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Kinesin Facilitates Phenotypic Targeting of Therapeutic
Resistance in Advanced Prostate Cancer
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Understanding the mechanisms underlying resistance is critical
to improving therapeutic outcomes in patients with metastatic
castration-resistant prostate cancer. Previous work showed that
dynamic interconversions between epithelial-mesenchymal tran-
sition to mesenchymal-epithelial transition defines the phenotypic
landscape of prostate tumors, as a potential driver of the emergence
of therapeutic resistance. In this study, we use in vitro and in vivo
preclinical MDA PCa patient-derived xenograft models of resistant
human prostate cancer to determine molecular mechanisms of
cross-resistance between antiandrogen therapy and taxane che-
motherapy, underlying the therapeutically resistant phenotype.
Transcriptomic profiling revealed that resistant and sensitive
prostate cancer C4-2B cells have a unique differential gene signa-
ture response to cabazitaxel. Gene pathway analysis showed that
sensitive cells exhibit an increase in DNA damage, while resistant
cells express genes associated with protein regulation in response to
cabazitaxel. The patient-derived xenograft model specimens are

Introduction

Prostate cancer, the most common malignancy among men, has
favorable survival rates in local disease and early detection (1). The
lethality of prostate cancer arises from progression to metastatic
disease, resulting in one in 33 American men with prostate cancer
succumbing to the disease. Those with metastatic prostate cancer
have a 70% chance of mortality within 5 years, largely because of the
emergence of treatment resistance and tumor recurrence (1).
Second-generation antiandrogens enzalutamide and abiraterone
acetate target androgen signaling by preventing the binding of 5a-
dihydrotestosterone (DHT) to the androgen receptor (AR) and
subsequent translocation to the nucleus and inhibiting the
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from patients who have metastatic lethal castration-resistant
prostate cancer, treated with androgen deprivation therapy, anti-
androgens, and chemotherapy including second-line taxane che-
motherapy, cabazitaxel. Immunohistochemistry revealed high
expression of E-cadherin and low expression of vimentin resulting
in redifferentiation toward an epithelial phenotype. Furthermore,
the mitotic kinesin-related protein involved in microtubule binding
and the SLCO1B3 transporter (implicated in cabazitaxel intracel-
lular transport) are associated with resistance in these prostate
tumors. Combinational targeting of kinesins (ispinesib) with cab-
azitaxel was more effective than single monotherapies in inducing
cell death in resistant prostate tumors.

Implications: Our findings are of translational significance in
identifying kinesin as a novel target of cross-resistance toward
enhancing therapeutic vulnerability and improved clinical out-
comes in patients with advanced prostate cancer.

biosynthesis of DHT respectively (2, 3). Androgen deprivation
therapy (ADT) and AR signaling inhibitors offer survival benefits in
metastatic castration-resistant prostate cancer patients. The majority
of prostate cancer patients treated with ADT eventually develop
castration-resistant prostate cancer (CRPC) that ultimately recurs and
progresses to lethal disease. These therapies have survival benefits for
patients with CRPC; however, there is often progression to resistant
disease, no longer responsive to antiandrogen therapy (4, 5). At this
stage, the only therapeutic strategies that confer improvement in
patient survival are first-line taxane chemotherapy and second-line
taxane chemotherapy (docetaxel and cabazitaxel), and the recently
FDA-approved PARP inhibitors (olaparib; refs. 6-8).

The primary mechanism of antitumor action by taxane che-
motherapy proceeds via induction of G,-M cell cycle arrest and
apoptosis in prostate cancer through stabilization of microtubules
by binding to B-tubulin and preventing de-polymerization of
microtubules, consequentially blocking mitosis (7). Further evi-
dence (from our group) first showed that taxane chemotherapy
prevents the translocation of AR to the nucleus, impairing AR
signaling and transcriptional activity (9). Cabazitaxel was also
shown to have a differential effect as a result of targeting expres-
sion of HSET (KIFC1I), a kinesin protein involved in microtubule
binding, assembly of the mitotic spindle and potentially associated
with AR (10, 11). This is of major clinical significance, as HSET
expression has been linked to therapeutic resistance and poor
clinical outcomes in prostate cancer (12). There is potential
therapeutic value in targeting HSET to overcome resistance, as
in vitro studies have shown the resensitization of docetaxel-
resistant prostate cancer cells and apoptosis when treated with an
HSET inhibitor CW069 (13). Our In vivo studies have shown
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effective targeting of HSET by treating mice with cabazitaxel
therapy following ADT, showing the potential value for sequenc-
ing strategies to improve patient clinical response (10).

Prostate tumors acquire a more invasive and stem-like phe-
notype through the process of epithelial-mesenchymal transition
(EMT) leading to the development of metastases and therapeutic
resistance (14). This process is characterized by the loss of epi-
thelial markers such as E-cadherin, insulin-like growth factor
binding protein 3 (IGFBP3), and their tight junctions, and the
upregulation of mesenchymal markers including vimentin
(15-17). Previous studies from our group showed that cab-
azitaxel treatment contributes to the phenotypic reprogramming
of prostate cancer cells within the tumor microenvironment, by
reversing EMT to mesenchymal-epithelial transition (MET; ref.
11). The cell plasticity that drives interconversion between EMT
and MET not only defines the phenotypic landscape of prostate
tumors but has also been linked to the emergence of therapeutic
resistance and recurrent tumors, yet it provides a potential
therapeutic vulnerability window where cells are primed for
therapy (17-19). In this study, we profiled the effectors involved
in phenotypic redifferentiation in models of therapeutic resis-
tance in prostate cancer, toward the development of a gene
signature that underpins the molecular landscape of resistance
for potential leads to overcome tumor recurrence and lethal
disease.

Materials and Methods

Cell lines

Human prostate cancer cell lines, 22RV1 (CRPC), LNCaP (an-
drogen sensitive), and PC3 (androgen-independent, AR-negative)
were obtained from the ATCC (CRL2505, CRL1740, and CRL1435,
respectively). Therapeutically resistant human prostate cancer cell
lines were generated according to and generously provided by Dr.
Allen Gao (University of California, Davis) as previously described,
C4-2BER (enzalutamide resistant), C4-2BAR (abiraterone resistant),
C4-2BDR (docetaxel resistant), and C4-2B (parental; refs. 20, 21).
Cells were maintained using RPMI 1640 (Corning) supplemented
with 10% FBS (Thermo Fisher Scientific) and 1% penicillin-
streptomycin (Thermo Fisher Scientific) in a 37°C incubator with
5% CO,. Experiments using DHT-supplemented media with
charcoal-stripped FBS (Thermo Fisher Scientific). PC3-CR (cab-
azitaxel resistant) cell lines were generated through an incremental
increase in exposure to cabazitaxel, starting with 0.5 nmol/L, over a
2-month period. Cells were tested for mycoplasma contamination
using the ATCC Universal Mycoplasma Detection Kit (30-1012K,
ATCC).

