allyl (28.54%), and DJE4 (22.37%) as
compared to the control (7.60%). These compounds also exhibited a marginal increase in
the sub-G1 apoptotic cell population. However, DJ-Morpholine did not induce cell cycle
arrest, possibly due to poor solubility.

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 12 of 25 
 

 

induced significant accumulation of cells in the G2/M phase compared to the vehicle con-
trol (Figure 8A). The highest number of cells arrested in the G2/M phase were observed in 
the DJ110 treatment (42.51%) followed by DJ4 (34%), DJ-Allyl (28.54%), and DJE4 (22.37%) 
as compared to the control (7.60%). These compounds also exhibited a marginal increase 
in the sub-G1 apoptotic cell population. However, DJ-Morpholine did not induce cell cycle 
arrest, possibly due to poor solubility. 

 
Figure 8. DJ4 analogs induce cell cycle arrest and apoptotic cell death in MDA-MB-231 breast 
cancer cells. (A) DJ4 analogs induce cell cycle arrest in MDA-MB-231 breast cancer cells. To study 
the cell cycle arrest by DJ4 analogs, serum-starved cell cycle-synchronized MDA-MB-231 cells were 
treated with 2.5 µM concentration of each compound for 24 h and stained with propidium iodide. 
Treatment with all the analogs, except DJ-Morpholine, induced significant arrest of cells in G2/M 
phase of cell cycle. (B) Apoptotic cell death by DJ4 analogs was evaluated by measuring caspase 3/7 
activation in breast cancer cells. Cells were treated with 2.5 µM concentration of each compound for 
48 h and incubated with fluorescent dye. All the compounds except DJ-Morpholine induced signif-
icant apoptotic cell death. 

Figure 8. DJ4 analogs induce cell cycle arrest and apoptotic cell death in MDA-MB-231 breast
cancer cells. (A) DJ4 analogs induce cell cycle arrest in MDA-MB-231 breast cancer cells. To study
the cell cycle arrest by DJ4 analogs, serum-starved cell cycle-synchronized MDA-MB-231 cells were
treated with 2.5 µM concentration of each compound for 24 h and stained with propidium iodide.
Treatment with all the analogs, except DJ-Morpholine, induced significant arrest of cells in G2/M
phase of cell cycle. (B) Apoptotic cell death by DJ4 analogs was evaluated by measuring caspase 3/7
activation in breast cancer cells. Cells were treated with 2.5 µM concentration of each compound
for 48 h and incubated with fluorescent dye. All the compounds except DJ-Morpholine induced
significant apoptotic cell death.
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2.10. DJ4 Analogs Induce Apoptotic Cell Death

To determine whether the active analogs induce apoptotic cell death similar to the DJ4
parent compound, we treated MDA-MB-231 breast cancer cells with 2.5 µM concentration
of all the analogs for 48 h (Figure 8). The cells were then analyzed for activation of caspase
3/7 (a marker for apoptotic cell death) and propidium iodide (a marker of cell membrane
integrity) using the MuseTM (EMD Millipore) two color bench-top flow cytometer. In
Figure 8B, the lower right (Q2) and upper right (Q3) quadrants indicate early apoptotic and
late apoptotic cell populations, respectively. Increased apoptosis (Q2 + Q3) was observed in
cells treated with DJ110 (64.4%) compared to DJ4 (52.9%), with a shift from early apoptosis
toward late apoptosis in response to DJ110. Relative to vehicle treatment, there was also an
increase in the upper left quadrant (Q4) cell population observed in response to DJ4 (5.45%)
and DJ110 (9.05%) treatment indicative of necrotic cell death. Neither DJ-Allyl (18.1%),
DJE4 (13.4%), nor DJ-Morpholine (8%) induced significant apoptotic cell death, further
suggesting that targeting ROCK1/2 selectively inhibits cancer cell migration whereas
multi-kinase inhibition of ROCK1/2 and MRCK α/β leads to cell death.

2.11. NCI-60 Human Cancer Cell Line Screening

To study the effectiveness of these analogs in a vast range of cancer cell lines, the
compounds were subjected to cell viability screening in the NCI-60 human cancer cell
line panel representing nine different cancer types (Supplementary Figure S2). Testing
of the compounds in such a wide range of cancer types helps identify sensitivity and
selectivity of specific types of cancers to the novel compounds. The initial screening was
performed at a single concentration of 10 µM. At 10 µM, both DJ110 and DJ-Morpholine
were insoluble and were, therefore, ineffective. DJ4 and the other active analogs were
effective against multiple cancer types (summarized in Table 3). The parental DJ4 com-
pound was effective in a wide spectrum of cancer cell lines, with breast cancer, NSCLC,
and central nervous system cancers displaying the most consistent response. The ovarian
cancer cell line NCI/ADR-RES and HCC-2998 colon cancer cells were relatively resistant to
DJ4 (IC50 > 10 µM) (Supplementary Figure S2). In general, DJE4 exhibited strong growth
inhibitory effects in CNS and breast cancer cell lines. NCI/ADR-RES (ovarian), RPMI-8226,
and K-562 (leukemia) cell lines were relatively resistant (29%, 29%, 26% increase in cell
number) to DJE4. DJ-Allyl was the most effective in CNS and breast cancer cell lines. Two
CNS cell lines, SNB-75 and SF-539, were the most sensitive in which DJ-Allyl induced
the cell death (60% reduction in cell number). NCI/ADR-RES (ovarian), MALME-3M
(melanoma), HCC-2998 (colon), RPMI-8226, and K-562 (leukemia) were relatively resistant
(~40% increase in cell number) to DJ-Allyl. Together, these screening results demonstrate
that multiple cancer cell types are sensitive to DJ4 and the tested analogs.

Table 3. Heat map of cell growth after treatment with DJ4 analogs in NCI-60 human cancer cell line
screening.

Panel Name Cell Line DJ4 DJ4-HCl DJ-Allyl DJE4

Leukemia

CCRF-CEM 9.9 5.5 7.1 3.0
HL-60(TB) 6.8 −6.6 −14.5 −22.4

K-562 29.9 28.5 42.1 26.3
MOLT-4 11.4 8.6 5.8 −6.0

RPMI-8226 39.2 38.7 42.7 29.1
SR 5.6 −1.5 −9.5 0.4
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Table 3. Cont.

