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Abstract

Prostate cancer (PCa) remains the second leading cause of cancer death in men in Western
cultures. Deeper understanding of the mechanisms by which PCa cells divide to support tumor
growth could help devise strategies to overcome treatment resistance and improve survival. Here,
we identified that the mitotic AGC family protein kinase citron kinase (CIT) is a pivotal regulator
of PCa growth which mediates PCa cell interphase progression. Increased CIT expression
correlated with PCa growth induction and aggressive PCa progression, and CIT was overexpressed
in PCa compared to benign prostate tissue. CIT overexpression was controlled by an E2F2-Skp2-
p27 signaling axis and conferred resistance to androgen targeted treatment strategies. The effects
of CIT relied entirely on its kinase activity. Conversely, CIT silencing inhibited growth of cell
lines and xenografts representing different stages of PCa progression and treatment resistance but
did not affect benign epithelial prostate cells or non-prostatic normal cells, indicating a potential
therapeutic window for CIT inhibition. CIT kinase activity was identified as druggable and

was potently inhibited by the multi-kinase inhibitor OTS-167, which decreased proliferation of
treatment-resistant PCa cells and patient-derived organoids. Isolation of the in vivo CIT substrates
identified proteins involved in diverse cellular functions ranging from proliferation to alternative
splicing events that are enriched in treatment-resistant PCa. These findings provide insights into
regulation of aggressive PCa cell behavior by CIT and identify CIT as a functionally diverse and
druggable driver of PCa progression.

Keywords

androgen deprivation therapy; treatment resistance; oncogenic driver; phosphorylation; cell
proliferation

Introduction

In 2023, more than 34,000 American men will die from prostate cancer (CaP) because
metastatic disease becomes resistant to administered treatments (1). Androgen receptor
(AR), a major driver of CaP progression, remains the main target for such treatments.
First-line androgen deprivation therapy (ADT) and addition of novel ADTs including
enzalutamide and abiraterone induces remissions but eventually fails with the majority of
recurrent disease consisting of castration-resistant CaP (CRPC) that still relies on AR for
growth (2) and a minority of AR-indifferent or AR-negative neuroendocrine CaP (NEPC)

Cancer Res. Author manuscript; available in PMC 2024 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rawat et al.

Page 3

(3). Alternative treatments include chemo- or radio-therapy (4), which yield brief remissions
but do not cure CaP.

The molecular determinants that control CaP progression remain incompletely understood
(5). Here, we explored the mitotic kinase citron kinase (CIT) as an unrecognized regulator of
CaP cell proliferation and novel functionally diverse and druggable target. Because it binds
activated Rho GTPases, CIT was originally thought to be a Rho effector (6). Today, it is
clear that CIT primarily acts as a key regulator of cytokinesis or cell division (7, 8). In our
previous studies examining CaP signal transduction from RhoA to the transcription factor
Serum Response Factor, CIT also did not serve as mediator (9). CIT is now well-recognized
to control spindle formation during metaphase and midbody formation during late telophase,
yet its involvement in DNA damage repair, virion production and exocytosis suggest it also
exerts functions during interphase (7).

CIT is an AGC family serine/threonine protein kinase that is one of two major isoforms
encoded by the CIT gene (6, 10, 11). The other isoform, citron-N, differs from CIT only

by the absence of a kinase domain. CIT is ubiquitously expressed in proliferating cells
whereas citron-N is found only in the central nervous system (CNS) (6, 10, 12, 13). Despite
CIT’s role in cytokinesis, mammals with germline loss of CIT or loss-of-function CIT
mutations are viable. Such alterations mainly delay CNS development (7, 8), suggesting that
therapeutic interference with CIT in adult men in whom CNS development is complete may
not cause severe side effects.

We found that CIT controls proliferation of CaP but not benign cells. CIT overexpression
during CaP progression associated with pluripotency and mediated CaP aggressiveness and
growth under treatment resistance. CIT relied on its kinase function for its effects on CaP
and was druggable with CIT inhibition decreasing growth of treatment-naive and resistant
CaP. The CIT-dependent CaP phosphoproteome covered roles in cell proliferation, but also
in other processes such as alternative splicing, a hallmark of CaP aggressiveness (14).

Our studies thus provide novel insights into the molecular mechanisms in control of CaP
cell proliferation, support a rationale for CIT as a novel therapeutic target, and isolate CIT’s
kinase activity as a determinant of CaP progression.

Materials and methods

Reagents

R1881 (R0908), dihydrotestosterone (A8380), dimethyl sulfoxide (DMSO, D2438),
doxycycline (D3072), palbociclib/PD-0332991 (PZ0199), roscovitine (R7772), aphidicolin
(178273), hydroxyurea (H8627), nocodozole (M1404), biotin (B4501), and MG-132
(474788) were obtained from Sigma-Aldrich. Polybrene (sc134220) was from Santa Cruz
Biotechnologies. Trypan blue (15250061), zeocin (R25001) and Halt protease inhibitor
cocktail (100x, 78429) were from Thermo-Fischer Scientific, blasticidin (A11139-03), fetal
bovine serum (FBS, 10437028), DynaBeads protein G (10004D) and Dynabeads M-280
streptavidin (11205D) from Life Technologies, Tet System Approved FBS (631107) and
puromycin (631305) from Clontech. Enzalutamide (S1250), tofacitinib (§2789), Y-39983
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(S7935), apitolisib (52696), dacomitinib (52727) and OTS-167 (S7159) were purchased
from Selleck Chemicals. siRNAs targeting CIT, AR, E2F1, E2F2, E2F3, E2F4, Skp2,
p27, RB1, THRAP3 and MATR3 and non-targeting control siRNAs were obtained

from ThermoScientific (M-004613-00-0005, M-003400-02-0005, M-003259-01-0005,
M-003260-02-0005, M-003261-02-0005, M-003262—-04-0005, M-003324-04-0005,
M-003472-00-0005, M-003296—03-0005, M-019907-01-0005, M-017382-01-0005, and
D-001810-10-20, respectively). Antibodies were purchased from BD (CIT/CRIK (611377,
western blotting)), Santa Cruz Biotechnologies (AR (sc-7305), CIT/CRIK (sc-1848, IHC),
OCT4 (sc-5279), cyclin A (sc-271682)), Abcam (Ki67 (ab15580), sodium potassium
ATPase (ab76020), MATR3 (ab151714), E2F2 (ab138515), Cell Signaling (E2F1 (3742),
Skp2 (2652), p27 (3686), vimentin (3932), slug (9585), B -actin (4967), pRB Ser780
(C84F6), Rb (9309), phospho-histone 3 H3 Ser10 (9701), cyclin B1 (4138), MLC2
(8505), pMLC2-S19 (3671), pMLC2-T18519(95777), cleaved PARP (9541), PARP (9542),
histone 3 (4499), ubiquitin (3933), normal rabbit IgG (2729), anti-rabbit IgG-HRP

linked (7074), anti-mouse 1gG Alexa Fluor 594 (8890) and anti-rabbit 1gG Alexa Fluor
488 (4412)), Millipore (anti-mouse 1gG (12-371), Novus (Sox2 (AF2018), THRAPS,
(NB100-40848)), ThermoFisher (anti-pSer, 500-021), Fisher Scientific (anti-mouse-HRP,
45000679), Sigma-Aldrich (FLAG, F3165), and LiCoR (IRDye 800 CW Donkey anti-
Goat 1gG secondary antibody, 926-32214). Vectashield mounting media with DAPI was
from Vector Laboratories (94010, H-1200). Kpnl (R0142), Notl (R0189), EcoRI (R0101)
and Xbal (R0145) restriction enzymes were purchased from New England BioLabs.
SMARTVvector 2 inducible human CIT mCMV-turboGFP shRNA (V3IHSMCG_4880171,
V3IHSMCG_6330422, V3IHSMCG_10221683) lentiviral particles were purchased from
Thermo-Scientific (see Supplementary Information Table 1 for sequences).