Drugs

Antiandrogen drugs enzalutamide and abiraterone were obtained
from Selleck Chemicals and Sigma Aldrich, respectively. Both drugs
were reconstituted to 10-mmol/L stocks in DMSO and stored
at —80°C. Docetaxel obtained from Sigma Aldrich was dissolved in
DMSO to 1-mmol/L stocks. Cabazitaxel (CBZ; Sigma Aldrich),
dissolved in 100% ethanol and stored at —20°C in 1-mmol/L stocks.
Kinesin inhibitors CW069 and ispinesib were purchased from
Selleck Chemicals and Sigma Aldrich, respectively.

Cell viability

Cell viability was assessed using the thiazolyl blue tetrazolium
bromide (MTT) assay. Cells (5 x 10* cells/mL) at 60% to 70%
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confluence in 96-well plates were exposed to the respective drugs,
enzalutamide (10 pmol/L), abiraterone (10 pmol/L), or docetaxel (50
nmol/L) for 24 and 48 hours. Experiments investigating the effects
of cabazitaxel (1-50 nmol/L) or Ispinesib (1-50 nmol/L) on cell
viability were exposed to treatment for 24, 48, 72, and 96 hours.
Cells were subsequently treated with 1 mg/mL of MTT (Thermo
Fisher Scientific) for 1 hour at 37°C and formazan crystals were
solubilized with DMSO. Absorbance was measured at 570 nmol/L
using SpectraMaxx M5 spectrophotometer (Molecular Devices). All
treatments were given in triplicate, and results were presented as the
average of three independent experiments.

Cell migration

Cell lines were seeded in six-well plates in triplicate at a density of
2 x 10° cells/well, grown to 60% density. The cell monolayer was
wounded with a 10-pL pipette tip. Following wounding, cells were
exposed to enzalutamide (10 pmol/L), abiraterone (10 pmol/L), or
docetaxel (50 nmol/L). At 24 and 48 hours, images were captured
(10x magnification), and the number of cells migrating into the
wound was counted in three fields per well. This experiment was
replicated three times.

Cell invasion

The invasive potential of therapeutically resistant cell lines was
investigated using the matrigel invasion assay. Cells were seeded
into the upper chamber of the Biocoat Matrigel Transwell Chamber
(Becton Dickinson) at a density of 50,000 cells/well. Non-invasive
cells were removed using medium-soaked cotton swabs after 24 and
48 hours, and cells were fixed and stained using the Diff-Quick
staining solutions (IMEB, Inc.). Images were captured at 10x
magnification, and the number of invading cells was counted in four
fields.

Western blot analysis

Total cellular protein was isolated from cell lysates using RIPA
buffer (Thermo Fisher Scientific) with protease inhibitor (Thermo
Fisher Scientific). Protein concentration of cell lysates was deter-
mined using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific). Proteins were subjected to SDS-PAGE using 10% to 12%
SDS-polyacrylamide gels (Bio-Rad) and transferred to poly-
vinylidene fluoride membranes (Bio-Rad). Membranes were probed
with primary antibodies overnight at 4°C followed by exposure to
species-specific horseradish peroxidase-labeled secondary anti-
bodies (Cell Signaling Technology). Probes were detected with
WesternBright ECL spray (Advansta) and visualized using GE
ImageQuant chemiluminescence. GAPDH was used as a loading
control.

In vivo xenograft experiments

All animal experiments were performed according to the Insti-
tutional Animal Care and Use Committee Office of Animal Care
Use and Welfare at the Icahn School of Medicine at Mount Sinai.
Six to eight weeks old male NOD-scid gamma mice (The Jackson
Laboratory) were injected subcutaneously into right flank with C4-
2B or C4-2BDR cells (5 million in 100-uL media) mixed with 100 pL
Matrigel (Corning). After 4 weeks, tumors reached a palpable size
and were treated with cabazitaxel at 3 mg/kg every 3 days for 2
weeks, the vehicle control groups were administered 1:1:18 vol/vol
of ethanol: polysorbate 80: 5% wt/vol glucose in sterile water.
Treatments were administered via intraperitoneal injection. Tumors
were measured every 3 days and tumor volume was calculated by
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length x width x 0.5236. Three days after the final treatment, mice
were euthanized using CO, according to approved guidelines, and
tumors were existed for analysis. One mouse was excluded from the
analysis due to significant toxicity from cabazitaxel.

Coimmunoprecipitation

Cells were lysed using the Pierce IP Lysis buffer (Thermo Fisher
Scientific). Coimmunoprecipitation was performed using the
Dynabeads Protein G Kit according to the manufacturer’s instruc-
tions with cross-linking with the Pierce BS® Crosslinker (Thermo
Fisher Scientific). Anti-KIFC1 and Anti-Bcl2 Antibodies were used
at 5 pg/sample. Antibodies used are summarized in Supplementary
Table S1.

RNA sequencing

RNA sequencing (RNA-seq) of PC3 and PC3-CR cells was done
using the Human Clariom-$ array analysis with the assistance of the
University of Kentucky Microarray Core Facility. Total RNA was
extracted from prostate cancer cells using TRIzol reagent (Invi-
trogen/Life Technologies) and the recommended protocol for RNA
isolation. RNA-seq of C4-2B samples was performed at the Genetic
and Genomics Core Facilities at Icahn School of Medicine at Mount
Sinai. We used 50-bp single-end and 30 million reads per sample for
a total of 18 samples. Illumina Stranded mRNA library prep kit was
used to prepare the RNA material for sequencing. NextSeq 500/550
High output (75 cycles) was utilized to amplify the mRNAs. Briefly,
the resulting reads were quality-controlled using FASTQC, Multi-
QC, and SamTools. The reads were aligned to Human Genomic
Reference HG38 with splicing sensitive aligner STAR 2.7. Gene
counts were quantified using FeatureCounts. Downstream differ-
ential expression analysis and pathway enrichment were performed
using R packages Dream, mle4, VariancePartition, enrichR, and
GSVA, and figures were generated with ggplot2, tidyverse com-
plexheatmap, and pheatmap packages. Data are available upon
request.