Panel Name Cell Line DJ4 DJ4-HCl DJ-Allyl DJE4

Non-Small Cell
Lung Cancer

A549/ATCC 19.1 8.1 13.2 11.1
EKVX 46.0 40.9 30.5 14.1

HOP-62 19.9 −3.0 −10.8 −26.5
HOP-92 −9.7 11.8 −1.9 4.4

NCI-H226 3.3 22.4 10.7 10.8
NCI-H23 9.1 3.0 6.8 −7.9

NCI-H322M 5.2 19.6 10.2 5.8
NCI-H460 14.1 15.1 2.2 2.4
NCI-H522 26.6 4.3 −5.3 −28.6

Colon Cancer

COLO 205 4.8 −6.8 −20.1 −33.3
HCC-2998 53.9 66.2 44.6 10.2
HCT-116 9.7 5.8 6.3 4.0
HCT-15 36.5 33.5 24.7 16.0
HT29 30.6 27.8 26.4 4.3
KM12 13.1 9.3 7.9 6.2

SW-620 9.9 7.8 7.4 6.5

CNS Cancer

SF-268 10.4 8.9 −3.3 −5.8
SF-295 22.6 18.7 13.0 5.0
SF-539 0.4 −37.2 −66.2 −64.2
SNB-75 −10.9 −13.3 −67.3 −71.8

U251 15.8 7.6 0.8 −9.5

Melanoma

LOX IMVI 16.3 8.3 0.6 1.8
MALME-3M 30.6 44.8 40.2 −6.2

M14 29.9 31.7 24.5 0.7
MDA-MB-435 21.0 18.5 21.1 −0.8

SK-MEL-2 28.8 −4.6 −8.4 −48.7
SK-MEL-28 16.0 0.8 −2.4 −17.2
SK-MEL-5 14.5 −0.2 2.0 9.2
UACC-257 14.6 −1.7 9.6 −15.9
UACC-62 −1.4 −1.3 9.8 −16.0

Ovarian Cancer

IGROV1 14.0 25.6 17.0 21.7
OVCAR-3 5.6 3.4 −7.0 −2.1
OVCAR-4 23.8 32.3 34.7 19.5
OVCAR-5 37.8 18.1 5.3 8.7
OVCAR-8 14.0 9.7 10.7 6.3

NCI/ADR-RES 72.9 58.4 42.1 29.7
SK-OV-3 27.0 2.1 −7.0 −10.3

Renal Cancer

786-0 9.0 19.7 4.4 3.0
A498 −7.6 −21.3 −34.5 −54.2

ACHN 16.0 −12.0 −1.2 0.7
CAKI-1 37.4 54.8 30.2 20.6
RXF 393 −20.2 −30.1 −41.3 −39.3
SN12C 15.9 33.5 24.0 12.6
TK-10 34.2 18.8 1.7 −3.8
UO-31 25.2 36.6 3.1 7.5

Prostate Cancer
PC-3 25.9 19.2 12.6 2.3

DU-145 20.7 15.3 12.7 9.9

Breast Cancer

MCF7 4.0 2.0 3.5 4.0
MDA-MB-231 25.5 25.9 19.8 10.7

HS 578T 8.8 8.8 −15.0 −15.1
BT-549 −7.9 5.3 −29.5 −50.4
T-47D 2.6 −1.3 −8.7 −9.7

MDA-MB-468 −14.5 −2.1 1.0 −34.7
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2.12. DJ4 Analogs Potently Inhibit Migration of Cancer Cells

Lastly, we examined the effects of these four analogs on migration of MDA-MB-231
breast cancer cells. Scratch assays were performed on cells treated with the various analogs
for 24 h and then allowed to migrate into the scratched area for 9 h in compound-free media.
Treatment with 2.5 µM of these compounds for 24 h significantly inhibited the migration
of cancer cells (Figure 9A). The greatest inhibitory effect on migration was observed with
DJ110 (28% migration compared to control) followed by DJ4 (32%), DJ-Allyl (36%), and
DJE4 (48%) treatment (Figure 9B). Due to limited solubility, DJ-Morpholine was not tested
for its effect on cell migration.
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Figure 9. DJ4 analogs inhibit migration of MDA-MB-231 breast cancer cells. (A) MDA-MB-231
cells were treated with 2.5 µM concentration of DJ4 analogs for 24 h. At the end of the treatment
period, uniform scratches were made across the monolayer of cells. The cells were allowed to migrate
in the scratched area for 9 h in a compound-free medium. The cells were stained with calcein (green)
and propidium iodide (red) to study live and dead cell populations in the scratched area. (B) The
distance migrated by the treated cells was normalized to vehicle control treated cells. Statistical
significance was determined by one-way ANOVA followed by Dunnett’s multiple comparison test.
The error bars indicate SEM from triplicates of the experiment. *** p < 0.001.

Because DJ4 inhibits cell proliferation, it could be assumed that the anti-proliferative
effect of these analogs contributes to the observed inhibition of migration. However, we
designed this study to mitigate this possibility by employing a 9-h drug-free exposure
period. We reasoned that this short period of migration would be insufficient for MDA-MB-
231 cells to significantly proliferate and fill the scratched area as demonstrated in Figure 9A
vehicle treatment conditions. Therefore, the anti-migratory effect is likely independent
of the anti-proliferative effect of the analogs. To confirm that the anti-migratory effect is
independent of the cell death effect, we measured the viability of cells at the end of the
duration of migration (9 h). Cells from the scratch assay were stained with calcein (live
cells) and propidium iodide (PI, dead cells). In the presence of each DJ4 analog, the majority
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of the cells were alive (green) in the vicinity of the migration area (Figure 9A). This indicates
that the anti-migration effect of the compounds is most likely to be independent of cell
death. Together, these studies suggest that DJ4 analogs effectively inhibit migration of
cancer cells independent of their growth inhibition and cell death induction effects.

3. Discussion

Metastatic cancer cells exhibit a high degree of plasticity in their migratory phenotypes
modulated by multiple proteins such as MMP, ROCK, and MRCK [10,20]. Hence, rather
than targeting any single protein, inhibition of both ROCK and MRCK might be a more
efficient strategy for inhibition of invasion/metastasis [21]. We previously reported that
DJ4 targets both ROCK and MRCK kinases, the key proteins responsible for plasticity of
cancer cell migration [11]. In this study, we evaluated the cell death induction and anti-cell
proliferation effects of DJ4. We further designed various structural analogs of DJ4 to explore
the possibility of discovering more potent inhibitors. The process of optimization yielded
four additional active compounds. Any modification on chemical group 1 (represented by
the green dotted rectangle, Figure 1) resulted in a complete loss of DJ4 activity (unpublished
data) which indicates that chemical group 1 is critical for the activity of DJ4. However,
the modifications on chemical group 2 (phenethylamine; represented by the red dotted
rectangle, Figure 1) resulted in the altered potency and/or target specificity of the analogs.
Amongst all the modifications in chemical group 2 of DJ4, deletion of a carbon atom
resulted in a more potent compound, DJ110. However, this modification also decreased
the solubility, which limits further development of DJ110. Other modifications wherein
chemical group 2 was substituted with either an ethyl (DJE4) or morpholine moiety (DJ-
Morpholine) were relatively selective towards ROCK1 and ROCK2 only. Substitution
with an allyl moiety resulted in a strong inhibitor (DJ-Allyl) of ROCK1, ROCK2, and a
relatively weak inhibitor of MRCKα. These analogs were also less potent than both DJ4 and
DJ110. DJ-Morpholine significantly inhibited ROCK1/2 kinase activity in a cell-free system.
However, it was less effective in all the cellular assays. This could have resulted from the
poor solubility of DJ-Morpholine. This finding indicates that morpholine modification
decreases the solubility and, hence, cellular effects of DJ4. Additionally, other substitutions
(allyl and ethyl) decreased their activity against MRCKα/β. Further studies are warranted
to identify docking orientation(s) and understand the structural basis of the preferential
selectivity of these analogs for ROCK1/2 and MRCKα/β.