LNCaP, VCaP, PC3, DU145, and RWPEL1 cells were purchased from ATCC. C4-2 cells
were obtained from Uro-Cor. R1-D567 cells (15) were a gift from the Scott Dehm
laboratory. V16D, 49CENZR 49FENZR ‘42 DENZR "and 42FENZR cells (16) were provided by
the Amina Zoubeidi laboratory. NIH-3T3 and 293T cells were obtained from the Cleveland
Clinic Lerner Research Institute Cell Services core facility. Cells were cultured as before (9,
15-17) for a maximum of 10 passages and were Mycoplasma-tested using the LookOut®
Mycoplasma PCR Detection Kit (Sigma-Aldrich, MP0035). Cell lines were authenticated
via short tandem repeat profiling by LabCorp (NIH-3T3 and 293T) or Genetica DNA
Laboratories (all other lines). For growth-stimulation, CaP cells were cultured for 2 days in
steroid-depleted media and then treated with either vehicle (ethanol) or different doses of
R1881 or DHT. For FBS stimulation, cells were serum-starved for 24h followed by FBS
re-administration. Generation of stable cell lines is described below.

Generation of expression plasmids

The CIT open reading frame was subcloned from a human CIT expression vector
(SC303887, Origene) into the restriction sites Kpnl and Notl of the pcDNA3.1+ (Life
Technologies) multiple cloning site. The T-REx™ System consisting of pcDNAG/TR
(V102520) and pcDNA4/TO plasmids (VV102020) (Thermo-Scientific) was used to inducibly
overexpress CIT. The coding sequence of CIT was subcloned into the Kpnl and Notl
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restriction enzyme sites in the multiple cloning sites of pcDNA4/TO vector (Invitrogen).
Expression constructs encoding kinase-dead CIT-KD (K126A) were generated using the
Quick Change 11 XL Site-Directed mutagenesis kit (Agilent, 200521). The E2F2 open
reading frame (NM_004091) was subcloned from a human untagged expression vector
(SC303431, Origene) into the restriction sites ECoRI and Xbal of the p3xFLAG-CMV-10
plasmid. The HA-Turbo-ID expression construct (#107171) was a kind gift from the
laboratory of Dr. Kurt Runge at Cleveland Clinic. The CIT coding sequence was cloned in
frame in Kpnl and Notl multiple cloning sites of the 3xHA-TurbolS-pcDNA3 cloning sites.
Sequence integrity of all expression constructs was verified by Sanger sequencing. Primers
used for cloning and site-directed mutagenesis are listed in Supplementary Information
Table 1.

Generation of stably transfected CaP sublines

The T-Rex System was used to establish a stable LNCaP subline that allows for inducible
expression of CIT. To this end, LNCaP cells were transfected with pcDNAGTR plasmid
using TransFast (Promega, E2431) according to manufacturer’s instructions. Two days after
transfection, cells were subjected to selection using 10 pg/ml blasticidin. A polyclonal
subline was generated in which expression of TR was verified using a specific antibody
(TetR clone 9G9, Clontech). The LNCaP-pcDNAG6TR subline was then transfected with
pcDNA4/TO-CIT using Viromer transfection reagent as per manufacturer’s instructions.
After 2 days, polyclonal sublines with inducible CIT expression were selected for in medium
supplemented with 10 pug/ml blasticidin and 1 pg/ml zeocin. Inducible expression of CIT-KD
in the resulting stable cell line was verified via western blotting after 48h treatment with 1
ug/mL of doxycycline. LNCaP and R1-D567 sublines that allowed for inducible expression
of shRNA targeting CIT were generated by transducing CaP cells with CIT-specific

SMART vector 2 System lentiviral particles according to the manufacturer’s instructions.
Three individual SMARTvector Inducible Human mCMV-turboGFP shRNAs were used to
generate stable cell lines (Supplementary Information Table 1). Cells were seeded onto
96-well plates at a density of 5,000 cells/well. The next day, cells were transduced with
serial dilutions of three different retroviral particles in regular media with polybrene 5ug/ml
for 12h. Polyclonal sublines that stably expressed CIT shRNA were selected using 1 pg/mL
of puromycin. Efficiency of sShRNA-mediated knock down of CIT was verified via western
blotting following doxycycline treatments of cells compared to vehicle (DMSO).

siRNA and plasmid transfections

siRNAs were transfected into CaP cells using Lipofectamine 2000 (Invitrogen) or
Oligofectamin (Invitrogen) as before (9, 16, 17). Transient plasmid transfections were done
via electroporation (9, 17) or using Viromer Red (Lipocalyx, VR-01LB-01) or Fugene HD
(Promega, E2311) transfection reagents following the manufacturer’s protocols.

Cell viability, cell proliferation and cell cycle analyses

Cell viability, cell proliferation examination via Ki67 immunocytochemistry, cell cycle
FACS and tryphan blue exclusion assays were done as before (17).

Cancer Res. Author manuscript; available in PMC 2024 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rawat et al.

Page 6

Cell cycle enrichment studies

LNCaP cells were seeded in FBS-supplemented medium. The next day, cells were treated
with either 0.5uM PD-0332991 (early G1 phase enrichment), 5ug/mL roscovitine (late G1
phase enrichment), 2ug/mL aphidicolin (early S enrichment), ImM hydroxyurea (late S
enrichment) for 24h, or with 2ug/mL aphidicolin for 15h, followed by 2 washes with 1X
PBS and treatment with 50ng/mL nocodozole for 9h (G2/M phase enrichment) (18).

Immunohistochemistry, polyploidy and other immunostaining assays

Analysis of CIT protein expression in clinical CaP tissues

CIT immunohistochemistry on CaP tissue microarray (TMA): CaP TMAs that
contained 200um cores from radical prostatectomy specimens were generated at the
Cleveland Clinic under IRB approval which included the patient’s written informed consent.
The TMAs were composed of 149 CaP cores, of which 121 included adjacent benign
prostate tissue cores. Tissues were obtained from patients who had not been treated with
hormonal, chemo- or radiation therapy prior to radical prostatectomy. All specimens were
inspected for tissue content and quality by a board-certified GU pathologist.

CIT immunohistochemistry: TMA sections, 5um thick, were deparaffinized, rehydrated
using an alcohol gradient, and subjected to antigen retrieval. IHC was performed using

a goat polyclonal CIT/CRIK antibody (sc-1848, Santa Cruz Biotechnology Inc.) diluted
1:25 and detected using the ChromoMap DAB IHC Kit (\entana Medical Systems Inc.).
Hematoxylin 1 staining (Ventana) was used for background staining. Images were scored
for CIT staining using a technique we described before (17); one reviewer who was blinded
scored each TMA. For each core, CIT staining intensity was scored as 0, 1, 2, or 3, which
corresponded to absent, weak, moderate, or strong staining, respectively.

Polyploidy and other immunostaining assays

CaP cells seeded on coverslips were fixed using ice-cold methanol, blocked and incubated
with an antibody targeting Na+/K+ ATPase (1:500 dilution) for 1h at room temperature.
Cells were stained with Alexa Fluor 488 (Cell Signaling) secondary antibody. Coverslips
were mounted and nuclei were counterstained with DAPI as before (17). Images were
taken using an inverted EVOS FL imager (ThermoFisher Scientific) at 20X magnification.
Images of single sections in the z-plane were merged, contrast-enhanced and the number of
multinucleated cells was quantified using Image J (v1.43).

Western Blotting

Western blotting was performed using the Novex system (Thermo Fisher Scientific) as
before (9, 17) or using a LICOR Odyssey CLx detection instrument and Image studio
software version 5.2. Quantification of immunoreactive signals was performed using Image
Studio software (L1-COR) Ver 3.1. The value of an immunoreactive signal was normalized
using the value of the matching input or loading control sample.