Quantitative RT-PCR analysis

Total RNA was extracted using PureLink RNA Mini Kit (Invi-
trogen) according to the manufacturer’s instructions. One micro-
gram of RNA sample was subjected to reverse transcription using
the iScript cDNA synthesis kit (Bio-Rad). Quantitative real-time
RT-PCR was performed in the CFX96 Real-Time Detection System
(Bio-Rad) with Sybr green-based detection using specific primers
for CBLN2, NECTIN3, LRG1, ELF5 TRIM?2, KIF5C, MARCKS, WLS,
Snail, Slug, Zebl, and Twistl (Thermo Fisher Scientific). Each PCR
reaction included three technical replicates, data represents the av-
erage of three repeated independent experiments, normalized to
Actin expression (AACT) and expressed relative to untreated
controls.

Transporter siRNA silencing

For gene silencing in prostate cancer cells, the shRNA vector was
obtained from Open Biosystems. After transfection, the shRNA
SLCO1B3 transporter gene in LNCaP cells was selected using pu-
romycin (a resistance marker). Polyclonal populations were pooled
under antibiotic selection media and after several passages, stable
cell lines were characterized as previously described (22).

IHC analysis of PDX specimens
Formalin-fixed, paraffin-embedded tissue specimens from
patient-derived xenograft model (PDX) sections (5 pm) of male
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patients with advanced CRPC were provided by Dr. Nora Navone
(MD Anderson Cancer Center) as part of the MDA PCa PDX series
as previously described (23). Sections were subjected to IHC analysis
using antibodies against E-cadherin, vimentin, cytokeratin 18,
HSET, B-cell lymphoma-2 (Bcl-2), and solute carrier organic anion
transporter family 1B3 (SLCOI1B3; the antibodies used are sum-
marized in Supplementary Table S1). Slides were de-paraffinized,
rehydrated, and heat-induced antigen retrieval was performed using
the Dako antigen retrieval solution at 100°C. Sections were exposed
to primary antibodies overnight at 4°C, followed by detection with
THC-select species-specific biotinylated secondary antibodies and
horseradish peroxidase-streptavidin (Millipore). Visualized was
achieved using 3'3-diaminobenzidine chromogen substrate kit
(Dako). Images were captured using a NanoZoomer digital scanner
(Hamamatsu Photonics). The positively stained HSET (nuclear) was
quantified at 40x magnification by two independent observers each
in three random fields.

Statistical analysis

Numerical assay data were analyzed via one- or two-way
ANOVA to test for statistical significance between cell lines and
treatments using GraphPad Prism 9. PC3 data were analyzed using a
Student ¢ test. Data are expressed as mean + standard error of the
mean. Statistical significance was inferred when P < 0.05. RNA-seq
data were normalized and modeled using mixed effect models for
precise modeling of time points and the two cellular conditions
(resistant and sensitive). RNA-seq quality control using count dis-
tribution, library size, and gene detection of at least five counts
between samples was performed to remove potential sequencing
artifacts. Differential expression tests part of mixed effect models
used moderate t statistics. Hierarchical clustering was performed
using the R package HMISC implementing the “ward.D2” method
(24). Pathway enrichment analysis was done using local enrichR to
survey all available gene set databases with a focus on gene ontology
and MsigBD. Pathways were ranked based on the number of genes
per pathway, odds ratio, and false discovery rate-adjusted P-values.
All P-values were adjusted using multiple testing adjustments (25).

Data availability

Data processing and analysis scripts are deposited at https://
github.com/eegk and available upon request. All other relevant data
that support the conclusions of the study are within the supple-
mentary material or available from the authors upon request.

Results

Characterization of cross-resistance to antiandrogens and
first-line taxane chemotherapy

We determined the response of human prostate cancer cell lines
that are resistant to enzalutamide (C4-2BER), abiraterone (C4-2BAR),
and docetaxel (C4-2BDR), to antiandrogens and docetaxel chemo-
therapy, based on cell viability assessment in response enzalutamide
(10 pmol/L), abiraterone (10 umol/L), and docetaxel (50 nmol/L).
Docetaxel induced significant cell death, as identified by the signifi-
cant reduction in cell viability in response to the drug at 24 and
48 hours of treatment (P < 0.05), except for the docetaxel-resistant
C4-2BDR (Fig. 1A and B). At 24 hours, 22RV1 cells (CRPC)
exhibited partial sensitivity in response to docetaxel and the anti-
androgen abiraterone by 48 hours of treatment (Fig. 1A and B). The
C4-2B cells showed a significant loss of cell viability in response to
both antiandrogens and docetaxel. The enzalutamide-resistant C4-
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2BER and abiraterone-resistant C4-2BAR failed to show a cell death
induction after treatment (24 hours) to either antiandrogen. However,
by 48 hours, C4-2BER showed sensitivity to abiraterone, and C4-
2BAR exhibited differential response to all drugs (Fig. 1A and B). The
taxane-resistant C4-2BDR cells failed to respond to any of the drugs
at 24 hours (Fig. 1A and B). We also examined the effect of anti-
androgen on prostate cancer cell migration (Fig. 1G and H; Sup-
plementary Fig. S1A). 22RV1 cells showed minimal migration, while
C4-2B parental cells showed the highest migration potential at 24 and
48 hours. Treatment with enzalutamide or abiraterone did not affect
the migration of 22RV1, C4-2B, C4-2BER, and C4-2BAR. Only in
response to abiraterone, there was a significant reduction in cell mi-
gration of C4-2BDR cells (P < 0.05; Fig. 1G and H).

The invasive potential of resistant cell lines was investigated using
matrigel invasion assays. All cell lines showed invading cells at 24 and
48 hours (Fig. 1D-F). At 24 hours, the resistant cell lines showed no
difference in the number of invading cells compared with the C4-2B
cells (Fig. 1D and E). At 48 hours, the enzalutamide-resistant C4-
2BER had a significantly greater number of invading cells compared
with C4-2B and C4-BDR (Fig. 1D and E).

Phenotypic profiling of the effectors of cross-resistance by
Western blot revealed that IGFBP3 is upregulated in C4-2BDR cells
compared with C4-2B cells (24 hours). Both antiandrogen-resistant
cell lines exhibited similar protein expression profiles, while Bcl-2
expression was downregulated in response to docetaxel in both cell
lines. HSET expression is induced by docetaxel in parental and
antiandrogen-resistant cells and not targeted as observed with
cabazitaxel (Fig. 1C; ref. 11).