In our earlier report [11], time-lapse microscopy studies indicated that the parent DJ4
compound effectively inhibits proliferation of breast and lung cancer cells. Herein, we
further analyzed whether DJ4 and four of its analogs induce cell cycle arrest. The cell
cycle analysis indicates that all the DJ4 analogs, except DJ-Morpholine, induce significant
arrest of the cell cycle in the G2/M phase. Cell cycle arrest in the G2/M phase may be
because of the critical role ROCK plays during cell division. The phosphorylation of MLC
of myosin II is required for completion of cell division [10]. ROCK phosphorylates MLC
(Ser19) at the contractile ring of the cleavage furrow during cytokinesis [9,22,23]. ROCK
also phosphorylates intermediate filaments such as vimentin (Ser71) and glial fibrillary
acidic protein (Ser38) during cleavage furrow ingression, which underlies the importance
of ROCK during cytokinesis [24,25]. Indeed, silencing of ROCK in Drosophila S2 cells
impairs cytokinesis during cell division [26]. Hence, dysfunction of either MLC or ROCK
impairs cell division and arrests the cells in the G2/M phase of the cell cycle. Treatment
of HeLa cells with another ROCK inhibitor, Y27632 (>100 µM), impaired cytokinesis [27].
Additionally, siRNA-mediated silencing of ROCK in HeLa cells induced cell cycle arrest in
the G2/M phase [28]. On the contrary, treatment of astrocytes at 10 µM Y27632 promoted
proliferation and progression of the cell cycle [29]. Such contradictory observations may
be due to the use of low concentrations of ROCK inhibitors, which may not be sufficient
to block cytokinesis and induce cell death. In fact, it has been observed that the use of
lower concentrations of ROCK inhibitors such as Y27632 delays G1-S transition rather
than completely blocking the cells at the G1 phase, while high concentrations effectively
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inhibit cytokinesis [27]. Additionally, different cell types may have different requirements of
ROCK during the progression of the cell cycle. The decreased expression of PCNA supports
cell cycle analysis data that DJ4-treated cells are not undergoing active DNA synthesis.
Actively proliferating cells have the highest PCNA during the S-phase, while low levels of
expression can be observed during other phases of the cell cycle including G2/M [17]. Our
studies further suggest that a 48-h treatment of A549 cells with DJ4 significantly reduced
the colony forming ability of the treated cells, which is one of the key characteristics of
solid tumor cells, indicating that most of the cells do not overcome the cell cycle arrest even
after 14 days.

A proposed model for the possible mechanisms of DJ4 mediated modulation of anti-
proliferative and pro-apoptotic proteins is depicted in Figure 10.
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Figure 10. A proposed model for a probable interplay of DJ4-mediated modulation of pro-
proliferative and pro-apoptotic proteins. DJ4-mediated inhibition of ROCK leads to increased phos-
phorylation of Erk. Hyper-phosphorylated Erk upregulates p21WAF1/CIP1, caspase 3/7, CDK4, and
cyclin D3. Additionally, apoptosis can be a result of G2/M arrest, and activation of pro-proliferative
proteins and CDK inhibitor p21WAF1/CIP1.

DJ4 treatment increased the expression of pro-proliferative proteins such as p-Erk,
CDK4, and cyclin D3. However, at the same concentration and treatment duration, there is
upregulation of CDK inhibitor proteins such as p21 WAF1/CIP1 and activation of caspase 7.
This may be because ROCK1 directly interacts and suppresses the activation of Erk1/2 [29].
Indeed, inactivation of ROCK by Y27632 or Rho signaling by selenite hyper-phosphorylates
Erk1/2, independent of MEK1/2 [30]. Hyperphosphorylated Erk1/2 transcriptionally acti-
vates p21WAF1/CIP1 [31]. RhoA inactivation has shown to increase hyperphosphorylation of
Erk1/2 and activate p21WAF1/CIP1 in Swiss3T3 and NIH3T3 cells [32]. Activated Erk1/2
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can directly affect mitochondrial function by decreasing mitochondrial membrane poten-
tial [33–35]. This could compromise mitochondrial membrane integrity and lead to the
release of cytochrome c into the cytoplasm [35–37]. Cytochrome c release is often followed
by the activation of the intrinsic apoptosis pathway, which is observed in DJ4 treatment.
Hyperphosphorylated Erk1/2 has also been observed to be associated with upregulation of
pro-apoptotic Bcl2 family members such as Bax that can induce the release of cytochrome
c into the cytoplasm [38–40]. There is also a possibility that DJ4-treated cells undergo
apoptosis due to the combined effect of G2/M arrest, and concurrent increase in both
pro-proliferative (pErk, cyclin D, and CDK4) and anti-proliferative proteins (p21WAF1/CIP1

and caspase 3/7).
As determined by kinase selectivity profiling, DJ4 is a multi-kinase inhibitor that

selectively inhibits AGC and CMGC class kinases, and its activity is altered with clinically
significant mutants of some of the kinases. (Figure 4). It is, therefore, likely that the analogs
of DJ4 display similar multi-kinase inhibition profiles. Thus, the contribution of inhibition
of these other kinases must be considered when examining the mechanism-of-action of
DJ4. Altogether, the studies presented previously and, herein, suggest that DJ4 and its
analogs are poly-pharmacological agents. The poly-pharmacological nature of DJ4 could
contribute to “off-target” toxicity that affects its maximal tolerated dosage. However, like
many other “targeted” therapeutic agents, the anti-cancer efficacy of DJ4 may be enhanced
by its ability to simultaneously target numerous signaling pathways relevant to cancer cell
growth/survival/metastasis. Further efforts are underway to evaluate the DJ4 specificity
and develop structure-activity relationship (SAR) models to generate additional analogs of
DJ4 with enhanced selectivity, stability, and solubility. The development of more selective
DJ4 analogs, coupled with detailed studies employing molecular inhibition strategies, such
as Crispr/Cas9 targeting of relevant DJ4 inhibitory targets, will help to further elucidate
the roles of ROCK/MRCK in the molecular mechanism of DJ4 analogs.

Using the NCI-60 human cancer cell panel, we explored the sensitivity of DJ4 analogs
across a variety of cancer cell lines representing different histology and genotypes. DJ110
and DJ-Morpholine are sparingly soluble in the culture media at 10 µM which makes
them ineffective at this concentration. Single concentration (10 µM) screening data sug-
gested DJE4 as more efficacious across the cell lines, however, our detailed multiple studies
strongly suggest that DJ4 and DJ110 are the most potent and efficacious compounds. Dis-
cordance in the efficacy data between the NCI screening and other in-house studies may be
due to differences in methodology and the use of single concentration in NCI screening.
The NCI studies used SRB assays to study cell viability, while in-house efficacy studies were
performed with MTT, caspase 3/7 activity, cell migration, and cell cycle assays. Secondly,
NCI screening was conducted at a single concentration of 10 µM which does not accurately
compare the relative potencies of DJE4 and DJ4. The enhanced effectiveness of DJE4 at
10 µM could be attributed to its increased solubility due to the replacement of the hydropho-
bic phenyl moiety on DJ4 with a hydrophilic ethyl moiety, which can be further supported
by the fact that DJE4 is proven to be less efficacious than DJ4 at <5 µM concentrations in
cell migration and cell death assays. This solubility effect is more pronounced at higher
concentrations where phenyl containing compounds, such as DJ4 and DJ110, have limited
solubility. Hence, in this case, NCI’s single dose cell viability data should be interpreted
to understand the relative sensitivity of a particular cell line to a compound rather than
comparing the efficacy between the compounds.