Cancer Res. Author manuscript; available in PMC 2024 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rawat et al. Page 7

RNA isolation and gRT-PCR

RNA extraction, cDNA preparation and qRT-PCR were performed as we have done
previously (17). Primers are listed in Supplementary Information Table 1.

RNA-Seq studies

LNCaP cells were transfected with siRNA against CIT, E2F1 or E2F2 or control siRNA

as before (9, 17). At 48h post transfection, cells were treated with 0.1nM R1881 or

vehicle (ethanol). Biological triplicates were performed for each treatment group. Cells
were harvested 48h later, and RNA was isolated and column purified using RNAeasy
columns (Qiagen). RNA-Seq for CIT-depleted and matching control samples was done at
the Genomics Core facility at the Cleveland Clinic’s Lerner Research Institute. In brief,
1ug total RNA was quantified using a QuBit Fluorometer 3.0 (Invitrogen) and checked

for integrity using a 2100 Bioanalyzer (Agilent) according to manufacturer’s instructions.
Sequencing libraries were constructed using the TruSeq Stranded Total RNA Library Prep
Kit (I1lumina), and sequencing adaptors were ligated by PCR. The constructed library

was assessed using a QuBit Fluorometer 3.0, 2100 Bioanalyzer, and quantitated using the
KAPA Library Quantification Kit (Roche) by gPCR. Sequencing was performed with a
HiSeq 2500 (Illumina) sequencing platform using paired-end 100 bp chemistry following
the manufacturer’s recommended protocol. RNA-Seq for E2F1-depleted, E2F2-depleted and
control siRNA-transfected samples was performed at Roswell Park Comprehensive Cancer
Center as previously described (9). RNA-Seq data were deposited in GEO under accession
numbers GSE123970 and GSE172094.

The DESeq?2 package was used to identify differentially expressed genes from RNA-

Seq data. CIT growth-repressed and CIT growth-induced genes were defined as in
Supplementary Figure 1. In addition, genes that showed at least 2-fold change at their basal
expression (vehicle treatments) after CIT depletion compared to siRNA control samples
were isolated as described in Supplementary Figure 1. CIT-dependent gene signatures are
listed in Supplementary Information Table 2. Pathway enrichment analysis was performed
from the CIT growth-repressed and growth-induced gene signatures and CIT-dependent
basal gene sets (up-regulated, down-regulated), utilizing hallmark gene sets and oncogenic
gene sets from the Molecular Signature Database (MSigDB). The association of these gene
signatures with clinical CaP progression was verified via GSEA analyses on gene expression
profiles from CaP patient specimens, with the recommended threshold of false discovery
rate (FDR) of 0.25.

Analysis of CIT-dependent alternative splicing events was done using rMATS tools as
described before (14). Five types of alternative splicing events based on the GENCODE
gene annotation were evaluated, including skipped exon (SE), alternative 5” splice site
(A5SS), alternative 3 splice site (A3SS), mutually exclusive exons (MXE) and retained
intron (RI). The events with an inclusion-level difference of at least 10%, and FDR <0.1
were determined as differential alternative splicing events.

Exon usage changes among alternatively spliced isoforms across different samples and
experimental conditions were visualized and compared using Sashimi plots (19). Specific
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primer sets used to validate the identified changes among CIT-dependent alternatively
spliced transcripts are described in Supplementary Information Table 1. PCR was carried
out in triplicates using PrimeStar GXL DNA Polymerase (Takara-Clontech) according to
the manufacturer’s instructions. PCR amplicons were resolved on 4%-5% agarose gels;
GAPDH was evaluated as a control to assess variation between replicates and treatments.

The Prostate Cancer Transcriptome Atlas (PCTA) analyses

The PCTA web tool was used to mine available PCTA and TCGA CaP gene expression data
sets by CaP subtype information based on Gleason score and metastasis status (20). CIT-
dependent gene signatures (Supplementary Information Table 2) were analyzed in the PCTA
correlation view analysis function against publically available signatures relevant to mitosis,
AR activation, castration resistance and stemness. Specifically, a CIT-controlled signature
was compared to relevant gene sets derived from GSEA (21): GeneSet mitosis (mitosis),
hallmark mitotic spindle, hallmark androgen response, Bhattacharya_embryonic_stem cell
gene set (embryonic stem cells) and the Wong_adult_tissue_stem_module gene set (adult
stem cells). Other signatures used for correlation view comparisons were derived from
literature: the Hieronymus AR activity signature (22), a 452-AR-target gene signature
derived by our group (22), 16 AR target genes that represent rewired AR action in CRPC
and predict CRPC recurrent disease (“CRPC-16AR”) (23), and the METAL6 signature of
16 genes that are prognostic for time to metastasis and response to AR-targeting therapies
(24). The correlation coefficient and p value derived from each of the PCTA analyses were
recorded and represented graphically using R version 4.0.0 with plots generated using the
ggplot2 (v3.3.3) software.

Co-immunoprecipitation

ColPs were done for endogenously expressed proteins. Cell pellets were lysed in lysis buffer
(20 mM Tris (pH 8.0), 150 mM NaCl, 5 mM MgCI2, 0.5% NP40 and 1X EDTA-free
protease inhibitor cocktail (Roche), phosphatase inhibitor (Active Motif) for 1h at 4°C.
Protein concentration was estimated using a Bradford assay (Promega). Protein lysates
(2mg) were incubated with 6 pg primary antibodies or non-specific IgG overnight at

4°C. DynaBeads were equilibrated for lysis buffer for 1h at 4°C. The next day, immune-
complexes were precipitated using Dynabeads (protein G) at 4°C for 3h. Beads were washed
5 times with washing buffer (20 mM Tris, (pH 8.0), 150 mM NacCl, 0.25% NP40, 1X
EDTA-free protease inhibitor cocktail (Roche) and 1x phosphatase inhibitor buffer (Active
Motif)). Samples were eluted with 2x SDS-PAGE NOVEX sample buffer and 2x reducing
agent (ThermoFisher) and heated at 70°C for 10 min.

CIT IP-MS with phosphoenrichment

Cell pellets were collected and harvested for endogenous CIT IP as described. The next day,
immune-complexes were precipitated and washed following our Co-IP protocol and stored
in washing buffer at 4°C.

Immunoprecipitates were subjected to on-bead tryptic digestion (25). Briefly, trypsin (10
ul, 10 ng/ul) in 100 mM ammonium bicarbonate was added to wash beads, and samples
vortexed for 15 sec every 2—-3 min for 15 min to ensure uniform suspension of beads.
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Digestion was continued overnight at 37°C. A second 10-ul trypsin aliquot was added

for 4h at 37°C. The supernatant was collected on a magnetic rack and diluted with

formic acid (5% final concentration). The digests were cleaned using PepClean C-18 spin
columns (ThermoScientific) according to manufacturer’s instructions, the samples dried in a
SpeedVac, and reconstituted in 1% acetic acid.

One aliquot (25% of total protein lysate) of each digest was analyzed directly by LC-MS
and the second aliquot (75% of total protein lysate) was subjected to phosphopeptide
enrichment. For phosphopeptide enrichment, digests were dried in a Speedvac then
reconstituted in 50 pl binding buffer (1 M glycolic acid in 80% acetonitrile, 5%
trifluoroacetic acid). Phosphopeptide enrichment was performed using two different
methods, TiO2 Mag Sepharose (GE Healthcare Piscataway, NJ) magnetic beads and porous
zirconium dioxide TopTip (GlyGen, Anoka MN) pipette tips. Peptide binding, washing, and
elution was performed according to manufacturer’s instructions. The eluted peptides were
evaporated to <10ul and reconstituted in 15ul of 1% acetic acid.