Phenotypic interconversions drive cross-resistance to
cabazitaxel

A time course and dose response to cabazitaxel were investigated
in C4-2B cell models; our findings showed that docetaxel-resistant
C4-2BDR cells exhibit significant cross-resistance to cabazitaxel
(Fig. 2A-D). At 48 hours, C4-2BDR have significantly greater via-
bility when exposed to 1 to 35 nmol/L of cabazitaxel compared with
parental cells (Fig. 2B). In concentrations up to 10 nmol/L, C4-
2BDR cells maintain greater than 50% cell viability through
96 hours. At higher doses (50 nmol/L), there is no difference in
response to cabazitaxel (Fig. 2A-D). For subsequent experiments, a
dose of 20 nmol/L was used for 48 hours treatment period. At
concentrations of cabazitaxel up to 20 nmol/L, C4-2BDR cells
showed reduced sensitivity to the drug compared with all other cell
lines (Supplementary Fig. S2A-D). Antiandrogen-resistant cell lines
C4-2BER and C4-2BAR, and 22RV1 CRPC cells showed similar
viability profiles to the parental C4-2B cells. This response was
consistent at higher doses of cabazitaxel (35-50 nmol/L; Fig. 2A-D;
Supplementary Figs. S2 and S3). Early results from in vivo xenograft
C4-2B and C4-2BDR tumors suggest cabazitaxel is not effective in
reducing tumor growth in C4-2BDR tumors compared with C4-2B
tumors and vehicle controls (Supplementary Fig. S3H and I).

The phenotypic profile of this cross-resistance to cabazitaxel was
analyzed via Western blot (20 nmol/L; 0-48 hours). E-cadherin was
consistently upregulated when exposed to cabazitaxel for 12 to
48 hours, and IGFBP3 was increased in C4-2BDR-resistant cells.
This suggests that cabazitaxel is driving an interconversion between
EMT and MET in resistant cells. No significant changes were de-
tected in HSET levels in taxane-resistant cells. Bcl-2 expression
decreases in response to cabazitaxel treatment (Fig. 2E). By co-
immunoprecipitation, an interaction between Bcl-2 and HSET was
observed, and was enriched when exposed to cabazitaxel for 6 hours
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(Fig. 2F). Expression of genes involved in the regulation of EMT
were comparatively analyzed via qRT-PCR in the two cell lines.
Expression of Slug, Twist, and Zebl were upregulated in C42BDR
cells in response to cabazitaxel after 9 to 24 hours (Fig. 2H-]) but
no differences in Snail mRNA (Fig. 2G).

Tracing genes involved in phenotypic reprogramming and
therapeutic resistance

To gain mechanistic insights into the phenotypic landscape that
underpins therapeutic resistance, we performed an RNA-seq on C4-
2B and C4-2BDR cells, to determine their differential response to
cabazitaxel (20 nmol/L, 6-12 hours). Principal component analysis
reveals that C42B and C4-2BDR cells have distinct gene profiles
during treatment (Fig. 3A; Supplementary Figs. S4 and S5). The
heat maps depict the significant (FDR < 0.05) gene signature re-
sponses of C4-2B (Fig. 3B), and C4-2BDR (Fig. 3C) to cabazitaxel
over time and show the 30 most affected genes (LogFC > 2, FDR <
0.01), though C4-2B cells exhibited a greater number of gene
changes in response to cabazitaxel. Differential expression analysis
reveals the largest differences in mRNA expression in resistant cells,
and response to cabazitaxel (Fig. 3D and E). Resistant C4-2BDR
cells exhibited high expression of CBLN2, ELF5, ELOVLS,
FAM155B, GNAQ, and GCHI, downregulation of LRGI and
B4GALNT compared with sensitive C4-2B cells, and expression is
maintained following cabazitaxel treatment (Fig. 3D). Treatment
with cabazitaxel increased expression of WLS and NECTIN3, while
expressions of SLC16A3, COLECI2, EPHA3, and PDIA2 were re-
duced compared with C4-2B cells (Fig. 3E). In C4-2B cells, treat-
ment with cabazitaxel, led to enhancement/activation of gene
pathways involved in autophagy, cell cycle stress, and apoptosis. In
the resistant C4-2BDR cells, transcriptomic profiling revealed en-
richment of DNA replication and repair pathways in response to
taxane. Pathways engaged in stemness and unfolded protein re-
sponse were enriched in both sensitive and resistant prostate cancer
cells after treatment; however, this differential activation was sig-
nificantly higher in the C4-2BDR-resistant cells (Fig. 3F).

To validate the results of RNA-seq, QqRT-PCR was completed on
C4-2B and C4-2BDR cells after treatment with cabazitaxel (24
hours). Consistent with RNA-seq, the mRNA expression of CBLN2,
NECTIN3, and ELF5 were upregulated in untreated C4-2BDR cells,
and this continued through exposure to cabazitaxel (Supplementary
Fig. S6A, B, and F). Expression of MARCKS and TRIM2 was in-
duced by cabazitaxel in C4-2BDR resistant cell lines (Supplementary
Fig. S6E and G). LRGI and KIF5C exhibited reduced expression in
C4-2BDR-resistant cells compared with C4-2B parental cells, which
continued with cabazitaxel treatment (Supplementary Fig. S6C and
D). This was consistent with RNA-seq analysis; however, expression
of WLS was variable (Supplementary Fig. S6H).

Functional loss of SLCO1B3 to underpin therapeutic resistance

Transcriptomic analysis revealed alterations in solute carrier
(SLC) family transport proteins associated with therapeutic resis-
tance. Combined expression of SLC family transporters in C4-2B
RNA-seq analysis revealed a global downregulation of these trans-
porters in resistant C4-2BDR cells and reduced expression of
transporters with treatment with cabazitaxel in both cell lines
(Fig. 4A and B). To further investigate the role of SLC transporters
in prostate cancer cells, androgen-independent PC3 cells were
continually exposed to increasing doses of cabazitaxel to develop
PC3-CR cells, which exhibit increased cell viability in response to
cabazitaxel compared with PC3 cells (Fig. 4C). RNA-seq analysis of
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these cells revealed downregulation of the SLC family membrane
transporter SLCOIB3 in the cabazitaxel-resistant prostate cancer
cells compared with the PC3 control cells (Fig. 4D). This result was
validated using qRT-PCR, and loss of SCLO1B3 in PC3-CR cells at a
protein level was demonstrated via Western blot (Fig. 4E and F). To
examine the functional contribution of SLCO1B3 to cabazitaxel
resistance in PC3 cells, we silenced SLC01B3 expression by shRNA
knockdown (a shCONTROL vector and three shSLCO1B3 con-
structs were selected). Dose-response treatment for a period of
96 hours demonstrated that shSLCO1B3 Clones C and D had
greater cell viability in response to increasing doses of cabazitaxel,
compared with control and shSLCO1B3-A cells (Fig. 4G). In the
publicly available clinical prostate cancer database, The Cancer
Genome Atlas (TCGA), SCLO1B3 alterations, which were most
commonly shallow deletions or deep deletions, were associated with
a decrease in progression-free survival, and overall survival
(Fig. 4H; Supplementary Fig. S8B). IHC analysis for SLCO1B3 in
MDA PCa PDX specimens from patients with advanced CRPC
showed very little staining, except in PDX derived from Patient 4,
derived from circulating tumor cells (Supplementary Fig. S8A).