Cell lines such as HCT-15 (colon cancer), NCI/ADR-RES (ovarian cancer), and CAK-
1 (renal cancer) were resistant to DJ4 analogs. These cell lines exhibit high expression
of the gene ABCB1 which encodes the multi-drug resistant protein, P-glycoprotein, (P-
gp; data retrieved from http://discover.nci.nih.gov/cellminer/analysis.do (accessed on
14 July 2023)) [41–43]. Our preliminary studies with vincristine-resistant HL60-VCR leukemic
cells confirm that DJ4 analogs are the substrates of P-gp (Supplementary Figure S3). P-
gp pumps the compounds out of the cells and makes it unavailable for cellular action.
However, it is difficult to reconcile the relative sensitivity or resistance of other cell lines

http://discover.nci.nih.gov/cellminer/analysis.do
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to DJ4 or its analogs from the current studies. Detailed studies that consider the genetic
alterations of individual cell lines are required to explain why cell lines of the same cancer
subtype respond to DJ4 and its analogs differently.

4. Materials and Methods
4.1. Cell-Free (Biochemical) Kinase Activity Assays

Cell-free biochemical kinase activity was assayed using published procedures [11].
Briefly, recombinant ROCK1 (9.48 nM) or ROCK2 (8.26 nM; Invitrogen, Waltham, MA, USA)
was incubated in the presence of 0.1 and 1 µM concentrations of DJ4 analogs or DMSO in
ROCK-assay buffer at room temperature (RT) for 10 min. MRCKα and MRCKβ (2 ng/µL;
Invitrogen) assays were performed in the assay buffer recommended by the manufacturer.
Recombinant MYPT1 (20 ng/µL; Millipore) and ATP (5 µM) were added to initiate the
reaction. The reaction was incubated at 30 ◦C for 20 min. Western blot analysis of these
samples for phosphorylation of MYPT1 was performed as per the method mentioned in
our earlier publication [11]. Briefly, an equal amount of sample was loaded on Bis-Tris
gel (Novex, Life Technologies, Carlsbad, CA, USA), proteins were electrophoresed and
transferred to PVDF membranes. The blots were probed with anti-pMYPT1 (Thr696) or
anti-MYPT1 (Millipore) antibodies.

4.2. Cell Lines and Cell Culture

The following cell lines used in this study were obtained from ATCC: NSCLC (A549,
CCL-185; H522, CRL-5810; H23, CRL-5800; H2126, CCL-256; H460, HTB-177), melanoma
(A375M, CRL-1619), and breast cancer (MDA-MB-231, HTB-26). Cells were maintained
in DMEM or RPMI media (Cellgro, Corning, NY, USA) supplemented with 10% fetal
bovine serum (Gibco, Fisher Scientific, Hampton, NH, USA) and penicillin/streptomycin
(Gibco, Fisher Scientific, Hampton, NH, USA) at 37 ◦C with 5% CO2 humidified incubator.
Acute myeloid leukemia cells (AML, HL60; CCL240) were obtained from ATCC while
vincristine resistant HL60 (HL60VCR) cells were a gift from Dr. Hong-Gang Wang (Penn
State College of Medicine, Hershey, PA, USA) and both the cells were cultured in IMDM
medium (HyClone, Washington, D.C., USA) with 10% FBS.

4.3. Cell Cycle Analysis

To understand the effect of DJ4 on cell proliferation, cell cycle analysis was conducted
in A549 cells. The cells were treated with indicated concentrations for 48 h. For analogs,
MDA-MB-231 cells were treated with 2.5 µM of analogs for 24 h. At the end of treatment,
media were collected and centrifuged to collect the dislodged cells. The adhering cells were
washed with warm Dulbecco’s phosphate buffered saline (DPBS; without calcium) and
trypsinized with 0.05% trypsin for 2–3 min followed by gentle scraping. The cells were
centrifuged at 200× g for 5 min and resuspended in warm 0.5 mL DPBS. During resuspen-
sion, the cells were gently pipetted up and down to prepare individual cell suspension.
The cells were fixed with 4.5 mL 70% cold ethanol with continuous gentle vortexing. After
fixation, the samples were centrifuged to remove methanol and resuspended in DPBS,
re-centrifuged and stained with propidium iodide staining solution for 15 min at 37 ◦C.
The cells were filtered to avoid clumps by using round-bottom tubes with cell-strainer
cap (Falcon, Fisher Scientific, Hampton, NH, USA). The samples were analyzed for cell
cycle using BD FACS CaliburTM (BD Biosciences, Franlin Lakes, NJ, USA) flow cytometer
and the data were quantified by ModFit LT TM V3.3.11 software (Variety Software House,
Bedford, MA, USA).

4.4. Caspase 3/7 Assay

To examine whether the selected compounds induce apoptosis, we treated MDA-
MB-231 breast cancer cells with 5 µM of each compound. After 48 h treatment the apop-
totic cells were detected using caspase 3/7 assay kit and analyzed by laser-based fluo-
rescent detection using MuseTM cell analyzer (Millipore Inc., Burlington, MA, USA) as
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per the manufacturer’s instructions. The data were quantified by using FlowJo software
(version 10).

4.5. Live/Dead Cell Count

MDA-MB-231 cells were treated for 24 h with 1 µM, 2.5 µM, 5 µM, and 10 µM concen-
trations of DJ4. Cells were trypsinized with 0.05% trypsin. Floating cells were collected
and included in the analysis. Cell number and cell viability were analyzed using MuseTM

Cell Viability reagent and MuseTM (Millipore, Inc. Burlington, MA, USA) cell analyzer as
per the manufacturer’s instructions.

4.6. Annexin V Analysis

To study induction of apoptosis over a period of time, A549 cells were treated with
1.25 µM, 2.5 µM, and 5 µM concentrations of DJ4 for 16-, 24-, and 48 h. MDA-MB-231
cells were treated with 2.5 µM and 5 µM concentrations of DJ4 for 48 h. The cells were
trypsinized with 0.05% trypsin. Floating cells were also collected for analysis. The samples
were incubated with MuseTM Annexin V reagent and analyzed by laser-based fluorescent
detection using MuseTM (Millipore Inc.) cell analyzer per manufacturer’s instructions.

4.7. Mitochondrial Membrane Depolarization

Cells undergoing mitochondrial inner membrane depolarization were analyzed to
understand the underlying apoptosis pathway of cellular death. MDA-MB-231 cells were
treated with indicated concentrations of DJ4 and incubated for 48 h. The cells were
trypsinized with 0.05% trypsin. Floating cells were collected for analysis. The samples were
incubated with MuseTM Mito Reagents and analyzed by laser-based fluorescent detection
using MuseTM (Millipore Inc., Burlington, MA, USA) per manufacturer’s instructions.

