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ARTICLE INFO ABSTRACT

Keywords: Castration-resistant prostate cancer (CRPC) represents an aggressive and fatal form of prostate cancer that
Cancer emerges following resistance to androgen deprivation therapy. Despite the availability of various drugs that can
CRPC enhance the quality and prolong the survival of CRPC patients, resistance to these therapies is frequently
lerCoCs(t)e;tgg%aln;er observed, making the disease increasingly difficult to treat. Altered expression of kinases and phosphatases is a
29Rv1 critical driver of CRPC and presents a potential target for more effective treatments. In this study, we have
MARK3 performed comprehensive transcriptomic analysis of ~359 normal and CRPC patient samples from The Cancer

Genome Atlas to identify the differentially expressed kinases and phosphatases in patient samples. We shortlisted
the candidate genes based on their differential expression profiles, associations with patient survival, Gleason
scores, and their impact on the fitness of prostate cancer cell lines. Our in-silico analysis identified microtubule
affinity-regulating kinase 3 (MARK3) as a novel CRPC driver that is upregulated in CRPC patients, linked with
poor survival outcomes, and affects the fitness of CRPC cells. Furthermore, we found that pharmacological in-
hibition of MARK3 using PCC0208017, a MARKS3 inhibitor, leads to reduced cell viability, migration potential,
and cell cycle arrest in the G1 phase in prostate cancer cells. Additionally, RNA sequencing analysis in 22Rv1
cells treated with the MARK3 inhibitor revealed that MARK3 influences genes involved in androgen response,
epithelial-mesenchymal transition, mTOR, and myc-signalling, underscoring its pivotal role in CRPC progression.
Taken together, our results establish MARK3 as a novel and promising therapeutic target in CRPC.

1. Introduction prognosis [4]. Chemotherapy with a combination of apalutamide and
enzalutamide or abiraterone has shown therapeutic promise in meta-
static CRPC (mCRPC), but the treatment leads to numerous side effects

[5-8]. Although these current approaches have acceptable clinical

Prostate cancer (PCa) is an age-dependent malignancy of prostate
tissue and the second most commonly occurring cancer in males

worldwide. Primary treatment involves anti-hormone therapy to
decrease or block the action of androgens. This therapy can be given
either alone or in combination with radiation and/or chemotherapy to
enhance its effectiveness in high-risk patients [1,2]. Despite the promise,
nearly 20 % of PCa patients receiving androgen deprivation therapy
develop castration-resistant prostate cancer (CRPC), which is an
aggressive form of PCa associated with a poor survival rate [3].
Approximately, one-third of CRPC patients transition from a
non-metastatic to metastatic form of this cancer within the initial two
years of diagnosis and treatment, further complicating the disease
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benefits, the complexity of disease manifestation and poor life expec-
tancy continuously stresses upon the urgency to develop effective and
more advanced therapeutic strategies to treat this cancer.

Recurrent genetic alterations revealed by large scale genome and
exome sequencing underlies both primary and metastatic CRPC. These
genetic modifications include either point mutations or large chromo-
somal aberrations that impact the normal prostate development, cell
cycle regulation, androgen synthesis and signalling [9]. At the molecular
level, these genetic changes often impact gene expression and modifi-
cation of key substrates involved in the onset and progression of CRPC.
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For example, many proteins of the phosphoinositide 3-kinase (PI3K) and
mitogen-activated protein kinase (MAPK) signalling pathway are shown
to be aberrantly phosphorylated to trigger cell proliferation and
metastasis in CRPC [9]. Although the downstream targets of some
mis-regulated kinases and phosphatases in CRPC are known, the clinical
significance of newly identified cancer drivers is still emerging. Recent
study using microarray analysis of prostatectomy samples from high-risk
cancer patients showed the elevated expression of DNA-dependent
protein kinase (DNAPK) that modulates Wnt-signaling and metastasis
in PCa [10]. Other large scale studies have highlighted the role of RAF
family, MERTK, and NTRK2 in bone and visceral metastasis of PCa [11]
as well as the role of MAPKSIP3, a JNK pathway kinase, in PCa and
CRPC progression [12]. Moreover, Src family kinases (SFK) are also
associated with the PCa and numerous SFK inhibitors are currently
under the different stages of clinical trials [13].

Potential predictors of PCa have been identified from multi-omics
analysis of patient samples but identification of putative CRPC
markers is still limited. Aberrant activity of some phosphatases is known
to be associated with poor CRPC disease outcomes [14,15] and a deeper
analysis of the clinical data is required to identify novel candidates with
substantial druggability potential. In this study, we have comprehen-
sively investigated ~359 normal and CRPC patient samples obtained
from the cancer genome atlas (TCGA) to identify clinically relevant ki-
nases and phosphatases. We analysed the differential gene expression
(DGE) profile within the cohort and subjected the differentially
expressed kinases and phosphatases in these samples to Kaplan-Meier
survival estimation. Candidates associated with poor survival out-
comes were considered for the downstream analyses. We performed
their co-occurrence analysis with highly upregulated genes in CRPC
identified from our overall differential expression and DepMap-based
fitness dependency analysis. We identified microtubule affinity regu-
lating kinase 3 (MARK3) as a potential novel driver of CRPC and
observed that pharmacological inhibition of MARK3 with PCC0208017
(known inhibitor of MARK3) reduced cell survival, wound healing
ability, and cell cycle arrest in 22Rv1 and PC3 cell lines. RNA sequencing
in 22Rv1 cells upon PCC0208017 treatment demonstrated that MARK3
inhibition greatly reduces the expression of androgen receptor variant 7
(AR-V7) downstream target genes that are critical drivers of CRPC. The
hallmark analysis of 22Rv1 RNA-Seq data revealed a significant negative
enrichment of androgen response, epithelial-mesenchymal transition,
mTORCI, and myc signalling gene sets upon PCC0208017 inhibition.
Overall, with the comprehensive patient data analysis and experimental
validations, we highlight the importance of MARK3 in the CRPC
progression.