The LC-MS system was a Fusion Lumos Tribrid MS (ThermoScientific) equipped with a
Dionex Ultimate 3000 nano UHPLC system and a Dionex (25 cm x 75 um id) Acclaim
Pepmap C18, 2-pm, 100-A reversed-phase capillary chromatography column. Peptide
digests (5-pl) were injected and eluted with an acetonitrile/0.1% formic acid gradient at

a flow rate of 0.3 pl/min. Experiments were analyzed using a data-dependent acquisition
method that utilizes MS1 scans to identify peptide molecular weights and collision-induced
dissociation-based MS2 scans to identify peptide sequences. For the proteomic analysis, the
data were analyzed using MaxQuant VV1.5.2.8 with the search engine Andromeda which is
integrated into MaxQuant software, and the parameters used were the default settings for
an Orbitrap instrument. To search the MS/MS spectra, we used the Uniprot human protein
database, which contains 20,429 entries with an automatically generated decoy database
(reversed sequences). We searched for fully tryptic peptides with a maximum of two missed
cleavages. Oxidation of methionine and acetylation of the protein N-terminus were set as
dynamic modifications. The precursor mass tolerance for these searches was set to 10 ppm
and the fragment ion mass tolerance was set to 0.5 Da. The search included the common
contaminant database available in MaxQuant and these proteins were excluded in the data
analysis. The FDR was set to 1% for both peptide and protein with a minimum length of

7 amino acids, two unique or razor peptides were required for positive identification. The
“match between runs” feature of MaxQuant was used to transfer identifications to other
LC-MS/MS runs based on their masses and retention time (maximum deviation 0.7 min) and
this feature was also used in quantification experiments. Quantification was performed with
the label-free quantitation method available in the MaxQuant program (26).

For the phosphoproteomic analysis, collected data were searched using the same parameters
as the above with the addition of phosphorylation as a variable modification at S,

T, and Y residues and these searches were performed using Proteome Discoverer 2.4
(ThermosScientific). Quantitation was performed by aligning chromatograms, normalizing
to total peptide amount, and calculating the normalized LFQ intensities for each peptide.
Phosphopeptides that occurred in the CIT IP only (not in the 1gG IP) or for which values in
the CIT IP were at least 2-fold greater than those in the 1gG IP were withheld for analysis.
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The peptide peak intensities were used for these comparisons. Potential ClT-interacting
partners were analyzed for GO gene sets, hallmark gene sets, and curated gene sets
(MSigDB), with the recommended threshold FDR of 0.25.

Biotin-based proximity ligation assays coupled with MS

For protein-proximity labelling (27), 10 million LNCaP cells were electroporated using

5ug TurbolD constructs (3XxHA-TurbolD-CIT, 3xHA-TurbolD-CIT-kinase dead, or empty
vector). Electroporated cells were cultured in DMEM media. After 48h, fresh DMEM media
was added, and cells were treated with 50puM biotin or DMSO (vehicle) for 18h. Cell

pellets were harvested, lysed and protein concentration was quantified by Bradford assay.
Cell lysates were incubated with equilibrated strep-conjugated Dynabeads (50ul/sample)
overnight at 4°C. The next day, immune-complexes were precipitated, washed and stored

as described above. Immunoprecipitate digestions, MS and MS data analysis were done as
described above.

Phosphopeptides for which values were >3-fold above those observed in the no-biotin empty
TurbolD vector transfected condition in the wild-type CIT condition, increased =2 fold

(for most entries =10-fold) above vehicle with biotin treatment in the wild-type CIT Turbo
vector condition, and for which biotin-induction was reduced >40% in the CIT-KD version
compared to the wild-type CIT transfection, and were lower than empty vector control

were withheld for analysis. The peptide peak intensities were used for these comparisons.
MSigDB was done as above with the recommended FDR threshold of 0.25.

Subcutaneous CaP xenografting

Animal studies were conducted after approval by the Cleveland Clinic’s IACUC. 1x107
LNCaP or R1-D567 cells that expressed one of two doxycycline-inducible shRNAs targeting
CIT (shRNA#2 or #3, respectively) were injected subcutaneously in matrigel (Fisher
Scientific, 356234, 1/1 v/v) in the flank of 6- to 8-week-old male outbred homozygous

nude (Foxn1™/Foxn1™) mice (strain 007850) from the Jackson Laboratory. Once the

tumor volume reached 100 mms3, mice were randomly assigned to treatment groups

and administered 200ug/ml doxycycline in drinking water or vehicle (DMSO) for 28

days. Treatment was repeated every other day by replacing drinking water with fresh

water supplemented with doxyxcycline. Tumor volume was calculated using the formula
0.52*tumor length*tumor width? based on caliper measurements done every other day.

For the tumor development experiments using the LNCaP cell line that allows for

inducible CIT expression, mice were castrated and 2 weeks later, 1x107 cells were injected
subcutaneously in matrigel the flank of BALBc nu/nu mice as above. Immediately following
injection of cells, mice were randomized to treatment with doxycyclin (20 pg/ml in drinking
water) or vehicle (DMSQO). Treatment was repeated every other day by replacing drinking
water with fresh water supplemented with doxyxcycline. Tumors measured using calipers
every other day, for 140 days, as above.
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3D organoid cultures from patient-derived xenografts

The protocol to establish organoids from the PCSD1 PDX was adapted from Drost et a/.
(28). PCSD1 cells were resuspended in growth factor-reduced Matrigel (BD Biosciences) at
a concentration of 25,000 cells per 20 pL of Matrigel. Aliquots of the cell suspension were
domed on cell culture plates according to the seeding concentration as previously described.
To prevent cells from adhering to the bottom of the plate, tissue culture plates were inverted
for 15 minutes prior to being placed in the CO, incubator (5% CO,, 37°C). Once the domes
solidified, the appropriate volume of medium was added to each well. Media formulations
were modified with the addition of 10% FBS. Medium was changed every 3 to 4 days and
fresh medium was made every week. After 7 days, cultures were grown in medium without
the Rho-kinase inhibitor Y-27632.

After 2 weeks of culturing, OTS-167 was dissolved in DMSO and added to the culture
medium at a final concentration of 50 uM. The vehicle control conditions were 0.1% (v/v)
DMSO in culture medium. Each experimental condition (DMSO, OTS-167) was set up in
quadruplicate. The epithelial cyst lumen diameter, cyst counts, spheroid area, and spheroid
counts were observed using a Keyence BZ-X710 microscope (Keyence Corporation). Lumen
diameter was measured with an adjustable scale bar using the Keyence microscope software.
Spheroid area was measured using the Keyence Hybrid Cell Counter at 4X magnification

by outlining spheroid clusters that were at least 50 um in size with the Free Draw Tool by

3 independent observers. Cysts with diameter greater than 50um and spheroids with area
greater than 2500um? were analyzed.

In vitro kinase assays

Statistics

Efficiency of OTS-167, Y39983, tofacitinb, apitolisib, and dacomitinib to inhibit CIT
activity was determined using CIT/CRIK Human AGC Kinase Enzymatic LANCE Assay
in vitro kinase assays (Eurofins 2628). The ICgq of each kinase inhibitor was calculated
using GraphPad.

Except for RNA-Seq, organoid and xenograft studies, at least 2 independent experiments
were performed. Data are presented as the mean * standard error of the mean. To compare
the difference between two groups, student’s t-test was used (SigmaPlot version 14.5).
Differences among groups in xenograft studies were evaluated using 2-way ANOVA tests
(SigmaPlot version 14.5). To evaluate the statistical significance of overlap between two
sets of genes, two-tailed Chi-squared test was used. All statistical tests are 2-tailed unless
otherwise specified. Significance was set at <0.05.