4.8. Western Blot Analysis

For protein expression studies, MDA-MB-231 cells were treated with indicated con-
centrations of DJ4 for 24 h. Additionally, A549 cells were treated for 24 h and 48 h. Cell
lysate preparation, protein estimation, and Western blot analysis was performed as per
the procedure reported earlier [11]. The blots were probed with cleaved caspase 7 (#9492,
Cell Signaling, Danvers, MA, USA), GAPDH (#97166, Cell Signaling, Danvers, MA, USA),
β-Actin (#3700, Cell Signaling, Danvers, MA, USA), pErk (#5726, Cell Signaling, Danvers,
MA, USA), p21 WAF1/CIP1 (#60480, Cell Signaling, Danvers, MA, USA), cyclinD3 (#2936,
Cell Signaling, Danvers, MA, USA), CDK4 (#23972, Cell Signaling, Danvers, MA, USA),
cleaved PARP (#32563, Cell Signaling, Danvers, MA, USA), pan Erk (#23887, Cell Signaling,
Danvers, MA, USA), pMYPT1 (Thr853, # SAB4503944, Millipore, Inc., Burlington, MA,
USA) and PCNA (#sc-56, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) antibodies.

4.9. Cell Migration Assay

Migration (scratch/wound healing) assays were performed using published proce-
dures [11]. Briefly, MDA-MB-231 cells were grown to confluence, and cells were treated
with DMSO (vehicle control), DJ4, and its active analogs at 2.5 µM concentration for 24 h.
At the end of the treatment period, uniform scratches were made in the monolayer of cells.
The cells were allowed to migrate for 9 h in a compound-free medium. Light microscopic
images were obtained at 0 h and 9 h after creating scratches. The width of the scratches was
measured by using AxioVision software (AxioVision Inc., Carl Zeiss, Jena, Germany). The
percentage of migration in each treatment at 9 h was calculated in comparison to 0 h read-
ings. Furthermore, the percent migration in treatment groups was normalized to vehicle
control (considering 100% migration). The experiment was performed in triplicate. Viability
of the cells at the migration area was studied to confirm that the anti-migration effect of the
analogs at the tested concentration and duration is independent of cell death. At the end
of the migration period, cells were stained with calcein (Invitrogen, Waltham, MA, USA)
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and propidium iodide (Invitrogen, Waltham, MA, USA) dyes, as per the manufacturer’s
protocol, which stain the live and dead cells, respectively.

4.10. MTT Assay

The cytotoxic effect of DJ4 was studied in H1299, H226, A549, H522, H23, and H460
non-small cell lung cancer cells. The cells were seeded into 96-well plates with confluence
(15 × 104 cells/well). The cells were further treated with DMSO or DJ4 for 72 h. To study
the effects of analogs, A549, A375M, and MDA-MB-231 cells were plated with low density
(2000 cells/well) in a 96-well plate and grown overnight at 37 ◦C (with 5% CO2). Cells were
treated with the analogs at the concentration of 0–10 µM for 48 h. At the end of the treatment
period, cells were incubated with a tetrazolium dye MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) reagent (Sigma) at 37 ◦C for 3 h to develop formazan crystals.
The media was siphoned off and crystals were dissolved in DMSO and mixed gently on
rocker for 5 min. Absorbance was read at 570 nm and 630 nm (background) wavelength.
IC50 values were calculated from non-linear regression curve fit by using GraphPad Prism
5.0 software.

4.11. Kinase Inhibition Assay

The KINOMEscan®, in vitro competition binding assay, was performed by Lead
Hunter Discovery Services (DiscoverX Corporation, Fremont, CA, USA) to determine
the kinase specificity of DJ4, a novel kinase inhibitor [19,44]. The KINOMEscan® panel
consists of more than 480 kinases, including clinically relevant mutants, lipid, atypical, and
pathogen kinases, plus a growing panel of activation-state specific assays. The primary
screen was performed using a single concentration of 10 µM, and the results for DJ4 binding
interactions are reported as percent of control (%Ctrl). The %Ctrl is calculated as follows:
[(DJ4 signal-positive control signal)/(negative control DMSO signal-positive control signal)]
× 100. The human kinome tree annotation for DJ4 is plotted with Reaction Biology’s
Kinase Mapper and KinMap web interface tool http://kinhub.org/kinmap (accessed on
9 January 2023) [45].

4.12. NCI-60 Human Cancer Cell Line Screen

The selected active compounds were screened at NCI, as a part of In Vitro Cell Line
Screening Project (IVCLSP), for their effect on cell growth in 60 different cancer cell lines.
The 60 human cancer cell line panel included leukemia, melanoma, non-small cell lung
cancer, colon, central nervous system (CNS), ovarian, renal, prostate, and breast cancer
cell lines. The detailed procedure and applications of NCI-60 cell line screening can be
found at https://dtp.cancer.gov/discovery_development/nci-60/default.htm (accessed
on 9 January 2023) [46–49]. Briefly, cells were plated in 96-well plates and incubated
for 24 h. One set of cells was fixed with trichloroacetic acid at time 0 h (Tz), and SRB
(sulphorhodamine B) assays were performed to quantify the cells. The remaining set of
cells were treated with 10 µM single concentration of each compound and incubated for
48 h (Te) after which the cells were fixed, and the SRB assays were performed. Data are
presented as percent growth relative to the control as 100% according to the following
calculations:

When Te >/= Tz.

Growth(%) =
Te − Tz

C − Tz
∗ 100

and when Te < Tz.

Growth(%) =
Te − Tz

Tz
∗ 100 (1)

Values between 0–100 indicate cell growth, zero (0) indicates no cell growth, values < 0
indicate cell death.

http://kinhub.org/kinmap
https://dtp.cancer.gov/discovery_development/nci-60/default.htm
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4.13. Statistical Analysis

The data were analyzed for statistical significance by one-way or two-way ANOVA
and Dunnett’s multiple comparison posttest or Bonferroni posttest using Prism version 5.1
(GraphPad, Inc., Boston, MA, USA). Statistical significance was analyzed at 5% confidence
level unless otherwise indicated. IC50 values in MTT cell growth assay were determined
from a non-linear regression curve using Prism version 5.1.

5. Conclusions

In conclusion, our present studies suggest that multi-kinase inhibitors of ROCK and
MRCK (DJ4 and DJ110) effectively block cancer cell migration and cell survival better than
selective ROCK inhibitors (DJE4, DJ-Allyl, and DJ-Morpholine). Reduction of a single
carbon atom from the phenethylamine moiety of DJ4 yielded a novel compound, DJ110,
although it also altered the solubility of the compound. Thus, these studies continue
to indicate the therapeutic potential of targeting the ROCK and MRCK kinases simul-
taneously as a generalized anti-cancer strategy that has the added benefit of inhibiting
invasion/metastasis. However, additional optimization of the DJ4 chemotype is necessary
for the advancement of this therapeutic strategy to clinical application.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph16081060/s1, Figure S1: Screening of analogs in the in vitro
kinase activity assay to identify active ROCK1 inhibitors; Figure S2 (A) Single-dose (10µM) NCI60
cell line screen (DJ4) (B) Single-dose (10µM) NCI60 cell line screen (DJE4) (C) Single-dose (10µM)
NCI60 cell line screen (DJ-Allyl); Figure S3. DJ4 was ineffective in multidrug resistant HL60VCR
acute myeloid leukemia cells.

Author Contributions: Study designs: V.P.K., D.H.D., J.K.Y., S.G.A., J.A.H. and A.K.S.; conduct of
experiments: V.P.K., D.H.D., J.A.H. and U.G.; data interpretation: V.P.K., D.H.D., J.A.H., J.K.Y., A.K.S.,
S.D., U.G. and S.G.A.; manuscript writing and approval: V.P.K., D.H.D., J.A.H., J.K.Y., A.K.S., S.D.,
U.G. and S.G.A. All authors have read and agreed to the published version of the manuscript.