2. Methodology
2.1. Differential expression analysis

Raw expression data from prad_su2c_2019 study (n = 208) [16] &
WCDT-MCRPC study (n = 99) [17] of CRPC patient samples was ob-
tained using Bioconductor package TCGAbiolinks [18] in R studio [19].
Primary prostate patient samples (n = 498) and normal prostate samples
(n = 52) were also obtained from the TCGA-GDC portal (Project Id:
TCGA-PRAD). Differential gene expression analysis was performed
considering normal prostate samples as a control group and patient
samples as the experimental group in R studio using limma pipeline, an
inbuilt function of TCGAbiolinks package.

We obtained the list of human kinases from KinMap, an online tool
for kinome data [20], and list of phosphatases was obtained from the
literature. We extracted the kinase and phosphatase expression data
from overall gene expression data using a subset function in R studio and
generated a volcano plot for overall gene expression as well as for kinase
gene expression using R package EnhancedVolcano [21]. Heatmaps
were generated in Rstudio using the Bioconductor package Complex-
Heatmap [22] combined with Circlize [23].
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2.2. Kaplan-Meier survival estimates and expression plots

Patient data from the prad_su2c 2019 study was considered for
survival analysis. We performed Kaplan-Meier survival estimates for all
the dysregulated kinases and phosphatases by grouping patients with
positive and negative z-scores. The positive z-score group represents
patients with higher expression of a particular gene, and the negative z-
score group represents a lower expression of a specific gene. This anal-
ysis was performed with the inbuilt function in cbioportal. The KM plots
were generated with GraphPad PRISM software.

2.3. Co-occurrence and fitness dependency analysis

We performed co-occurrence analysis in cbioportal for kinase and
phosphatases associated with poor survival (KPPS) with top differen-
tially expressed genes (DEGs) associated with growth and development.
DEGs with |logoFC > 3| were filtered and the list was submitted to the
Search Tool for the Retrieval of Interacting Genes/Proteins (STRING)
[24] database and obtained Reactome pathway data. For co-occurrence
analysis, we selected the candidates that belong to the pathways asso-
ciated with growth and development. We performed the analysis in
cbioportal, and to enhance the sensitivity of our analysis, we considered
co-occurrence events with |p-value <0.05| as significant. Next, we
generated the heatmap for these selected events with R package ggplot2
[25].

The fitness score of each KPPS across prostate cancer cell lines was
obtained from the Dependency Map (DepMap) portal [26]. The fitness
data was visualized in a heatmap plotted with the ComplexHeatmap
package.

2.4. Cell viability assay

Both 22Rv1l and PC3 cell lines were obtained from ATCC and
cultured in RPMI-1640 medium (ATCC) supplemented with 10 % fetal
bovine serum and 1 % penicillin-streptomycin cocktail. Cells were
cultured in a 10 cm Petri dish and sub-cultured for further use. These
sub-cultured cells were then counted with a hemocytometer and
approximately 10,000 cells were seeded in a 12-well plate. Cells were
allowed to reach 40 % confluency and then treated with 0 nM, 1 nM, 10
nM, 100 nM, & 300 nM of PCC0208017 (MedChemExpress). Inhibitor
stocks were prepared in DMSO as per manufacturer instructions.

For the assay, cells were treated for a total of 72 h, and images were
captured at various time points (24 h, 48 h, & 72 h). Before imaging,
cells were treated with the NucBlue™ (Thermo-Fisher Scientific), a dye
that stains live cell nucleus. Imaging was performed 20X with Keyence
fluorescence microscope. Live cells in each well were counted with the
inbuilt function of Keyence software, and the corresponding IC50
analysis and plotting were performed in GraphPad PRISM software.

2.5. Wound healing assay

For this assay, ~10° cells (both 22Rv1 and PC3) were seeded in a 12-
well plate. Cells were allowed to attach evenly and reach maximum
confluency. Afterwards, a scratch was added in a straight line with p200
pipette tip in each well and treated with 0 nM, 10 nM, 50 nM, and 100
nM of PCC0208017 in a triplicate. Imaging was performed at O h, 48 h,
and 72 h for 22Rv1 and 0 h and 24 h for PC3 to monitor the wound
healing. Quantification was performed with the ImageJ software and
barplots were generated using GraphPad PRISM.