Phenotypic signatures of lethal prostate cancer MDA PCa PDX
models

To investigate the clinical relevance of phenotypic signatures of
therapeutic resistance, PDX tumors derived from patients with
advanced, treatment-resistant prostate cancer were utilized (MDA
PCa PDX). These tumors were all derived from patients with ad-
vanced metastatic CRPC that had undergone different treatment
sequences and regimes. All patients had received cabazitaxel, except
for Patient 1 (donor of MDA PCa 183-A), who is treatment naive.
Eight samples were studied, including four samples (MDA PCa 342-
A + B, 350-A + B, 355-9, 355-15) derived from one patient longi-
tudinally (Patient 5a, 5b, 5¢, 5d). The clinical characteristics of these
tumors are summarized in Supplementary Table S2. The tumors
were phenotypically profiled for EMT-MET interconversion, based
on E-cadherin and vimentin immunohistochemistry. The PDX from
Patient sample 1 (treatment naive), maintained strong expression of
the epithelial marker E-cadherin, with minimal vimentin expres-
sion. Interestingly, the PDX from Patient 4, who had undergone
cabazitaxel treatment following ADT and abiraterone treatment,
exhibited strong expression of E-cadherin and weak vimentin
staining. This suggests that treatment reverts to an epithelial phe-
notype (via MET). Conversely, PDX from Patient 2 and all longi-
tudinal samples derived from Patient 5 (5a—d) appeared mesenchymal
in phenotype (based on vimentin and E-cadherin immunostaining,
Supplementary Fig. S9).

Since we previously demonstrated sequencing cabazitaxel treat-
ment after ADT in vivo reduces the expression of HSET in
castration-sensitive prostate cancer xenografts (10), we subsequently
investigated the expression of HSET in PDX models of therapeu-
tically resistant prostate cancer and the correlation with the

Targeting Molecular Determinants of Lethal CRPC

sequencing regimen in the patients (with advanced disease) they
were derived from. HSET protein expression was detected in all
PDX samples with strong nuclear immunoreactivity (Fig. 5A).
Models derived from Patients 2 and 3 had the highest level of im-
munoreactivity (approximately 33%). For PDX from Patient 5, there
was variability in HSET expression levels ranging from 15% to 25%
of cells expressing HSET. PDX derived from treatment naive Patient
1 had low expression of HSET, with 10% positively stained cells.
PDX from Patient 4 exhibited the lowest positivity for HSET, only
8% of cells were positively stained (Fig. 5A and B). This may be a
result of treatment sequencing, targeting of HSET by cabazitaxel
following antiandrogen therapy. However, RNA-seq analysis of
these tumors revealed variable expression of HSET (KIFCI) at an
mRNA level, with no clear correlation of mRNA level with protein
expression (Supplementary Fig. S10D). In publically available
TCGA data sets, alterations (most commonly amplification) were
associated with decreased disease-free survival, and mRNA ex-
pression of HSET is higher in prostate cancer tissues compared with
benign disease (Fig. 5C; Supplementary Fig. SI0E). Concurrently,
immunohistochemistry of anti-apoptotic Bcl-2 was performed in
these specimens. The highest Bcl-2 immunoreactivity was observed
in PDX from Patient 3, which was derived from a lymph node.
Patient 4 and all Patient 5 PDX samples displayed Bcl-2 positivity,
while PDX from treatment naive Patient 1, and Patient 2 failed to
show any immunoreactivity (Fig. 5A).

The AR expression status was also assessed via IHC analysis in
serial sections. PDX tumors from two patients exhibited AR
positivity, treatment-naive-derived tumor specimens exhibited
strong AR positivity (80% of cell population), and tumors derived
from Patient 4 (PDX developed from circulating tumor cells) had
90% AR positivity. Expression of AR mRNA was assessed in these
specimens using RNA-seq, PDX from Patients 1 and 4 showed
expression of AR consistent with the IHC profile (Supplementary
Fig. S10A-C).

Targeting kinesins to overcome resistance

The effect of kinesin inhibition to overcome taxane resistance was
interrogated by targeting kinesin proteins. As shown in Fig. 6A-D,
a dose response of C4-2B and C4-2BDR cell lines to kinesin in-
hibitor ispinesib revealed that during the treatment period of 24 to
96 hours, the C4-2BDR cells showed resistance to ispinesib in a
dose-dependent pattern (5-35 nmol/L). Exposure to a higher dose
resulted in a 40% loss of cell viability (vs. the untreated controls).
The C4-2B cells exhibited high sensitivity to ispinesib with a 60%
cell death when treated with ispinesib (5-50 nmol/L, 24-96 hours;
Fig. 6A-D). Similar response patterns were observed for other cell
lines resistant to enzalutamide or abiraterone (Supplementary Fig.
S11). The optimal dose of CW069 was determined using dose re-
sponse for 24 to 48 hours (Supplementary Fig. S12); 5 nmol/L of
ispinesib was used for subsequent experiments. To investigate the
combined targeting of kinesins with cabazitaxel and kinesin

Figure 1.

Differential response to antiandrogens and taxane chemotherapy in prostate cancer resistant cell lines. A and B, show the results of cell viability of C4-2B, C4-
2BER, C4-2BAR, and C4-2BDR in response to enzalutamide (10 umol/L), 10 umol/L abiraterone or docetaxel (50 nmol/L) at 24 (A) and 48 hours (B) measured
by the MTT assay. C, Western blot analysis of E-cadherin, IGFBP3, HSET, BCL2, and cofilin protein levels in response to enzalutamide (10 umol/L), abiraterone
(10 umol/L), or docetaxel (50 nmol/L; for 24 hours); GAPDH was used as a loading control. D, Representative images of the matrigel invasion assay; cells were
counted in four fields of view from three independent experiments at 24 (E) and 48 (F) hours. Following the wound scratch assay, images were taken in three
fields of view and quantified at 24 (G) and 48 (H) hours. Data represent mean of three independent experiments in triplicate + SEM, *, P < 0.05; **, P < 0.01; ***,

P < 0.007; ****, P < 0.0001 as determined by two-way ANOVA.