Funding: Department of Pharmacology, Penn State Hershey Cancer Institute, and Jake Gittlen
Laboratories for Cancer Research for financial support for this project. Preclinical and Experimen-
tal Therapeutic Developmental Core supported by Four Diamonds Fund of Pennsylvania State
University College of Medicine, Hershey, PA, USA for financial support.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and Supplementary Materials.

Acknowledgments: Authors would like to thank Jyh-Ming Lin for NMR spectroscopy of the DJ4
analogs. Authors are thankful to National Cancer Institute’s Developmental Therapeutics Program
(DTP) for screening the compounds in 60-human cancer cell lines. We also thank Nate Sheaffer and
Joseph Bednarzyk from the Penn State Hershey Flow Cytometry Core Facility for assistance with
flow cytometry analysis.

Conflicts of Interest: None of the authors have competing interests to declare.

Disclaimer: Majority of the data presented in this manuscript were a part of the PhD dissertation of
VPK submitted at the Pennsylvania State University College of Medicine.

References
1. Siegel, R.L.; Miller, K.D.; Goding Sauer, A.; Fedewa, S.A.; Butterly, L.F.; Anderson, J.C.; Cercek, A.; Smith, R.A.; Jemal, A. Cancer

statistics, 2020. CA Cancer J. Clin. 2020, 70, 7–30. [CrossRef] [PubMed]
2. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
3. Lowe, H.I.; Watson, C.T.; Badal, S.; Toyang, N.J.; Bryant, J. Cycloartane-3,24,25-triol inhibits MRCKalpha kinase and demonstrates

promising anti prostate cancer activity in vitro. Cancer Cell Int. 2012, 12, 46. [CrossRef]
4. Hotulainen, P.; Lappalainen, P. Stress fibers are generated by two distinct actin assembly mechanisms in motile cells. J. Cell Biol.

2006, 173, 383–394. [CrossRef]

https://www.mdpi.com/article/10.3390/ph16081060/s1
https://www.mdpi.com/article/10.3390/ph16081060/s1
https://doi.org/10.3322/caac.21590
https://www.ncbi.nlm.nih.gov/pubmed/31912902
https://doi.org/10.1016/j.cell.2011.02.013
https://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.1186/1475-2867-12-46
https://doi.org/10.1083/jcb.200511093


Pharmaceuticals 2023, 16, 1060 22 of 23

5. Julian, L.; Olson, M.F. Rho-associated coiled-coil containing kinases (ROCK): Structure, regulation, and functions. Small GTPases
2014, 5, e29846. [CrossRef] [PubMed]

6. Leung, T.; Chen, X.-Q.; Tan, I.; Manser, E.; Lim, L. Myotonic Dystrophy Kinase-Related Cdc42-Binding Kinase Acts as a Cdc42
Effector in Promoting Cytoskeletal Reorganization. Mol. Cell. Biol. 1998, 18, 130–140. [CrossRef] [PubMed]

7. Amano, M.; Ito, M.; Kimura, K.; Fukata, Y.; Chihara, K.; Nakano, T.; Matsuura, Y.; Kaibuchi, K. Phosphorylation and Activation of
Myosin by Rho-associated Kinase (Rho-kinase). J. Biol. Chem. 1996, 271, 20246–20249. [CrossRef] [PubMed]

8. Vicente-Manzanares, M.; Ma, X.; Adelstein, R.S.; Horwitz, A.R. Non-muscle myosin II takes centre stage in cell adhesion and
migration. Nat. Rev. Mol. Cell Biol. 2009, 10, 778–790. [CrossRef]

9. Wilkinson, S.; Paterson, H.F.; Marshall, C.J. Cdc42–MRCK and Rho–ROCK signalling cooperate in myosin phosphorylation and
cell invasion. Nature 2005, 7, 255–261. [CrossRef]

10. Wyckoff, J.B.; Pinner, S.E.; Gschmeissner, S.; Condeelis, J.S.; Sahai, E. ROCK- and Myosin-Dependent Matrix Deformation Enables
Protease-Independent Tumor-Cell Invasion In Vivo. Curr. Biol. 2006, 16, 1515–1523. [CrossRef]

11. Kale, V.P.; Hengst, J.A.; Desai, D.H.; Amin, S.G.; Yun, J.K. The regulatory roles of ROCK and MRCK kinases in the plasticity of
cancer cell migration. Cancer Lett. 2015, 361, 185–196. [CrossRef] [PubMed]

12. Golla, U.; Ehudin, M.A.; Annageldiyev, C.; Zeng, Z.; Tukaramrao, D.B.; Tarren, A.; Date, A.A.; Elcheva, I.; Berg, A.; Amin, S.; et al.
DJ4 Targets the Rho-Associated Protein Kinase Pathway and Attenuates Disease Progression in Preclinical Murine Models of
Acute Myeloid Leukemia. Cancers 2021, 13, 4889. [CrossRef] [PubMed]

13. Heiskanen, K.M.; Bhat, M.B.; Wang, H.-W.; Ma, J.; Nieminen, A.-L. Mitochondrial Depolarization Accompanies Cytochrome
cRelease During Apoptosis in PC6 Cells. J. Biol. Chem. 1999, 274, 5654–5658. [CrossRef] [PubMed]

14. Gottlieb, E.; Armour, S.M.; Harris, M.H.; Thompson, C.B. Mitochondrial membrane potential regulates matrix configuration and
cytochrome c release during apoptosis. Cell Death Differ. 2003, 10, 709–717. [CrossRef] [PubMed]

15. Ciccarelli, C.; Marampon, F.; Scoglio, A.; Mauro, A.; Giacinti, C.; De Cesaris, P.; Zani, B.M. p21WAF1 expression induced by
MEK/ERK pathway activation or inhibition correlates with growth arrest, myogenic differentiation and onco-phenotype reversal
in rhabdomyosarcoma cells. Mol. Cancer 2005, 4, 41. [CrossRef]

16. Feng, J.; Ito, M.; Ichikawa, K.; Isaka, N.; Nishikawa, M.; Hartshorne, D.J.; Nakano, T. Inhibitory Phosphorylation Site for
Rho-associated Kinase on Smooth Muscle Myosin Phosphatase. J. Biol. Chem. 1999, 274, 37385–37390. [CrossRef]

17. Kurki, P.; Vanderlaan, M.; Dolbeare, F.; Gray, J.; Tan, E.M. Expression of proliferating cell nuclear antigen (PCNA)/cyclin during
the cell cycle. Exp. Cell Res. 1986, 166, 209–219. [CrossRef]

18. Kale, V.P.; Hengst, J.A.; Desai, D.H.; Dick, T.E.; Choe, K.N.; Colledge, A.L.; Takahashi, Y.; Sung, S.-S.; Amin, S.G.; Yun, J.K. A novel
selective multikinase inhibitor of ROCK and MRCK effectively blocks cancer cell migration and invasion. Cancer Lett. 2014, 354,
299–310. [CrossRef]

19. Fabian, M.A.; Biggs, W.H., III; Treiber, D.K.; Atteridge, C.E.; Azimioara, M.D.; Benedetti, M.G.; Carter, T.A.; Ciceri, P.; Edeen,
P.T.; Floyd, M.; et al. A small molecule–kinase interaction map for clinical kinase inhibitors. Nat. Biotechnol. 2005, 23, 329–336.
[CrossRef]