2.6. Cell cycle analysis

To perform the analysis, ~1x10° cells were seeded in a 6-well plate
and incubated for 48 h. Cells were then treated with varying concen-
tration of PCC0208017 (0 nM, 10 nM, 50 nM, and 100 nM) and incu-
bated for another 24 h. After incubation, cells were trypsinized and
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harvested in 15 mL tubes. Next, they were subjected to 1X PBS wash and
fixed with 70 % ethanol following which they were incubated for 30 min
on ice and overnight incubation at 4 °C. Staining was performed with
500ul of 50 pg/mL propidium iodide along with the 100 pg/mL RNase A,
and allowed to incubate at 37 °C for 40 min. Since propidium iodide is
light sensitive, we performed this experiment in a controlled dark con-
ditions. Upon successful staining, cells were subjected to the flow
cytometry with a five-laser 64-color Cytek Aurora spectral flow cytom-
eter and the data was analysed with FCS Express software.

2.7. RNA sequencing and analysis

We extracted total RNA from 22Rv1l cells treated with DMSO
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(control) or MARK3 inhibitor using TRIzol (n = 4/condition). mRNA
was purified from total RNA using poly-T oligo-attached magnetic beads
and ~400 ng of RNA was sent for paired-end RNA sequencing. We ob-
tained around 20 million clean reads per sample. Raw FASTQ
sequencing reads were subjected to quality control and preprocessing
with in-house Perl script of Novogene before aligning to the reference
genome. Filtered data was mapped against the reference genome of
Homo sapiens (hg38) with total mapping percent ranging from 85 % to
89 %. FeatureCounts (v1.5.0-p3) was used to count the reads numbers
mapped to each gene. Subsequently, DGE analysis was performed using
the DESeq2 package in R/Bioconductor. Volcano plots for DEGs were
generated using EnhancedVolcano package in R. Hallmark analysis was
performed with gene set enrichment analysis (GSEA-v4.3.2) tool.
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Fig. 1. Differential expression analysis of kinases and phosphatases

A. Volcano plot representing differentially regulated genes between CRPC patients (cbioportal, id: prad_su2c_2019, n = 208) and normal prostate (TCGA-GDC, id:
TCGA-PRAD, n = 52), the left panel represents downregulated genes (log2FC < 1; FDR<0.01), and the right panel represents upregulated genes (log2FC > 1;

FDR<0.01).

B. Venn diagram representing total number of differentially expressed genes along with up- and downregulated genes in CRPC patient samples.
C. Heatmap representation of patient level expression of differentially expressed kinases (prad_su2c_2019, n = 208 vs normal prostate, n = 52), with corresponding
FDR and t-statistics plots, where upper section in the heatmap represents downregulated and lower section represents upregulated kinases (color red: high expression;

blue: low expression).

D. Differential expression of phosphatases across CRPC patients (in prad_su2c_2019, n = 208 vs normal prostate, n = 52) represented in heatmap and corresponding
FDR and t-statistics plots. Upper section in the heatmap represents downregulated phosphatases whereas lower section represents upregulated phosphatases (color

red: High expression; blue: low expression).
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2.8. Statistical analyses

We calculated the p-values of all the whiskers/box and bar plots by t-
test. Log-Rank test, a standard statistical test used to calculate the sta-
tistical value of Kaplan-Meier survival estimates, was applied and
generated the Log-rank p-values for all the survival plots. False Discovery
Rate (FDR) and t-statistics for heatmaps were obtained from differential
expression analysis pipeline limma.

3. Results

3.1. Differential expression analysis of kinases and phosphatase in CRPC
patients

For DGE analysis, we obtained normal prostate expression data from
TCGA-GDC (Study id: TCGA-PRAD, n = 52) and CRPC patient data from
cbioportal (Study id: prad_su2c_2019, n = 208) respectively. Patient
characteristics, pathological status of the tumour, resection/biopsy site
and other details are summarized in Supplementary Tables 1 and 2 We
performed DGE analysis using the limma pipeline, considering fold
change >1.0 and false discovery rate (FDR) as <0.01 as significant. The
expression analysis of 3141 genes revealed that 2351 genes (75 % of the
total) were upregulated while 790 (25 % of the total) were down-
regulated (Fig. 1A, B and Supplementary Table 3) suggesting that
upregulation of gene expression is a prominent pathological condition in
CRPC. The dysregulated genes were scanned against the list of human
kinases available at KinMap to identify the differentially expressed ki-
nases in our list of genes. Heatmap analysis revealed that 90 human
kinases were differentially expressed, amongst them; 71 were upregu-
lated while 19 were downregulated compared normal prostate samples
(Fig. 1C and Supplementary Table 4). We also analysed the expression
profiles for phosphatases in the normal and CRPC samples. Total 57
phosphatases were found to be differentially expressed of which 40 were
upregulated and 17 were downregulated in CRPC patients relative to
normal individuals. Heat map showing the expression of phosphatases,
with red and blue boxes representing the upregulated and down-
regulated phosphatases in each patient is summarized in Fig. 1D and
Supplementary Table 5. Previous studies have shown that alterations in
PI3K-Akt-mTOR pathway components occur in 100 % of the metastatic
and 42 % of primary prostate tumors; thus, targeting the PI3K-Akt-
mTOR pathway is considered a promising therapeutic approach for
patients with CRPC [27]. It is also known that interplay between the
PI3K/AKT and other signaling pathways, including the AR, WNT, and
ERK signaling pathways, is crucial for disease progression and emer-
gence of drug resistance in prostate cancer [28]. Interestingly, the highly
dysregulated kinases and phosphatases identified in our analysis are
associated with these pathways, suggesting the robustness of our
analysis.