Data availability statement

RNA-Seq data generated in this study were deposited in GEO under accession numbers
GSE123970 and GSE172094. The gene expression data comparing CRPC and treatment-
naive CaP analyzed in this study were obtained from the GEO database at GSE32269
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse32269). GSEA data analyzed in
this study were obtained from https://www.gseamsigdb.org/gsea/. TCGA and PCTA datasets
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analyzed in this study were obtained from http://www.thepcta.org. All other raw data are
available upon request from the corresponding author.

CIT is induced by growth stimuli and controls CaP cell proliferation

When AR-positive LNCaP cells were treated with low doses (<1nM) of the synthetic
androgen R1881, which induce CaP cell proliferation (29-31), CIT protein expression
markedly increased. Only the larger CIT isoform (230 kDa) harboring the kinase function
was detected (Figure 1A). CIT protein induction by growth-inducing R1881 doses was
validated in AR-positive VVCaP cells (Figure 1B) and by using low doses of the natural
androgen dihydrotestosterone (Figure 1C). Low dose androgen stimulation of AR-negative
PC3 cells did not induce CIT protein and in VCaP and LNCaP cells impacted CIT

MRNA levels to a much lesser degree (Supplementary Figure 2 A,B). Another growth-
inducing condition, re-administration of FBS after 24h serum starvation, also stimulated CIT
expression (Figure 1D). However, conditions that restrict proliferation of AR-positive CaP
cells, such as higher doses of androgens (>1nM), short-term treatment with enzalutamide

or silencing of AR, decreased CIT expression (Figure 1A-B, Supplementary Figure 2C).
These findings indicate that CIT protein levels increase under conditions that support CaP
growth (FBS restoration, low dose androgens) but not when CaP growth is restricted (higher
androgen doses). CIT silencing significantly decreased cell viability induced by 0.1nM
R1881 or re-administration of FBS after serum starvation, indicating a causal role for CIT in
control of CaP cell proliferation (Figure 1E—F, Supplementary Figure 2D). siRNA-mediated
silencing of CIT decreased viability of LNCaP and VVCaP cells also under regular culturing
conditions, but did not affect the benign prostate epithelial cell line RWPE1, non-prostate
normal NIH-3T3 or 293T cells (Figure 1G,H), suggesting a CaP-specific role for CIT.

Loss of CIT reduced the number of Ki67-positive LNCaP and VCaP cells (Supplementary
Figure 2E), confirming effects were due to decreased cell proliferation. FACS analyses
verified delayed cell cycle progression (Figure 11) in CIT-depleted cells: 72h and 96h post-
transfection, the percentage of cells in G1 phase increased while that in S and G2/M phase
decreased. At 120h, the cell number in G2/M phase started to increase relative to control
cells. CIT knockdown was maintained at each time, suggesting a role at late G1 or early S
for CIT. Enriching LNCaP cells in early G1, late G1, early S, late S or G2/M, we noted CIT
levels were highest in cells enriched in G2/M phase, readily detectable already in early and
late S phase while lower in early and late G1 phase (Figure 1J). These findings indicated a
role for CIT in CaP cell interphase. Western blot analyses for markers of critical cell cycle
progression steps confirmed intended phase enrichments, as did FACS analyses (Figure 1J,
Supplementary Figure 2F,G). Consistent with the possibility for a role for CIT in G1/S
transition or S phase, 72, 96, 120 and 144h after CIT silencing, aphidicolin treatment failed
to enrich cells in early S phase (Figure 1K). That effects on cell cycle were accompanied

by failure of cytokinesis was evident by increased numbers of multinucleated cells upon
CIT silencing (Figure 1L). Results obtained with siRNA were validated using 3 independent
doxycycline-inducible shRNAs targeting CIT in LNCaP cells (Supplementary Figure 2H).
In xenograft studies using one of these LNCaP sublines, doxycycline-induced loss of CIT
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significantly delayed xenograft growth and decreased CaP volume (Figure 1M), verifying a
role for CIT in the growth of established CaP in vivo.

CIT is overexpressed in CaP and correlates with aggressive CaP features

To assess clinical relevance, we quantitated CIT expression in CaP tissue microarrays
containing 149 localized treatment-naive CaP cores and, for 121 CaPs, matching benign
prostate tissue cores. Representative IHC staining and specificity of the CIT antibody are
shown in Supplementary Figure 3A and B. Of the 149 CaP cores, 136 were positive for

CIT compared to 105 benign prostate cores, and more CaP cores showed stronger CIT
expression than benign tissue (Figure 2A). Overall, CIT expression was higher in CaP
(average score/core=1.449) compared to adjacent non-neoplastic prostate tissues (average
score/core=1.099) (Figure 2B). CIT expression increased with higher Gleason scores (Figure
2C), consistent with a recent report (32). Gene Set Enrichment Analysis (GSEA) on gene
sets that depend on CIT for growth-regulation or basal expression levels (obtained via RNA-
Seq, Supplementary Information Table 2, Supplementary Figure 1) showed that genes that
rely on CIT to maintain basal expression (downregulated after CIT loss) were significantly
positively enriched in CRPC compared to localized untreated CaP, confirming the relevance
of CIT to lethal CaP progression (Figure 2D, and Supplementary Figure 3C). No enrichment
of CIT growth-dependent gene signatures was observed between localized and metastatic
CaP, indicating their expression is maintained in CRPC, which contrasts with decreased AR
target gene expression in CRPC (17, 33, 34). Sizes of each CIT-dependent gene set, selection
criteria used to isolate them, and gRT-PCR validation are shown in Supplementary Figure 1.
MSigDB analyses on CIT-dependent signatures confirmed roles in cell proliferation (G2/M
checkpoint, E2F targets) but pointed also to functions in, for instance, EMT and mRNA
processing (EIF4GI) (Supplementary Information Table 3). To verify the translational
relevance of CIT action in clinical CaP, we analyzed CIT-dependent basal gene sets against
several signatures representative of mitosis, AR action, castration resistance and stemness by
using the Prostate Cancer Transcriptome Atlas (PCTA) webtool. PCTA calculates correlation
coefficients between gene expression signatures in curated PCTA gene expression datasets
and TGCA datasets. Correlation patterns were similar between TCGA and PCTA datasets,
with stronger correlation coefficients observed in TCGA data. For those genes whose
expression decreased upon CIT loss (thus genes that depend on CIT), positive relations

were seen for signatures relevant to mitosis, metastatic CaP progression and (embryonic)
stemness. Strong positive correlations were found between gene sets upregulated after CIT
loss and signatures reflecting AR activation (Figure 2E). These findings suggest CIT action
is linked to mitosis, metastasis and stemness in clinical CaP (most strongly in CRPC)

but inversely so with AR activation, and support CIT’s association with aggressive CaP
progression and treatment resistance.

CIT overexpression drives CaP growth

To verify the relevance of increased CIT expression in CaP development, progression

and treatment resistance, we performed CIT overexpression studies. CIT overexpression
decreased the percentage of cells in G1 phase whereas the numbers in S and G2/M
increased, suggesting increases in CIT stimulate cell cycle progression (Figure 3A). These
effects were not found following overexpression of a kinase-dead version of CIT (CIT-KD,
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K126A, (6)), implicating CIT’s kinase activity in cell proliferation. Stimulatory effects

by CIT overexpression were seen also under conditions that normally restrict CaP cell
proliferation such as androgen deprivation (Figure 3B), loss of AR (Figure 3C), or high
doses of R1881 (Figure 3D), indicating CIT overexpression drives treatment resistance in
CaP. To verify these findings in vivo, we engineered an LNCaP cell line to overexpress

CIT in a doxycycline-dependent manner and confirmed that doxycycline treatment induced
CIT expression and cell viability in these cells but not parental LNCaP cells. Induction of
CIT-KD reduced cell viability (Figure 3E). We then grafted LNCaP cells that allow for
doxycycline-inducible CIT overexpression in castrated mice, which does not support growth
of parental LNCaP xenografts. None of the vehicle-treated animals developed CaP and

all lived for the duration of this study (140 days). However, 5 mice from the doxycycline-
treated group developed measurable CaPs and/or cachexia characteristic of advanced cancer,
died or had to be euthanized before the end of the study (between day 78 and day 108)
(Figure 3E). Three of these animals showed overt xenograft formation at the injection site,
and presence of CaP was confirmed histologically (Figure 3F). The two other animals
showed transient minor CaP growth that regressed, yet they developed subsequent cachexia.
These findings suggested CIT activity is associated with tumor initiation. Dose-dependent
CIT overexpression in benign epithelial RWPEL1 cells also increased the number of Ki67-
positive cells (Figure 3G) and induced expression of pluripotency markers (Oct4 and Sox2)
and EMT markers (vimentin and Slug). Similar effects were seen in the LNCaP CaP cell
line (Supplementary Figure 4A,B). These results indicated that increased CIT expression
overcomes growth restriction and drives CaP progression.