20. Wolf, K.; Mazo, I.; Leung, H.; Engelke, K.; Von Andrian, U.H.; Deryugina, E.I.; Strongin, A.Y.; Bröcker, E.B.; Friedl, P. Compensation
mechanism in tumor cell migration: Mesenchymal-amoeboid transition after blocking of pericellular proteolysis. J. Cell Biol. 2003,
160, 267–277. [CrossRef]

21. Heikkila, T.; Wheatley, E.; Crighton, D.; Schroder, E.; Boakes, A.; Kaye, S.J.; Mezna, M.; Pang, L.; Rushbrooke, M.; Turnbull,
A.; et al. Co-crystal structures of inhibitors with MRCKbeta, a key regulator of tumor cell invasion. PLoS ONE 2011, 6, e24825.
[CrossRef]

22. Uehara, R.; Goshima, G.; Mabuchi, I.; Vale, R.D.; Spudich, J.A.; Griffis, E.R. Determinants of Myosin II Cortical Localization
during Cytokinesis. Curr. Biol. 2010, 20, 1080–1085. [CrossRef]

23. Yokoyama, T.; Goto, H.; Izawa, I.; Mizutani, H.; Inagaki, M. Aurora-B and Rho-kinase/ROCK, the two cleavage furrow kinases,
independently regulate the progression of cytokinesis: Possible existence of a novel cleavage furrow kinase phosphorylates
ezrin/radixin/moesin (ERM). Genes Cells 2005, 10, 127–137. [CrossRef]

24. Goto, H.; Kosako, H.; Tanabe, K.; Yanagida, M.; Sakurai, M.; Amano, M.; Kaibuchi, K.; Inagaki, M. Phosphorylation of Vimentin
by Rho-associated Kinase at a Unique Amino-terminal Site That Is Specifically Phosphorylated during Cytokinesis. J. Biol. Chem.
1998, 273, 11728–11736. [CrossRef]

25. Yasui, Y.; Amano, M.; Nagata, K.-I.; Inagaki, N.; Nakamura, H.; Saya, H.; Kaibuchi, K.; Inagaki, M. Roles of Rho-associated Kinase
in Cytokinesis; Mutations in Rho-associated Kinase Phosphorylation Sites Impair Cytokinetic Segregation of Glial Filaments. J.
Cell Biol. 1998, 143, 1249–1258. [CrossRef] [PubMed]

26. Hickson, G.R.; Echard, A.; O’Farrell, P.H. Rho-kinase Controls Cell Shape Changes during Cytokinesis. Curr. Biol. 2006, 16,
359–370. [CrossRef] [PubMed]

27. Ishizaki, T.; Uehata, M.; Tamechika, I.; Keel, J.; Nonomura, K.; Maekawa, M.; Narumiya, S. Pharmacological properties of Y-27632,
a specific inhibitor of rho-associated kinases. Mol. Pharmacol. 2000, 57, 976–983.

28. Du, J.; Hannon, G.J. Suppression of p160ROCK bypasses cell cycle arrest after Aurora-A/STK15 depletion. Proc. Natl. Acad. Sci.
USA 2004, 101, 8975–8980. [CrossRef] [PubMed]

29. Yu, Z.; Liu, M.; Fu, P.; Xie, M.; Wang, W.; Luo, X. ROCK inhibition with Y27632 promotes the proliferation and cell cycle
progression of cultured astrocyte from spinal cord. Neurochem. Int. 2012, 61, 1114–1120. [CrossRef] [PubMed]

https://doi.org/10.4161/sgtp.29846
https://www.ncbi.nlm.nih.gov/pubmed/25010901
https://doi.org/10.1128/MCB.18.1.130
https://www.ncbi.nlm.nih.gov/pubmed/9418861
https://doi.org/10.1074/jbc.271.34.20246
https://www.ncbi.nlm.nih.gov/pubmed/8702756
https://doi.org/10.1038/nrm2786
https://doi.org/10.1038/ncb1230
https://doi.org/10.1016/j.cub.2006.05.065
https://doi.org/10.1016/j.canlet.2015.03.017
https://www.ncbi.nlm.nih.gov/pubmed/25796438
https://doi.org/10.3390/cancers13194889
https://www.ncbi.nlm.nih.gov/pubmed/34638385
https://doi.org/10.1074/jbc.274.9.5654
https://www.ncbi.nlm.nih.gov/pubmed/10026183
https://doi.org/10.1038/sj.cdd.4401231
https://www.ncbi.nlm.nih.gov/pubmed/12761579
https://doi.org/10.1186/1476-4598-4-41
https://doi.org/10.1074/jbc.274.52.37385
https://doi.org/10.1016/0014-4827(86)90520-3
https://doi.org/10.1016/j.canlet.2014.08.032
https://doi.org/10.1038/nbt1068
https://doi.org/10.1083/jcb.200209006
https://doi.org/10.1371/journal.pone.0024825
https://doi.org/10.1016/j.cub.2010.04.058
https://doi.org/10.1111/j.1365-2443.2005.00824.x
https://doi.org/10.1074/jbc.273.19.11728
https://doi.org/10.1083/jcb.143.5.1249
https://www.ncbi.nlm.nih.gov/pubmed/9832553
https://doi.org/10.1016/j.cub.2005.12.043
https://www.ncbi.nlm.nih.gov/pubmed/16488869
https://doi.org/10.1073/pnas.0308484101
https://www.ncbi.nlm.nih.gov/pubmed/15178765
https://doi.org/10.1016/j.neuint.2012.08.003
https://www.ncbi.nlm.nih.gov/pubmed/22929997


Pharmaceuticals 2023, 16, 1060 23 of 23

30. Li, F.; Jiang, Q.; Shi, K.J.; Luo, H.; Yang, Y.; Xu, C.M. RhoA modulates functional and physical interaction between ROCK1 and
Erk1/2 in selenite-induced apoptosis of leukaemia cells. Cell Death Dis. 2013, 4, e708. [CrossRef] [PubMed]

31. Liu, Y.; Martindale, J.L.; Gorospe, M.; Holbrook, N.J. Regulation of p21(WAF1/CIP1) expression through mitogen-activated
protein kinase signaling pathway. Cancer Res. 1996, 56, 31–35. [PubMed]

32. Olson, M.F.; Paterson, H.F.; Marshall, C.J. Signals from Ras and Rho GTPases interact to regulate expression of p21Waf1/Cip1.
Nature 1998, 394, 295–299. [CrossRef] [PubMed]

33. Nowak, G.; Clifton, G.L.; Godwin, M.L.; Bakajsova, D. Activation of ERK1/2 pathway mediates oxidant-induced decreases in
mitochondrial function in renal cells. Am. J. Physiol.-Ren. Physiol. 2006, 291, F840–F855.