3.2. Differentially expressed kinases and phosphatases affect the overall
survival of CRPC patients

Kaplan-Meier analysis is a powerful statistical method for estimating
the survival of patients after encountering a disease or upon treatment.
In our study, we employed Kaplan-Meier survival analysis to investigate
the correlation between patient survival and expression levels of
differentially expressed kinases and phosphatases. Analysis was per-
formed by dividing the patients into two groups: group A consisted of
patients with high expression of a kinase/phosphatase, and group B
comprised patients with low expression of that particular kinase/phos-
phatase. We assessed the statistical significance of the estimates using a
log-rank test. We hypothesized that for the upregulated kinases/phos-
phatases, candidates in group A must show a lower overall survival rate
compared to group B. Conversely, for the downregulated kinases, group
B must demonstrate a lower overall survival than group A, suggesting
that a threshold level of these regulatory proteins is critical for disease
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manifestation. We performed survival analysis for the differentially
expressed set of 90 kinases, keeping a high statistical significance (p-
value <0.05). Our results demonstrated that 7 (CDK1, MARK3, MELK,
PLK4, SRPK1, STK3, TTK) of the 71 upregulated kinases and 1 (SPEG) of
the 19 down-regulated kinase were associated with lower overall sur-
vival (Fig. 2A and B). Similarly, survival analysis of the 57 differentially
expressed phosphatases with the above mentioned criteria identified
NUDT3, HDDC2, and PPA2 to be linked with decreased overall survival
of CRPC patients (Fig. 2C). Collectively, our results suggest that varia-
tion in the expression of this subset of kinases and phosphatases is
strongly associated with poor patient survival. Moreover, we also
generated individual expression plots to analyse their expression levels
and found them to be significantly dysregulated (Supplementary Fig. 1).

3.3. KPPS expression correlates with gleason score

The Gleason score (GS) is a tumor grading system used by patholo-
gists to grade patient tumor biopsy samples to assess the similarity be-
tween normal and tumor cells, with GS6 representing the lowest and
GS10 indicating the highest tumor grade score. Here, we performed
expression analysis of KPPS in 167 CRPC patient tumor samples classi-
fied based on their Gleason score. We obtained patient data containing
the Gleason score from cbioportal and extracted the samples with scores
ranging from 6 to 10 (GS6, GS7, GS8, GS9, GS10) for further analysis.
We found that while mRNA expression of KPPS is markedly higher in
tumor samples across all Gleason scores compared to normal samples, a
gradual increase in the mRNA expression is observed with increasing
Gleason score for kinases MELK, PLK4, SRPK1 and phosphatase NUDT3.
Conversely, the downregulated kinase SPEG exhibited consistent
decrease in mRNA expression compared to normal samples across all
Gleason score groups (Fig. 3A and B). The gradual increase in expression
across different Gleason grade tumors suggests a potential association
between these KPPS and relative aggressiveness of CRPC.

3.4. KPPS co-occur with top DEGs to promote tumorigenesis and are
important for maintaining cellular fitness

Next, we investigated the co-occurrence of KPPS with the most
probable oncogenes and tumor suppressor genes (with highest and
lowest DEGs, respectively) identified in our expression analysis of 208
CRPC patients. For this, we considered genes with significant differential
gene expression |log2FC > 3| for both up and downregulated candidates
(top DEGs). Upon Reactome pathway enrichment analysis, candidates
involved in growth and development were considered for the co-
occurrence analysis with KPPS (Supplementary Table 6). We analysed
the co-occurrence in prad_su2c_2019 data available on cbioportal.
Employing a selection criteria of |p-value<0.05|, we identified 27 DEGs
that significantly co-occurred with both kinases and phosphatases.
Among the kinases, MELK, SRPK1, STK3, CDK1, and the phosphatase
NUDT3 showed higher co-occurrence probability, while kinases such as
PLK4, MARK3, TTK, and phosphatase PPA2 demonstrated lower co-
occurrence probability with the top DEGs (Fig. 4a). Additionally, some
kinases also frequently co-occur with each other, such as HDDC2 over-
laps with TTK; NUDT3 overlaps with CDK1, MARK3, MELK, SRPK1,
STK3, and PPA2 with PLK4, SRPK1, STK3, and TTK (Fig. 4A and Sup-
plementary Table 7). We also observed strong co-occurrence between
PLK4 and PPA2, MARK3 and MELK with NUDT3, and HDDC2 with TTK.
(Fig. 4A and Supplementary Table 7).