AACRJournals.org

Mol Cancer Res; 22(8) August 2024 735

202 10quisldas pz UO BAO|ZOY|-Zo[ezuUOS) JEBP3T “BUIS I 1 BUIDIPSI JO [00U0S UYED] Aq Jpd° /0L -€2-10W/S6Y08YE/0E L/8/22/Pd-ajoie/1ow/B10°s|eunolioee//:diy woly papeojumod


https://aacrjournals.org/

Archer et al.

e 4
3 3
<] 2
£ =
3 £
2 2
3 3
z > = 0nmollL CBZ
o o
o o
ES £ === 1 nmol/L CBZ
w5 nmol/L CBZ
Ca-28 C4-2BDR
w10 nmol/L CBZ
== 20 nmol/L CBZ
C D — 35mollL CBZ
g £ = 50 nmollL CBZ
<] -]
£ £
S &
2 2>
3 3
[ "
= >
3 T
o o
B B
C4-2B C4-2BDR Ca-28 C4-2BDR
E Ctrl 12 hours 24 hours 48 hours F
[ o [ [
2 a8 8 o &
& o o & o 3 ;‘ o IP: Bcl2
3 3 g 3 3
X C4-28 C4-2BDR
E-Cadherin — B e w135
Input NegCtrl 0 6 24 0 24 Hrs 20 nmol/L CBZ
——— e = - | 2
IGFBP3| et Sl - - 74 kDa
HSETl L e e e — —_— | 75
Bel-2 - e B -— .. - 26 kDa
BCL2 | o — N .- — | 26
Cofilin | e c— o a—— | 19
GAPDHl———--—-———-——.lBG
Kda
c 25 c
2 — A28 2 —C428
% 20 8
e — CA280R e — C4-280R
= 2
w15 w
= o
< =1
Z 10 z 3
g g
Z 05 z
& H
0.0
0 hour 3hours 6hours 9hours 12hours 24 hours 0 hour 3hours 6hours 9hours 12hours 24 hours
2 — G428 S — A28
3 3
e — CA280R H — CA280R
& g 10 i
w w
- -
1) @
z N
s 3
s 2
® 3
3 =
0 hour 3hours 6hours 9hours 12hours 24 hours 0 hour 3hours 6hours 9hours 12hours 24 hours

736 Mol Cancer Res; 22(8) August 2024

MOLECULAR CANCER RESEARCH

202 10quisldas pz UO BAO|ZOY|-Zo[ezuUOS) JEBP3T “BUIS I 1 BUIDIPSI JO [00U0S UYED] Aq Jpd° /0L -€2-10W/S6Y08YE/0E L/8/22/Pd-ajoie/1ow/B10°s|eunolioee//:diy woly papeojumod



inhibition, we used C4-2B, C4-2BDR, and 22RV1 prostate cancer
cells as cell models, treated with cabazitaxel as monotherapy or
combination with kinesin or specific HSET inhibitors ispinesib or
CWO069 for 24 to 48 hours. As shown in Fig. 6E and F, the com-
bination of ispinesib or CW069 with cabazitaxel caused a significant
induction of cell death than any of the drugs given alone (40% after
48 hours). Similarly, there was significant cell death in resistant C4-
2BDR prostate cancer cells upon combination treatment of cab-
azitaxel with CW069 or ispinesib, compared with cabazitaxel alone
(Fig. 6E and F).

Protein profiling of phenotypic effectors (via Western blot) in
C4-2B and C4-2BDR cells revealed an increase in the expression of
E-cadherin in response to cabazitaxel in combination with ispi-
nesib in sensitive cells. HSET expression peaks at 24 hours of
treatment in C4-2B cells after each treatment; however, in C4-
2BDR cells expression remains high. Similarly, the expression of
anti-apoptotic protein Bcl-2 is high in C4-2BDR cells. In response
to ispinesib and cabazitaxel combination treatment, we detected
downregulation of Bcl-2 in sensitive, but not in resistant cells (C4-
2B-DR; Fig. 6G; Supplementary Fig. S13). C4-2B cells exhibited
reduced HSET expression when treated with CW069 alone, con-
firming the specificity of drug targeting. E-cadherin followed a
similar pattern in these cells, expression was low with treatment
with CW069 but was increased when cabazitaxel was added, this
result was also reflected in resistant C4-2BDR cells. HSET ex-
pression remained high in C4-2BDR cells and increased at
24 hours with CW069 in combination with cabazitaxel before
reducing at 48 hours. Bcl-2 levels remained consistently high in
C4-2BDR cells as well as in sensitive C4-2B cells, in response to
CWO069 treatment. Caspase activation (cleaved caspase 3) was
detected in both cell lines after 48 hours of CW069 in combination
with cabazitaxel (Fig. 6H; Supplementary Fig. S14).

We subsequently examined the phenotypic traits of the resistant
prostate cancer C4-2BDR cells in response to kinesin targeting by
ispinesib and CW069 by qRT-PCR. Expression of EMT and HSET
genes was assessed after combination treatment (with cabazitaxel;
6-24 hours). A compensatory increase effect of CW069 is observed
in KIFCI expression in both C4-2BDR and parental cells when
combined with cabazitaxel. Similarly, KIFCI expression is increased
in response to ispinesib either as a monotherapy or in combination
with cabazitaxel by 24 hours in C4-2B cells and 12 hours in C4-
2BDR cells. However, this reduced back to baseline by 24 hours
(Supplementary Fig. S15A and B). An increase in E-cadherin levels
was detected in C4-2B cells at 24 hours of treatment with all drug
combinations; however, in the resistant cells, an E-cadherin increase
was detected in response to a combination of CW069 with cab-
azitaxel (Supplementary Fig. S15C and D). No significant changes
were observed in the transient expression of Sunail or Slug in re-
sponse to different treatments in either cell line, and variable ex-
pression of RNA-seq genes was observed in response to kinesin
targeting (Supplementary Figs. S15 and S16).