CIT expression is controlled by a novel E2F2-Skp2-p27 CaP signaling axis

We then examined the molecular mechanism(s) that control CIT expression in CaP. Time
course experiments in LNCaP and VCaP cells treated with 0.1nM or 1nM R1881 or vehicle
revealed that low doses of androgens (0.1nM) stimulated CIT protein expression by 24h
(Figure 4A). However, at 24h post-treatment, CIT mRNA expression was not significantly
altered, suggesting induction of CIT occurs post-transcriptionally (Figure 4B). Treatment
with MG132 following 0.1nM R1881 or vehicle exposure increased CIT protein expression,
particularly in the vehicle-treated condition (Figure 4C), indicating decreased proteasomal
degradation and increased CIT stability following growth stimulation. Supporting this
possibility, immunoprecipitation (IP) using a ubiquitin-specific antibody followed by
immunoblotting for CIT showed increased ubiquitination levels per CIT protein levels after
exposure to vehicle compared to low-dose R1881 treatment (Figure 4D). Regulators of CIT
expression are largely unknown; however, one report indicated that E2F transcription factors
control CIT expression in erythroblasts (35) and another that the tumor suppressor p27 binds
to and inactivates CIT in mouse tissues and cells (36). E2F activity is stimulated by low
doses of androgens (37) and controls expression of the E3 ligase Skp2 (38), which mediates
proteosomal degradation of p27 (e.g. (39)). We similarly noted increased E2F1 and Skp2
levels and decreased p27 expression after FBS restoration (Supplementary Figure 4C). We
hypothesized that activation of E2F-Skp2 signaling that leads to decreased p27 expression
may control CIT expression in CaP cells. Because previous examination of E2F action

in CaP cells only considered activity of E2F1 (37), we performed a small siRNA screen

for E2F1, E2F2, E2F3, and E2F4. Loss of E2F2 preferentially decreased CIT expression
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and also counteracted 0.1nM R1881-mediated CIT induction (Figure 4E-F). These results
identified a previously unrecognized role for E2F2 in CaP as a preferential determinant

of CIT expression. Combining CIT overexpression with knock-down of E2F2 rescued the
decrease in cell proliferation induced by loss of E2F2 (Figure 4G), confirming a role for CIT
in E2F2 control over CaP cell proliferation. Furthermore, E2F2 overexpression increased
cell viability both under FBS-supplemented growth conditions and under ADT (Figure 4H).

In view of this novel role for E2F2, we performed an RNA-Seq experiment to define
E2F2-dependent CaP genes and to compare these to genes regulated by E2F1. Gene
selection criteria and nomenclature used for E2F1/2-dependent gene isolation and qRT-PCR
validation are shown in Supplementary Figure 1. Following E2F1-silencing, approximately
60 genes were up- or downregulated at the basal level, whereas E2F2 depletion led

to 417 and 644 downregulated or upregulated genes respectively, suggesting a more
pronounced effect of E2F2 on CaP cell biology (Supplementary Figure 5A). Moreover,
comparing these E2F1- and E2F2-controlled genes revealed limited overlap only (range:
5-20) (Supplementary Figure 5B). MSigDB analyses for hallmark and oncogenic gene sets
on E2F1- and E2F2-regulated gene signatures showed little or no overlap for genes whose
basal expression was increased or decreased by E2F1/2 knock-out, respectively, supporting
distinct roles for E2F1 and E2F2 in CaP (Supplementary Figure 5C, Supplementary
Information Table 4). The number of growth-repressed and -induced genes following

E2F2 or E2F1 knockdown ranged from 50 to 120. MSigDB analyses for hallmark and
oncogenic gene sets showed a more pronounced but also incomplete overlap for E2F1-

and E2F2- growth-regulated genes (Supplementary Figure 5D—F). Furthermore, the E2F1/2-
dependent signatures behaved differently in GSEA between CRPC and localized treatment-
naive samples. Similar to genes that relied on CIT to maintain their expression, genes
downregulated by E2F2 loss were strongly enriched in CRPC, underscoring the relevance of
E2F2 to CRPC (Supplementary Figure 5F).

With regard to our working model, silencing Skp2 decreased CIT expression, which was
counteracted by loss of p27, suggesting p27 mediates this effect. Loss of p27 increased CIT
expression (Figure 5A). We then explored the possibility of physical interaction between
CIT and p27, which was previously reported in normal mouse cells (36). In Co-IPs on
LNCaP and VCaP cells, we found that an antibody against p27 also precipitated CIT, and
did so most efficiently under conditions of 0.1 nM R1881 stimulation (Figure 5B). Co-IP for
Skp2 served as positive control. These findings indicate that p27 and CIT interact to control
CIT expression downstream of a novel E2F-Skp2-p27 signaling axis in CaP.

CIT is a therapeutic target throughout CaP progression

We next examined CIT-dependence of CRPC lines reflecting different mechanisms of in
vivo resistance to ADT such as castration as first-line androgen deprivation [C4-2 (40)],
expression of ligand-independent AR variant ARv567es that is not responsive to ADT [R1-
D567 (15)], resistance to sequential castration and enzalutamide [V16D, 49CENZR 49FENZR
(16)], NEPC cell lines [42DENZR 42FENZR (16)], as well as AR-negative cell lines PC-3
and DU-145, which have also been proposed to model NEPC. siRNA-mediated silencing

of CIT decreased viability of all CaP cell lines, irrespective of CaP stage or mechanism by
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which CaP treatment resistance occurs (Figure 6A). In the enzalutamide-responsive CRPC
lines C4-2 and V16D, enzalutamide treatment after CIT silencing decreased cell viability
further than either treatment alone (Figure 6B). The impact of CIT loss on cell viability was
comparable between Rb-mutant (DU145) and Rb-wild type cells (all other cells) (Figure
6A) and loss of Rb did not reverse the inhibitory effect of CIT on cell viability or CIT’s
growth-induction (Supplementary Figure 6A), suggesting that Rb, which can control E2F
function, is not a major determinant of CIT’s role. Doxycycline treatment of CRPC R1-
D567 sublines that express doxycycline-inducible CIT-targeting sShRNA or mice carrying
R1-D567-shCIT xenografts led to decreased CaP cell viability in vitro and decreased CaP
volumes and delayed CaP progression in vivo (Figure 6C). These findings confirm CIT

is an important mediator of treatment-resistant CaP growth and a viable therapeutic target
throughout CaP progression.

CIT’s kinase activity is critical for CaP cell proliferation and represents a druggable target

Because CIT is a serine/threonine kinase whose kinase action may represent a druggable
target, we investigated further the contribution of its kinase moiety to CaP growth. While
overexpression of wild-type CIT significantly increased the number of proliferating CaP
cells, the same expression level of a kinase-dead mutant of CIT (K126A, CIT-KD) that
abrogates its kinase activity (6) did not induce such proliferation (Figure 7A), demonstrating
CIT kinase action is critical to CaP cell proliferation. Moreover, wild-type but not CIT-KD
increased levels of phosphorylated MCL2, a CIT kinase substrate in in vitro assays (10, 41).