Considering the noticeable outcome from our co-occurrence anal-
ysis, we further explored the efficiency of these KPPSs in prostate cancer
cell lines. We obtained fitness dependency data of cancer cell lines from
the DepMap portal (https://depmap.org/portal/) and extracted the
fitness scores of KPPSs from 7 prostate cancer cell lines and one primary
prostate epithelial cell line (Supplementary Table 8). This data, gener-
ated from three different large-scale RNAi screening datasets: Novartis
Project DRIVE, Broad Institute Project Achilles, and Marcotte et al.
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Fig. 2. Survival Analysis of CRPC patients
A. Kaplan-Meier survival estimates showing poor survival for patients with differentially expressed kinases (log-rank p-value cut off 0.05).

B. Volcano plot representation of differentially up and down-regulated kinases marked with significant kinases associated with poor survival outcome (left:
downregulated kinases; right: upregulated kinases) (log2FC > 1; FDR<0.01) (marked genes: significant kinases).
C. Kaplan-Meier survival estimates showing poor survival for patients with differentially expressed phosphatases (log-rank p-value cut off 0.05).

Time (Months)

40
Time (Months)



R. Raut et al.

Expression Levels
3 *
.
N
Expression Levels

»
*
*
<
855833
parini
*
*
#*
*

Expression Levels
s
:|
*
o
.
Expression Levels

T
s

erx
T oo .
| 1
250 on R .
° P
P} >
g 200 3 *xx&
S c % Vv "
= 150 9 o] : N 1
X ullan v o, L) Ty Th
APEF T X F AR T
o T T T T T T T T T T T
SHNE S S N N - A
0\@ S A ) o\@ S A

Biochemistry and Biophysics Reports 42 (2025) 102003

- -
40 I ean i ForY
- S— 1o
2 Tees “ e
e N o prves
4 @ 104
* L - | M
< 20 . = .
2 R S S . A .
¢ 5 i <) i i @
5" dogw . g & :
z . 2 T : 3 ':i:i L2 ool
- H W e I ol ol afeml @7 T
0 - Al "7RTE. -
:
&

AR N
& &g

an
0 <
[ 3 J
@
__C| .o .sw :
o .. 2 .
@ < w .
3] S é 5 . ¥
&
—_— PSP S S S
> L A P O O R CA C C o)
FFE S < &

e

I taes

150

Expression Levels
$
.

y 3
A (24
A ey 04
o ° v :

P S @S
PN C AN S

Fig. 3. mRNA expression of KPPS across the Gleason grade tumors represented as scatter plot (p-value: *0.05, **0.01, ***0.001, ****<0.0001).

dataset [29], allowed us to generate a heatmap to visualize the fitness
dependency of each KPPS across the prostate cancer cell lines (Fig. 4B).
Here, a negative score represents reduced fitness upon depletion of a
particular gene, and it is vice versa in the case of a positive score. Loss of
CDK1, known to mediate androgen receptor (AR) Ser-81 phosphoryla-
tion and increase AR protein expression, exhibited the most drastic
decrease in the fitness of prostate cancer cell lines [30]. Loss of TTK,
PLK4, and STK3 also strongly reduced fitness across all cell lines, while
MARK3 and PPA2 moderately reduced fitness across multiple cell lines.
Interestingly, loss of CDK1, TTK, PLK4, and MARKS3 reduced the fitness
of 22Rv1, a CRPC specific cell line.

To validate the accuracy and dependency of our analyses, we
extracted expression data of 99 CRPC patients (TCGA-GDC, study id:
WCDT-MCRPC) and 52 normal prostate samples (TCGA-GDC, study id:
TCGA-PRAD), and considered them as secondary datasets. Patient
characteristics, pathological status of the tumour, resection/biopsy site
and other details are summarized in Supplementary Table 9. We per-
formed similar analyses as in Fig. 1, and observed multiple common up
and downregulated kinases between primary and secondary datasets
(Supplementary Tables 10 and 11, Supplementary Fig. 1). The heatmap
generated from the secondary dataset exhibited a strong resemblance
with the primary dataset, validating the accuracy of our analyses.
(Fig. 4C, Supplementary Fig. 4). Similar analyses was also performed for
phosphatases, which also closely resembled the primary dataset
(Fig. 4D) (Supplementary Table 11, Supplementary Fig. 2). Taken

together, these analysis elucidate the co-occurrence patterns of KPPS
with oncogenes and tumor suppressor genes in CRPC patients and assess
the efficiency of these KPPSs in prostate cancer cell lines.

3.5. MARK3 is an important player in CRPC progression

Next, we explored the available literature to identify the role of KPPS
in driving CRPC. Role of KPPS in various cancers including PCa and
CRPC is summarized in Supplementary Table 12. Interestingly, our
survey revealed that role of MARK3 in PCa/CRPC progression is still
unknown. Earlier studies have shown that MARK3 is upregulated in
human hepatocellular carcinoma and plays an oncogenic role via acting
as a messenger in the WNT signaling pathway [31].

In this regard, first, we analysed MARK3 expression in CRPC samples
(n =99) & (n = 208) relative to primary prostate cancer (n = 498)and
normal prostate samples (n = 52). Our results revealed that MARK3
expression is higher in CRPC samples compared to normal prostate
samples (Supplementary Figs. 1 and 3).