34. Zhuang, S.; Yan, Y.; Daubert, R.A.; Han, J.; Schnellmann, R.G.; Kurosaki, Y.; Imoto, A.; Kawakami, F.; Yokoba, M.; Takenaka, T.;
et al. ERK promotes hydrogen peroxide-induced apoptosis through caspase-3 activation and inhibition of Akt in renal epithelial
cells. Am. J. Physiol. Physiol. 2007, 292, F440–F447. [CrossRef]

35. Kim, G.S.; Hong, J.S.; Kim, S.W.; Koh, J.M.; An, C.S.; Choi, J.Y.; Cheng, S.L. Leptin induces apoptosis via ERK/cPLA2/cytochrome
C pathway in human bone marrow stromal cells. J. Biol. Chem. 2003, 278, 21920–21929. [CrossRef]

36. Zhang, C.-L.; Wu, L.-J.; Zuo, H.-J.; Tashiro, S.-I.; Onodera, S.; Ikejima, T. Cytochrome c Release From Oridonin-Treated Apoptotic
A375-S2 Cells Is Dependent on p53 and Extracellular Signal-Regulated Kinase Activation. J. Pharmacol. Sci. 2004, 96, 155–163.
[CrossRef]

37. Wang, X.; Martindale, J.L.; Holbrook, N.J. Requirement for ERK Activation in Cisplatin-induced Apoptosis. J. Biol. Chem. 2000,
275, 39435–39443. [CrossRef] [PubMed]

38. Kim, Y.K.; Kim, H.J.; Kwon, C.H.; Kim, J.H.; Woo, J.S.; Jung, J.S.; Kim, J.M. Role of ERK activation in cisplatin-induced apoptosis
in OK renal epithelial cells. J. Appl. Toxicol. 2005, 25, 374–382. [CrossRef] [PubMed]

39. Park, B.G.; Yoo, C.I.; Kim, H.T.; Kwon, C.H.; Kim, Y.K. Role of mitogen-activated protein kinases in hydrogen peroxide-induced
cell death in osteoblastic cells. Toxicology 2005, 215, 115–125. [CrossRef]

40. Gomez–Sarosi, L.A.; Strasberg–Rieber, M.; Rieber, M. ERK activation increases nitroprusside induced apoptosis in human
melanoma cells irrespective of p53 status: Role of superoxide dismutases. Cancer Biol. Ther. 2009, 8, 1173–1182. [CrossRef]

41. Chaffer, C.L.; Weinberg, R.A. A Perspective on Cancer Cell Metastasis. Science 2011, 331, 1559–1564. [CrossRef] [PubMed]
42. Shoemaker, R.H. The NCI60 human tumour cell line anticancer drug screen. Nat. Rev. Cancer 2006, 6, 813–823. [CrossRef]

[PubMed]
43. Ke, W.; Yu, P.; Wang, J.; Wang, R.; Guo, C.; Zhou, L.; Li, C.; Li, K. MCF-7/ADR cells (re-designated NCI/ADR-RES) are not

derived from MCF-7 breast cancer cells: A loss for breast cancer multidrug-resistant research. Med. Oncol. 2011, 28 (Suppl. 1),
S135–S141.

44. Karaman, M.W.; Herrgard, S.; Treiber, D.K.; Gallant, P.; Atteridge, C.E.; Campbell, B.T.; Chan, K.W.; Ciceri, P.; Davis, M.I.; Edeen,
P.T.; et al. A quantitative analysis of kinase inhibitor selectivity. Nat. Biotechnol. 2008, 26, 127–132. [CrossRef] [PubMed]

45. Eid, S.; Turk, S.; Volkamer, A.; Rippmann, F.; Fulle, S. KinMap: A web-based tool for interactive navigation through human
kinome data. BMC Bioinform. 2017, 18, 16. [CrossRef]

46. NCI. Leading Causes of Death in US, 1975 vs. 2011; NCI: Bethesda, MA, USA, 2014.
47. Street, C.A.; Bryan, B.A. Rho kinase proteins--pleiotropic modulators of cell survival and apoptosis. Anticancer Res. 2011, 31,

3645–3657.
48. Paull, K.D.; Shoemaker, R.H.; Hodes, L.; Monks, A.; Scudiero, D.A.; Rubinstein, L.; Plowman, J.; Boyd, M.R. Display and Analysis

of Patterns of Differential Activity of Drugs Against Human Tumor Cell Lines: Development of Mean Graph and COMPARE
Algorithm. JNCI J. Natl. Cancer Inst. 1989, 81, 1088–1092. [CrossRef]

49. Ghose, A.K.; Viswanadhan, V.N.; Wendoloski, J.J. A Knowledge-Based Approach in Designing Combinatorial or Medicinal
Chemistry Libraries for Drug Discovery. 1. A Qualitative and Quantitative Characterization of Known Drug Databases. J. Comb.
Chem. 1999, 1, 55–68. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/cddis.2013.243
https://www.ncbi.nlm.nih.gov/pubmed/23828571
https://www.ncbi.nlm.nih.gov/pubmed/8548769
https://doi.org/10.1038/28425
https://www.ncbi.nlm.nih.gov/pubmed/9685162
https://doi.org/10.1152/ajprenal.00170.2006
https://doi.org/10.1074/jbc.M204598200
https://doi.org/10.1254/jphs.fpj04008x
https://doi.org/10.1074/jbc.M004583200
https://www.ncbi.nlm.nih.gov/pubmed/10993883
https://doi.org/10.1002/jat.1081
https://www.ncbi.nlm.nih.gov/pubmed/16013042
https://doi.org/10.1016/j.tox.2005.07.003
https://doi.org/10.4161/cbt.8.12.8561
https://doi.org/10.1126/science.1203543
https://www.ncbi.nlm.nih.gov/pubmed/21436443
https://doi.org/10.1038/nrc1951
https://www.ncbi.nlm.nih.gov/pubmed/16990858
https://doi.org/10.1038/nbt1358
https://www.ncbi.nlm.nih.gov/pubmed/18183025
https://doi.org/10.1186/s12859-016-1433-7
https://doi.org/10.1093/jnci/81.14.1088
https://doi.org/10.1021/cc9800071

	Introduction 
	Results 
	DJ4 Decreases Survival in Various NSCLC and Breast Cancer Cell Lines 
	DJ4 Inhibits Colony Forming Ability of Cancer Cells 
	DJ4 Treatment Arrests Cancer Cells in G2/M Phase 
	DJ4 Induces Intrinsic Apoptotic Signaling Pathway 
	DJ4 Modulates Expression of Cell Cycle- and Apoptosis-Regulatory Proteins 
	Assessment of the Kinase Specificity of DJ4 
	Optimization of ROCK and MRCK Kinase Inhibitory Potential through Development of DJ4 Analogs 
	DJ4 Analogs Effectively Inhibit Cancer Cell Growth 
	DJ4 Analogs Induce Cell Cycle Arrest 
	DJ4 Analogs Induce Apoptotic Cell Death 
	NCI-60 Human Cancer Cell Line Screening 
	DJ4 Analogs Potently Inhibit Migration of Cancer Cells 

	Discussion 
	Materials and Methods 
	Cell-Free (Biochemical) Kinase Activity Assays 
	Cell Lines and Cell Culture 
	Cell Cycle Analysis 
	Caspase 3/7 Assay 
	Live/Dead Cell Count 
	Annexin V Analysis 
	Mitochondrial Membrane Depolarization 
	Western Blot Analysis 
	Cell Migration Assay 
	MTT Assay 
	Kinase Inhibition Assay 
	NCI-60 Human Cancer Cell Line Screen 
	Statistical Analysis 

	Conclusions 
	References