Together with reports that loss of CIT does not affect viability in mammals (7, 8), these
findings imply that CIT’s kinase function is an attractive target for CaP treatment. However,
CIT is an “orphan kinase” for which no inhibitor has been developed (42). We queried

the Kinase targets for 243 kinase inhibitors that are either clinically approved or have
previously been tested in humans (43) to determine whether the polypharmacology of
kinase inhibitors can be exploited to target CIT activity. We identified 5 kinase inhibitors,
apitolisib, tofacitinib, OTS-167, Y-39983, and dacomitinib (Figure 7B) with a reported CIT
EC5<100nM (43). In independent CIT in vitro kinase assays, we found the CIT IC50s to
range from ~10nM for OTS-167 to above assay detection levels for other inhibitors (Figure
7B). We focused on the most potent of these inhibitors, OTS-167, originally identified as

a MELK inhibitor (44). In dose-response studies, OTS-167 significantly reduced viability
of ADT-naive, CRPC, NEPC and AR-negative CaP cell lines at doses ranging from 5

to 100nM (Figure 7C, Supplementary Figure 6B). Noteworthy, apoptosis as measured by
PARP cleavage was induced only at the higher OTS-167 dose in 2 representative treatment-
resistant cell lines and in ADT-responsive LNCaP cells, suggesting that OTS-167 primarily
inhibits CaP cell proliferation (Supplementary Figure 6C). In addition, OTS-167 prevented
normal growth of patient-derived organoids (PDOs) generated from the CRPC orthotopic
intrafemoral patient-derived xenograft, Prostate Cancer San Diego 1, PCSD1 (45, 46)
(Figure 7D). PDO growth and differentiation involves CaP stem-cell mediated development
of early spheroids (no lumen) that develop into mature, larger spheroids and cysts (lumen).
After 72h, OTS-167 blocked cyst formation in 3D organoid culture, and led to accumulation
of early/immature spheroid precursors that were smaller than those treated with vehicle,
indicating that OTS-167 reduced cell proliferation and growth. At the low doses used,
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OTS-167 induced a level of growth inhibition similar to that obtained after CIT knockout
and moderately decreased CaP cell viability in combination with CIT depletion, indicating
that a considerable portion of OTS-167’s effects is mediated by CIT in CIT-expressing cells
(Figure 7E). Decreases in cell viability caused by OTS-167 were rescued in part by CIT
overexpression (Figure 7F).

CIT substrates span diverse cellular functions including alternative splicing

CIT is a kinase but its substrates, whose phosphorylation status could serve as treatment-
specific biomarkers of response to CIT inhibition, remain largely unknown. Some have been
suggested by in vitro kinase assays, including myosin light chain 2 (MLC2) (10, 41) and
histone 1 (10).

To start to define the extended landscape of CIT substrates in CaP cells, we employed

mass spectrometry (MS). First, we performed CIT IP-MS in which we incorporated a
phospho-enrichment step prior to MS and then analyzed phospho-peptides present in the
phospho-enriched and flow-through CIT-specific IP fractions. Two independent experiments
revealed 16 and 49 phospho-peptides derived from 13 and 26 proteins respectively. Second,
we set up biotin-based proximity ligation assays coupled with MS (PLA-MS) to detect
proteins that associate with wild-type CIT but not CIT-KD. In one PLA-MS assay, we
screened wild-type ClT-interacting proteins for phosphorylation marks. In the other, we
combined the PLA-MS assay with a phospho-enrichment step and determined the phospho-
peptides present in the phospho-enriched and flow through fraction. These studies uncovered
13 and 122 phospho-peptides derived from 8 and 68 proteins respectively (Figure 8A).
Phosphorylated proteins included several involved in cell division (e.g., CLASP1) and DNA
damage repair (e.g., XPC), both associated with CIT action (7) (Supplemental Information
Table 5) as well as histone 1 (10). ColP studies confirmed interactions between CIT

and representative MS hits such as MATR3 and THRAP3 (Figure 8B). In absence of
specific antibodies targeting the phospho-Ser marks observed in THRAP3 and MATR3, we
performed IPs using pSer-specific antibodies. Subsequent immunoblotting for MATR3 or
THRAP3 showed diminished p-Ser immunoreactive signals after CIT silencing in LNCaP as
well as VCaP cells, verifying CIT-dependent THRAP3 and MATR3 phosphorylation (Figure
8C). Serine phosphorylation levels of CIT substrates MLC2 and histone 3 (substrate in in
vitro kinase assays of Figure 7B) served as control. Similar results were obtained in cells
treated with 10nM OTS-167 (Figure 8D). Silencing of THRAP or MATR3 decreased CaP
cell viability, mirroring the effect of loss of CIT (Figure 8E).

To determine the cellular processes mediated by the phosphorylated CIT interactors,

we performed MSigDB curated gene set analyses (Supplemental Information Table 6).
Enrichments related to RNA metabolism, processing and/or splicing in CIT-dependent
phosphopeptides were returned in 2 studies and all experiments isolated phosphorylations
in proteins implicated in these processes. Closer examination revealed that 37 of 100
identified CIT-dependent phosphorylated marks occurred in proteins involved in RNA
processing, metabolism or splicing. We verified that 50% of phosphorylated CIT interactors
were present in the Spliceosome Database (47) (Figure 8F). We then reanalyzed our
CIT-dependent RNA-Seq data for evidence of alternative splicing using rMATS (48). We
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noted 897 CIT-dependent splicing events, the majority of which were skipped exon events
(Figure 8G, validation of representative skipped exon events in Supplementary Figure 7).
Comparison of genes that undergo CIT-dependent splicing events and genes impacted by
alternative splicing in the progression from benign prostate to treatment-resistant CaP (14),
showed significant overlap. Enrichments became more pronounced in CRPC and NEPC and
were most significant for skipped exon events (Figure 8H). These results provide further
insights into how CIT impacts CaP cell proliferation and suggest that events previously
unrecognized to be CIT-dependent, such as alternative splicing, contribute to CIT-mediated
CaP progression (Figure 8l).

Discussion

We isolated CIT as a novel pivotal regulator of CaP progression. CIT was preferentially
involved in control of malignant over benign cell proliferation, suggesting a suitable
therapeutic window for CIT-targeting therapies. Importantly, CIT is also a feasible target
because mammals with germline loss of CIT or loss-of-function CIT mutations are viable (7,
8) and CIT is not essential for normal postnatal growth (13, 49). Moreover, CIT’s genetic
inactivation in a meduloblastoma mice model reduced tumor growth without any side effects
(50).

Our studies uncovered a critical role for CIT in CaP cell proliferation. Results support

the well-recognized role for CIT role in cytokinesis but isolated also a role for CIT in
interphase. CIT controlled CaP interphase progression and its expression levels depended

on cell cycle stage. These findings are consistent with cell cycle-dependent CIT expression
patterns in hepatocytes (51) and fit with the E2F-Skp2-p27 dependence of CIT expression.
CIT’s role as determinant of CaP cell proliferation, which we found to occur irrespective

of CaP cells’ AR expression status or Rb-ness, does not rule out that CIT impacts CaP
progression via other cellular processes. Novel CIT-dependent EMT roles were shown in our
in vitro (enhanced EMT marker expression) and in vivo (cachexia without overt localized
CaP growth) tumorigenesis assays as well as RNA-Seq studies (MSigDB). Our MS data also
indicated that a significant fraction of the newly isolated in vivo CIT substrates function in
RNA-binding, metabolism, and splicing. The latter process is a well-known contributor to
treatment resistance and aggressive clinical CaP progression (14) that is tightly controlled by
phosphorylation (52) and cell cycle stage progression (53), but remains poorly understood
mechanistically.