Next, to elucidate the role of MARK3 in CRPC we performed cell
viability and migration assays in two prostate cancer cell lines: 22Rv1
and PC3 upon MARKS inhibitor (PCC0208017) treatment. PCC0208017
binds within the MARK3 active site and inhibits its kinase activity. It
interacts with MARK3 through a combination of hydrophobic in-
teractions, hydrogen bonding and salt bridge interactions. The pyrimi-
dine moiety in PCC0208017 forms crucial hydrophobic interactions
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co-occurrence events: p-value<0.05).

B. Fitness score of each KPPS across the prostate cancer cell lines (negative score: reduced fitness upon depletion of a gene; positive score: increased fitness upon

depletion of a gene) (blue: reduced fitness; red: increased fitness).

C. Differential kinase expression in CRPC patients (TCGA-GDC, id: WCDT-MCRPC, n = 99) vs normal prostate samples (TCGA-GDC, id: TCGA-PRAD, n = 52)
represented as heatmap, with corresponding FDR and t-statistics plots (color red: high expression; blue: low expression).
D. Differential phosphatase expression in CRPC patients (TCGA-GDC, id: WCDT-MCRPC, n = 99) vs normal prostate samples (TCGA-GDC, id: TCGA-PRAD, n = 52)
represented as heatmap, with corresponding FDR and t-statistics plots (color red: high expression; blue: low expression).

with Val70, Met132, and Alal95, while nearby residues Ile62, Vall16,
Leul85, and Val205 also participate in establishing hydrophobic con-
tacts. A hydrogen bond is formed between the secondary amine of
PCC0208017 and Asp196 and the protonated piperidine ring’s N-atom
establishes a strong salt bridge with Glu139 and Asp142, enhancing its
overall interaction strength with MARK3 [32].

22Rv1 is a cell line that possesses a castration-resistant phenotype
and is commonly used in CRPC-specific studies. Upon treatment with
MARK3 inhibitor, we observed that 22Rvl is highly sensitive to
PCC0208017 (Fig. 5A and B; Supplementary Fig. 4) with significant
growth inhibition observed even at low concentrations (10 nM) and
early time points (24 h). This effect was severe with time and higher
concentration (Fig. 5A and B; Supplementary Fig. 4). IC50 values for
each time point were 5.547 nM at 24 h (95 % CI: 3.168 to 9.715), 4.832
nM at 48 h (95 % CI: 2.836 to 8.199), and 3.614 nM at 72 h (95 % CIL:
2.112 to 6.147). As a result, we conclude that the 22Rv1 cell line is

highly sensitive to the MARK3 inhibitor PCC0208017. Next, we assessed
the effect of MARKS3 inhibition on the prostatic small cell neuroendo-
crine carcinoma cell line, PC3. It is an androgen-independent cell line
that does not express androgen receptor (AR) and is used to study AR-
independent pathways of prostate cancer progression. When PC3 cells
were treated with PCC0208017, it was found that MARK3 inhibition
resulted in slightly reduced cell growth and viability (Fig. 5C, D; Sup-
plementary Fig. 5). However, the effect wasn’t as significant as we
observed on the 22Rv1 cell line. IC50 values for each time point were
148.3 nM at 24 h (95 % CI: 73.11 to 291.0), 6.697 nM at 48 h (95 % CI:
2.842 to 15.48), and 8.493 nM at 72 h (95 % CI: 4.360 to 17.28). These
results suggest that differences in IC50 values of PCC0208017 in 22Rv1
and PC3 cells may be attributed to the differences in androgen receptor
status (22Rv1 cells are AR-FL+/AR-V7+, while PC3 cells are AR-FL—/
AR-V7-), growth characteristics, genetic profile, and metastatic po-
tential. Taken together, these results indicate that MARK3 might be
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Fig. 5. Effect of MARK3 inhibition on CRPC and non-CRPC cell line

A. Representative images showing effect of PCC0208017 on the growth and viability of 22Rv1 cells 24, 48, and 72 h post-treatment with 0 nM, 10 nM, and 100 nM
PCC0208017.

B. Bar plots representing the NucBlue intensity in 22Rv1 cells treated with varying concentrations of PCC0208017 at different time points.

C. Representative images showing effect of PCC0208017 on the growth and viability of PC3 cells 24, 48, and 72 h post-treatment with 0 nM, 10 nM, and 100 nM
PCC0208017.

D. Bar plots representing the NucBlue intensity in PC3 cells treated with varying concentration of PCC0208017 at different time points.

E. Representative images showing the effect of PCC0208017 on migration potential of 22Rv1 cells treated with 0 nM, 10 nM, 50 nM, and 100 nM of PCC0208017.
F. Representative images showing the effect of PCC0208017 on migration potential of PC3 cells treated with 0 nM, 10 nM, 50 nM, and 100 nM of PCC0208017.
G. Bar plots representing the quantitation of migration potential of 22Rv1 cells treated with 0 nM, 10 nM, 50 nM, and 100 nM of PCC0208017.