Targeting Molecular Determinants of Lethal CRPC

Targeting HSET-AR interactions triggers phenotypic
reprogramming

We recently showed that cabazitaxel targets the association be-
tween the kinesin HSET and the AR, which affects the EMT phe-
notype (10). To gain mechanistic insights into this interaction, the
effect inhibiting HSET on transcriptional regulation of EMT was
assessed in LNCaP cells. The results shown in Fig. 7, indicate the
cells treated with CW069 with and without androgens (DHT) in
CSS for 6, 12, and 24 hours had PSA expression induced by DHT,
which was significantly downregulated by HSET inhibition by
CWO069 (Fig. 7A). Expression of KIFCI was downregulated by
CW069, but restored by DHT administration. However, by 24 hours
expression is reduced in both conditions treated with CW069
(Fig. 7B). E-cadherin expression was markedly increased by CW069
(Fig. 7C). This was associated with the expression of Snail, a
transcriptional repressor of E-cadherin, that was significantly de-
creased by HSET inhibitor (CW069), regardless of androgens
(Fig. 7D). At a protein level (by Western blot), HSET expression
was dramatically decreased by CW069. Concurrently, PSA was de-
creased by HSET inhibition by CW069 regardless of the presence of
androgens (DHT; Fig. 7E).

Discussion

The plasticity of prostate tumors contributes to the heterogeneity
and acquisition of therapeutic resistance in advanced prostate can-
cer (26). Previous work from our lab demonstrated that EMT is
induced by transforming growth factor beta (TGFB) and/or an-
drogens, with a threshold AR level determining the phenotypic
outcome and invasive properties (27, 28). Moreover, there is clinical
evidence that a switch from E- to N-cadherin expression predicts
prostate tumor progression, recurrence, and mortality (29), and
therapeutic targeting of N-cadherin in CRPC has emerged as a
strategy for blocking metastasis (30, 31).

Previous studies by our group established an interaction between
the mitotic spindle kinesin protein HSET and AR that was target-
able by sequencing of antiandrogens and cabazitaxel in preclinical
models of castration-sensitive prostate cancer but not CRPC (10). In
the present study, we provide the first evidence that pharmacologic
targeting of kinesins [via HSET specific inhibitor (CW069) and
kinesin inhibitor ispinesib] can potentially overcome (therapeutic)
taxane resistance to cabazitaxel in cell models of advanced prostate
cancer. Evidence on the resensitization of docetaxel-resistant pros-
tate cancer through combinations of CW069 and docetaxel (13),
supports our observations. Significantly enough, limited efficacy has
been demonstrated in the Southwest Oncology Group phase II
clinical trials of kinesin-targeting ispinesib in the treatment of
CRPC with docetaxel resistance despite HSET overexpression as-
sociated with resistance (12, 32). Further, our observations in
androgen-sensitive human prostate cancer LNCaP cells demonstrate
reduced PSA expression following HSET inhibition by CW069

Figure 2.

Phenotypic profiling of cross-resistance in docetaxel-resistant prostate cancer cells to cabazitaxel. A=D, reveal the dose response of C4-2B and C4-2BDR cells to
increasing concentrations (0-50 nmol/L) of cabazitaxel at 24 (A), 48 (B), 72 (C), and 96 hours (D). The results represent the mean of three independent MTT
assay experiments in triplicate as a percentage of untreated controls. E, Western blot analysis of E-cadherin, IGFBP3, HSET, BCL2, and cofilin protein levels in
response to 20-nmol/L cabazitaxel in C4-2B and C4-2BDR cells (12-48 hours). GAPDH was used as a loading control; the data are representative of three
experiments. F, Bcl-2 coimmunoprecipitation of C4-2B and C4-2BDR cells treated with cabazitaxel (12 and 24 hours). G=J, C4-2B and C4-2BDR cells were
treated with cabazitaxel (20 nmol/L) as indicated, and mRNA was analyzed via RT-PCR for transcriptional regulators of EMT were measured by qRT-PCR; (G)-
SNAIL, (H)-SLUG, (D-TWIST, and (J)-ZEBI. Data presented as average relative expression to untreated C4-2B cells from three independent experiments
performed in triplicate (mean + SEM, *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by ANOVA).
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Figure 3.

RNA-seq analysis of differential response of cabazitaxel sensitive and resistant prostate cancer cells. A, Principal component analysis between C4-2B and C4-
2BDR in response to cabazitaxel (20 nmol/L). B and C, heat-map of the unique gene signatures after cabazitaxel treatment of C4-2B and C4-2BDR, respectively.
Volcano plot between C4-2B and C4-2BDR at O hours (D) and 12 hours (E) cabazitaxel treatment. Top enriched gene pathways in C4-2B and C4-2BDR cells in

response to cabazitaxel (F).

(regardless of the presence of androgens). This evidence supports
the use of combinational strategies before taxane resistance emerges
to reduce HSET expression, priming prostate cancer cells for vul-
nerability to cabazitaxel treatment. Sequencing of cabazitaxel after
ADT, effectively targets HSET levels and EMT to MET reversion in
PDX models (MDA PCa PDX) of lethal prostate cancer (Fig. 5A;
Supplementary Fig. $8). Ongoing studies investigate the synergistic

738 Mol Cancer Res; 22(8) August 2024

combination, as well as temporal sequencing strategies of kinesin
inhibition to overcome cabazitaxel resistance using preclinical in
vivo models of advanced prostate cancer.

The transcriptomic profiling of the response to cabazitaxel in
taxane-resistant prostate cancer cells revealed a “global” loss of SLC
family transport proteins and cabazitaxel-resistant cells exhibited a
loss of SLC protein SLCO1B3. Functional studies further revealed
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Figure 4.

Loss of SLCO1B3 as a mediator of cabazitaxel resistance. A and B, RNA-seq expression signatures of SLC family transporter genes in C4-2B (sensitive) and C4-
2BDR (resistant) cells after 6 and 12 hours of cabazitaxel treatment. C, Dose response of parental PC3 and cabazitaxel-resistant PC3-CR cells to cabazitaxel for
96 hours. D, RNA-seq analysis of PC3 and PC3-CR cells. E and F, expression of SLCOIB3 in PC3 and PC3-CR cells via RT-PCR normalized to 18 seconds (E), and
Western blot (F, GAPDH as loading control). G, Cell viability analysis of PC3-shSLCO1B3 stable knockdown in dose response to cabazitaxel. H, Kaplan-Meier plot
depicts progression-free survival of patients with alterations in the SLCO1B3 gene (red) and no alterations (blue) as determined by the TCGA database.
Statistical significance indicated by *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; Student ¢ test.
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Figure 5.