H. Bar plots representing the quantitation of migration potential of PC3 cells treated with 0 nM, 10 nM, 50 nM, and 100 nM of PCC0208017.

related to the processes specifically driving CRPC progression. 3.6. MARKS3 inhibition induces cell cycle arrest

Furthermore, we investigated the effect of MARKS inhibition on cell
migration using wound healing assay at multiple PCC0208017 concen- Since MARKS3 is known to be involved in the process of cell cycle
trations. Consistent with the cell viability results, 22Rv1 cells exhibited progression, we performed flow cytometry-based cell cycle analysis in
significantly reduced migratory ability in response to increasing con- 22Rv1 and PC3 cells upon treatment with PCC0208017. The cells were

centrations of PCC0208017 (0 nM, 10 nM, 50 nM, and 100 nM) treated with varying concentrations of PCC0208017 (0 nM, 10 nM, 50
(Fig. 5E-G) whereas the effect was less pronounced in PC3 cells nM, and 100 nM) for 24 h to assess its effect on different stages of cell
(Fig. 5F-H). In conclusion, these results suggest that MARK3 may be cycle. Interestingly, we observe that cell cycle progression of 22Rv1 cells
crucial in driving CRPC progression, as evidenced by the heightened is drastically affected upon PCC0208017 treatment. Specifically, the
sensitivity of 22Rv1 cells to MARK3 inhibition and the associated treatment induces G1-phase arrest, accompanied by a reduction in the
reduction in migratory behavior. number of cells in the S- and G2/M-phases (Fig. 6A and B). Furthermore,

while we observe minimal effect on cell cycle in PC3 cells, G2/M phase
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Fig. 6. MARK3 inhibition induces cell cycle arrest

A. Cell cycle analysis in 22Rv1 cells treated with DMSO or various concentrations of PCC0208017.
B. Bar plots representing the percentage of 22Rv1 cells in various phases of cell cycle upon treatment with DMSO or various concentration of PCC0208017. (p-value:

##%0,001)

C. Cell cycle analysis in PC3 cells treated with DMSO or various concentrations of PCC0208017.

D. Bar plots representing the percentage of PC3 cells in various phases of cell cycle upon treatment with DMSO or various concentration of PCC0208017. (p-value:

*0.05, ***0.001).

arrest is induced upon PCC0208017 treatment (Fig. 6C and D). These

results suggest that MARK3 may play a role in the G1 phase of the cell
cycle, particularly in 22Rv1 cells, which may be associated with the
resistant phenotype in CRPC. Taken together, these results provide
substantial evidence that MARK3 is a CRPC specific candidate that

might be worthy of further exploration in CRPC therapeutics.
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3.7. MARKS3 inhibition downregulates genes involved in CRPC
progression

In order to identify the molecular signatures affected upon MARK3
inhibition, we performed RNA sequencing in 22Rv1 cells upon DMSO or
PCC0208017 treatment. DGE analysis identified that ~7933 genes were
dysregulated post MARK3 inhibition (padj <0.05) (Fig. 7A; Supp.
Table 13. Cancer hallmark analysis using gene set enrichment analysis
(GSEA) tool detected a significantly negative enrichment of important
PCa/CRPC gene sets involved in androgen response, epithelial-
mesenchymal transition, mTORC1- and myc-signaling (Fig. 7 B).
Notably, AR-V7 downstream target genes such as EDN2, ETS2, NPR3,
UGT2B17, NUP210, and SLC3A2 were significantly downregulated,
indicating that MARK3 affects AR-V7 mediated CRPC progression
(Fig. 7C). Interestingly, our qRT-PCR analysis also demonstrated that
MARKS3 inhibition significantly affects the expression of other KPPS
transcripts (Fig. 7D).

4. Discussion

Kinases and phosphatases are widely associated with cancer pro-
gression by post-translationally regulating protein function. Here, we
have comprehensively analysed the gene expression and performed
survival analysis of CRPC patient samples to identify candidate kinases
and phosphatases associated with poor survival outcomes. Furthermore,
we performed co-occurrence analysis of the KPPS with top differentially
expressed genes in CRPC patients that are associated with cancer related
processes. We found most of the KPPS were strongly co-occurring,
pointing towards the functional relevance of KPPS in CRPC progres-
sion. Interestingly, the top DEGs significantly co-occur with KPPSs, and
have a crucial role in driving CRPC. FOXM1, a master regulator in
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Fig. 7. RNA sequencing analysis in 22Rv1 cells upon MARK3 inhibition:
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advanced prostate cancer, significantly co-occurs with KPPSs along with
the MYBL2, RPS7, and RRM2, where transcription of FOXM1 is under
the control of oncogenic transcription factors c-Myc and MYBL2. FOXM1
transcriptionally enhances RRM2 expression which inturn facilitates
downstream MYC signalling resulting in CRPC progression. All the
candidates associated with FOXM1-driven CRPC progression are known
to provide ADT or docetaxel resistance in CRPC cells and enhance
autophagy via the AMPK/mTOR pathway. Moreover, they also promote
EMT transition and metastasis (Supplementary Table 14). Supplemen-
tary Table 1 lists the detailed description of top DEGs co-occurring with
KPPS in PCa/CRPC progression. To assess their impact on cellular
fitness, we explored the fitness dependency data for prostate cancer cell
lines. We found that most of these candidates significantly affected
cellular fitness upon their depletion, represented by the negative fitness
score.

Our analyses identified numerous druggable kinases and phospha-
tases such as CDK1, STK3, MELK, PLK4, MARK3, TTK, SRPK1, SPEG,
PPA2, NUDT3, and HDDC2. While some of these candidates such as
CDK1, STK3, MELK, SRPK1, PLK4 and PPA2 have been previously
studied for their role in PCa/CRPC development either computationally
or experimentally [33], others such as SPEG, the only downregulated
kinase shows promising impacts on fitness of prostate cancer cell lines
upon depletion. However, it does not show a significant correlation with
top DGEs, hence predicting its role in CRPC as a biomarker or novel
target wasn’t convincing. Further experimental testing will be required
to check if ectopic expression of SPEG in prostate cancer cell lines affects
their proliferation.

NUDT3 phosphatase is highly expressed in patient samples, affects
their survival and co-occurs with most of the top DEGs. However,
comprehensive studies will be required to pursue it as a drug target in
CRPC, as reduced NUDT3 levels in breast cancer cells are known to
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A. Volcano plot representing differentially expressed genes in 22Rv1 cells treated with DMSO or MARKS3 inhibitor, PCC0208017.
B. GSEA plots showing enrichment of cancer hallmark gene sets; NES: Normalized Enrichment Score.

C. qRT-PCR analysis of AR-V7 target genes in cells treated with DMSO control or PCC0208017. (p-value: **0.01)

D. qRT-PCR analysis of KPPS genes in cells treated with DMSO control or PCC0208017. (p-value: **0.01).
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promote cell migration in MCF-7 cells [34]. The role of HDDC2, an HD
domain containing protein 2, is mostly unexplored in cancer or other
human disease. It has been shown to be differentially expressed with a |
logFC = 2.7| in the transcriptome sequencing study of nicotine-stressed
normal breast epithelial cells [35]. In our analysis, we found that it is
upregulated in CRPC patients and decreases the overall patient survival
significantly. However its co-occurrence and fitness dependency ana-
lyses did not show promising results to pursue it as a drug target in
CRPC.

Interestingly, MARKS is a novel candidate among kinases that are
unexplored for their role in PCa/CRPC progression. We found that in-
hibition of MARK3 with PCC0208017 significantly reduces cell viability
and migration ability of both CRPC and non-CRPC cell lines. Addition-
ally, its inhibition also induces G1-phase cell cycle arrest in 22Rv1 cells
and G2/M-phase arrest in PC3 cells, suggesting its critical role in CRPC
progression. Notably, MARK3 is upregulated in human hepatocellular
carcinoma and plays an oncogenic role via acting as a messenger in the
WNT signalling pathway [31]. CDC25C, a phosphatase that plays an
important role in cell cycle regulation and promotes G2/M transition of
mitotic cell by dephosphorylating CDK1 to activate cyclin B1/CDK1
complex, is a substrate of MARK3 [36-38]. Additionally AR-V7
expression has recently been shown to facilitate G2/M transition dur-
ing CRPC progression [39]. These finding align with our observations
that MARK3 inhibition induces G2/M arrest in PC3 cells, suggesting its
role in promoting mitotic entry and tumorigenesis. Interestingly,
MARKS3 inhibition in 22Rv1 cells results in G1-phase arrest, suggesting
that MARK3 might also be involved in the G1/S check point transition.
IGF2BP2, a modulator of AR-V7 expression and drug resistance in CRPC
cells regulates CDK6-mediated G1/S transition in breast cancer [40,41]
suggesting a potential mechanistic link between MARK3 and resistance
pathways in CRPC. Notably, FOXM1 and RRM2 contribute to CRPC drug
resistance through the AMPK/mTOR pathway, facilitating S-phase
entry. Our data shows a strong positive correlation between MARK3 and
RRM2, however further experimental studies would be required to
investigate the role of this correlation in G1-phase progression.

Our results also demonstrate that there is a steady increase in mRNA
expression levels of the KPPS with increasing Gleason scores in prostate
cancer patient samples. These findings suggest that these genes could be
useful genetic indicators of tumor aggressiveness and may be able to
complement the Gleason grading system in patient prognosis. However,
further validation in larger patient cohorts would be required to confirm
their clinical utility.

Overall, our findings demonstrate the role of MARK3 in regulating
both G1/S and G2 cell cycle arrest, underscoring its importance in CRPC
development and treatment resistance. While previous research has
linked MARK3 to mitotic control, our findings expand its significance to
treatment resistance mechanisms, providing a new perspective on how
cell cycle dysregulation promotes CRPC progression. Furthermore, we
show that KPPS (MELK, PLK4, SRPK1, TTK, NUDT3) can be used as
molecular markers alongside Gleason grading. While various studies
have investigated these genes in cancer pathways, such as MELK in cell
cycle progression [42] and SRPK1 in splicing, our study is the first to link
their expression to gradually increasing Gleason scores. This innovative
integration could improve predictive accuracy by linking molecular
biology and clinical utility to improve prostate cancer risk stratification
and inform therapy choices.

Taken together, we expect that the results presented here will inspire
further studies on testing the efficacy of MARKS in clinical settings.
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