Profiling of kinesin and survival protein in lethal prostate cancer MDA PCa PDX models. A, PDX prostate cancer specimens were subjected to HSET and Bcl-2
immunohistochemistry, shown by representative images at 20x and 40 x magnification. B, Quantification analysis of HSET immunohistochemistry represented
as the mean percentage of positive cells (from six fields of view), analyzed by two independent observers. Statistical significance indicated by *, P < 0.05; **, P <
0.07; ***, P < 0.001; ****, P < 0.0007; Student ¢ test. C, Kaplan-Meier plot depicts progression-free survival of patients with alterations in the HSET gene (red) and
no alterations (blue) as determined by the TCGA database.
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Combinational targeting of kinesins to overcome therapeutic resistance in prostate cancer cells. Dose response of cell viability of C4-2B and C4-2BDR prostate
cancer cells to kinesin inhibitor ispinesib at 24, 48, 72, and 96 hours, respectively shown on (A-D); (0-50 nmol/L). C4-2B and C4-2BDR cells were treated with
kinesin inhibitors CW069 (50 umol/L) or ispinesib (5 nmol/L) alone or in combination with cabazitaxel (10 nmol/L) for 24 and 48 hours. Viability was determined
by MTT assay after 24 (E), and 48 hours (F). Data presented as mean + SEM of three independent experiments in triplicate, expressed as a percentage of
untreated controls. Western blot analysis of EMT, HSET, and apoptotic proteins in C4-2B and C4-2BDR cells following treatment with combinations of CW069
(G) or ispinesib (H) and cabazitaxel. GAPDH was used as a loading control. I, Schematic illustration revealing that in taxane-resistant prostate cancer cells, there
is upregulation of HSET and Bcl-2 proteins, loss of SLCO1B3 transporter, and increased gene expression of ELF5, CBLN2, and ELOVL6. These key players
contribute to the interconversion dynamic between epithelial and mesenchymal phenotypes in response to cabazitaxel. Inhibition of mitotic kinesins (HSET) and
survival (Bcl-2) proteins, along with microtubule targeting cabazitaxel provides a potentially powerful platform to overcome therapeutic resistance in CRPC.
Statistical significance indicated by *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 as determined by two-way ANOVA. (I, Created with BioRender.com.)
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that silencing SLCO1B3 induced resistance to cabazitaxel. SLCO1B3
plays a role in the influx of taxane chemotherapy into the cells, the
loss of SLCO1B3 may lead to less internalization of these drugs,
preventing their action on microtubules and thereby mediating
tumor recurrence post-taxane treatment. Direct support for our
findings stems from recent studies (by other investigators) using
docetaxel-resistant PDX models (33, 34), that also demonstrated
increased therapeutic vulnerability to taxane treatment upon
SLCO1B3 upregulation (34). The SLCOIB3 transporter is func-
tionally engaged in the transport of other taxanes, docetaxel, into

742 Mol Cancer Res; 22(8) August 2024

cells (33, 35, 36), evidence of clinical significance as in clinical
prostate cancer data from the TCGA dataset indicates that deletion/
loss of expression of SLCOI1B3 is associated with reduced
progression-free and overall survival. Mechanistically, the SLC
family proteins may mediate resistance and progression to CRPC
through drug transport and reprogramming of cellular metabolic
pathways (37).

Bcl-2 as a determinant of apoptosis evasion is involved in the
emergence of CRPC (38). Topologically Bcl-2 is associated with
microtubules (the primary target for taxane chemotherapy), and
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becomes functionally inactivated through phosphorylation, result-
ing in apoptosis (refs. 39-41; Fig. 6I). The sustained high expression
of Bcl-2 in C4-2BDR cells may suggest driving role for Bcl-2 in
taxane resistance; furthermore, an association of Bcl-2 with HSET
that is transiently enriched with cabazitaxel treatment was identified
here (Fig. 6I). Inhibition of Bcl-2 has demonstrated some clinical
success in resensitizing tumors to platinum-based therapies and Bcl-
2 inhibition by Venetoclax in combination with antiandrogen
enzalutamide for the treatment of prostate cancer is currently being
trialed (41, 42). However, the function of Bcl-2 and kinesins outside
of apoptotic suppression as determinants of phenotypic reprog-
ramming, through the association with microtubules and kinesins
warrants further mechanistic pursuit.

Transcriptomic profiling of the response to cabazitaxel in the
docetaxel-resistant C4-2B prostate cancer cells revealed that CBLN2
was highly expressed in taxane-resistant cells before and after cab-
azitaxel treatment. CBLN2 is primarily expressed in the cerebellum
and is involved in synaptic cell adhesion maintenance (43). The role
of CBLN2 in cancer development is currently unknown; however,
increased CBLN2 expression has been detected in cabazitaxel-
resistant 22Rv1 xenograft tumors and CRPC clinical samples (44,
45). CBLN2 may be contributing to the increased plasticity pathways
in resistant cells, as it has been shown to drive the transition of
endothelial cells to mesenchymal phenotype through activation of
Twistl through the NFkB/HIFla (46). Additionally, our results
revealed an upregulation of ELOVL6 associated with taxane resis-
tance in prostate cancer cells. ELOVL family genes play a vital role in
fatty acid lipid metabolism, through fatty acid chain elongation, a
notable event in cancer cells to meet the metabolic demands of un-
controlled proliferation (47, 48). ELOVLS6 is overexpressed in several
cancers including breast cancer, lung cancer, and hepatocellular
cancer (49-51). While the contribution of ELOVL6 to prostate cancer
progression has not yet been fully elucidated, other ELOVL family
members (particularly ELOVL5 and ELOVL7) have been implicated
in prostate cancer growth and metastasis (52-54). Alterations in fatty
acid metabolism by EMT regulator TGFp suggest a relationship be-
tween lipid metabolism and phenotypic reprogramming with tar-
geting potential (55, 56). E74-like transcription factor (ELF5) is
consistently upregulated in resistant cell lines and retains high ex-
pression following cabazitaxel treatment (Fig. 6I). ELF5 is a multi-
functional transcription factor that binds AR, expressed by epithelial
cells with roles in lineage plasticity determination and EMT (57). In
contrast to our findings, there are reports that ELF5 is a repressor of
EMT through inhibition of TGFp signaling by phosphorylation of
SMAD3 (58). In this mechanistic context, however, one must also
consider the temporal nature of the interconversion between EMT-
MET phenotypes. Furthermore, loss of ELF5 expression is associated
with prostate cancer progression and enzalutamide resistance, pro-
viding a novel functional pursuit of ELF5 in preventing progression to
therapeutic resistance (57). There were no changes in genes involved
in lineage transitions between basal, luminal, and neuroendocrine
phenotypes (TP53/RB1, JAK-STAT, and SOX2; ref. 59).
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