The relevance of CIT to clinical CaP progression observed in our GSEA and PTCA
analyses fits with the induction of its expression by growth stimuli that feeds forward

to control CaP growth, and its overexpression during CaP progression. When mimicked
experimentally CIT overexpression induced pluripotency and promoted CaP growth even
under conditions intended to restrict growth. CIT expression was controlled by a novel
E2F2-Skp2-p27 signaling axis, whose CaP expression patterns (higher E2F, higher Skp2,
lower p27 expression (54-56)) and CaP relevance are similar to that observed for CIT.
Most studies of E2F action in CaP have focused on E2F1, whose expression increases with
clinical CaP progression (57). Our siRNA screen, RNA-Seq, MSigDB and GSEA analyses
indicated E2F2 had a more prominent effect on growth-induced CIT expression and was
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most relevant to CRPC, uncovering an entirely novel role for E2F2 in CaP distinct from
E2F1. Because E2F activity in general impacts Skp2 and p27, our findings imply also that
other factors may contribute to E2F2’s preferential control over CIT.

Although p27 is one of the better-known substrates of the Skp2 E3 ligase, interpretation

of its role in control of CIT (ubiquitination) may be less straight-forward. p27 is best
known as a tumor suppressor, which inhibits cyclin-CDK complex activities. More recently,
a CDK-independent oncogenic role has been described for a form of p27 that is unable to
interact with CDKs/cyclin (p27-CK). p27-CK is located in the cytoplasm, in contrast to the
nuclear location of the CDK-interacting form of p27 (58-60). In CaP, the role for different
fractions of the p27 cellular pool is not yet clear. Although previous work suggests both
cytoplasmic and nuclear fractions of p27 exist in clinical CaP, decreased p27 expression
was associated with poor CaP outcome irrespective of p27 location (56). Because p27-CK,
which cannot interact with CDK/cyclins, is not degraded by Skp2 (58, 59), our work

points to another novel role for p27 in CIT-dependent CaP growth. Our working model
indicates p27-controlled proteosome-mediated CIT ubiquitination occurs in the absence of
growth stimulation, the molecular regulation of which will be important to explore. That
CIT-p27 interaction is more pronounced after growth-stimulation seems counterintuitive but
is consistently observed. Whether growth-induction and suppression lead CIT to interact
with functionally different p27 populations (61) or cause cell cycle-dependent different
signal transductions to control p27 action (62) will need to be examined.

As a mitotic kinase, CIT differs functionally from targets for current standard of care
treatments, such as ADT (targets AR) or chemotherapy (targets microtubule stability), and
may thus bypass the cellular rewiring that causes drug resistance under such treatments.
Although low androgen growth stimulation can activate CIT in AR-positive cells, CIT
activation in and of itself does not rely on the presence or activity of AR. The latter is
supported by our PCTA analyses and CIT induction after serum restoration, which our
ongoing studies show also in AR-negative models. CIT-dependent genes remain highly
expressed or enriched in treatment-resistant CaP. In contrast, expression of genes directly
controlled by AR, the default target for treatment for metastatic CaP, decreased in CRPC
compared to treatment-naive CaP (17, 33, 34). Along with our data showing potent
inhibitory effects on CaP growth after CIT silencing or inactivation in CPRC and NEPC
models, these findings support CIT as a novel driver of CaP progression and promising
target for mechanistically novel therapies.

CIT’s reliance on its kinase domain to maintain CaP cell proliferation provides a potentially
druggable entity and further increases its appeal as therapeutic target. Indeed, overexpression
of a kinase-dead version of CIT, even in cells that still express wild-type CIT, decreased
significantly cell viability. Our analyses show that the polypharmacology that is increasingly
being recognized for kinase inhibitors (43, 63), most of which inhibit multiple kinases,
provides opportunities for drug repurposing to inhibit CIT. OTS-167, the drug we identified
as the most potent CIT inhibitor, was originally developed as a MELK inhibitor (44), which
has been questioned because it has effects also on cells that do not express MELK (64).
Even though OTS-167 is not entirely specific for CIT, we found that a substantial fraction

of OTS-167 action is mediated via CIT in CIT-expressing cells, and that OTS-167 inhibits
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the growth of CaP models representing different stages of CaP progression and forms of
treatment resistance. Publically available kinase inhibitor polypharmacology data (43) listed
5 drugs with a CIT EC59<100nM; our in vitro kinase assay validation returned low CIT

ICgq values for only 2 inhibitors (Y-39983 and OTS-167). These discrepancies reflect the
difference in what is being measured by both parameters: ECs is the concentration of a drug
that gives half-maximal response whereas ICsgq is the concentration of an inhibitor where the
response is reduced by half. Our in vitro kinase data in Figure 7 confirm that only OTS-167
and Y-39983 completely inhibit CIT as measured via both parameters. These data support
the feasibility of drugging CIT. Our isolation of the in vivo CaP CIT interactome and its
phosphorylation landscape provide the first glimpses of the manner in which the activity

of this poorly characterized kinase may control aggressive CaP behavior and progression.

Its isolation meets another important condition for ultimate applicability of CIT inhibition,
namely the potential as a treatment-specific biomarker of response. In CaP, potentially
effective kinase-inhibiting drugs such as the multikinase inhibitor lestaurtinib/CEP-701 have
been abandoned despite their promise as CaP therapeutics because of inadequate biomarkers
to monitor treatment response (9, 65, 66). Verifying the phosphorylation status of CIT
substrates or CIT interactions in circulating tumor cells or tissues from CRPC patients

may overcome such limitations for CIT-targeting therapies. Follow-up studies are needed

to validate these findings further, define the broader spectrum of CIT substrates across cell
cycle stages, characterize CITs substrate recognition motif, and determine the relevance of
CIT-controlled phosphomarks for aggressive CaP behavior.

In combination, our studies provide novel insights in the molecular regulation of CaP cell
proliferation that may be exploited to address one of the most critical barriers to improving
CaP survival: new treatments that are functionally diverse and bypass treatment resistance.
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Significance statement

The poorly characterized protein kinase citron kinase is a therapeutic target in prostate
cancer that drives tumor growth by regulating diverse substrates, which control several
hallmarks of aggressive prostate cancer progression.
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Figurel. CIT isakey regulator of CaP cell proliferation.
(A) LNCaP cells were treated with increasing doses of R1881 for 48h. CIT and B-actin

expression were analyzed by western blotting (top). In parallel, 96h after treatment, Ki67
immunofluorescent staining was done and nuclei counterstained with DAPI. Percentage of
Ki67-positive cells was recorded (bottom). (B) VCaP cells were treated with R1881 for 48h
and analyzed as under A (top). (C) LNCaP and VCaP cells were treated with indicated
doses of dihydrotestosterone (DHT) for 48h and analyzed by western blotting for CIT

and B-actin. (D) LNCaP and VVCaP cells were treated with increasing doses of FBS for 2
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days after overnight serum starvation. Cell lysates were analyzed by western blotting for
CIT and B-actin. (E, F) LNCaP cells were transfected with siRNA targeting CIT (CIT)

or control siRNA (ctrl). Two days later, cells were treated with 0.1nM R1881 for 96h or
vehicle (ethanol) (E) or serum-starved for 24h and treated with increasing doses of FBS for
48h (F). Cell viability was assessed using an MTS assay read at 490 nm in quintuplicate.
(G) LNCaP and VCaP cells were transfected with CIT or control (ctrl) sSiRNA. At 96h
after transfection, cell viability was evaluated by MTS assay in quintuplicate (bottom). CIT
and B-actin expression were analyzed by western blotting (top). (H) RWPEL, NIH-3T3
and 293T cells were transfected and assayed as under G. (1) Cells were transfected as
under G. Cell cycle was evaluated after 72h, 96h, 120h or 144h by propidium iodide

cell sorting. Percentage of cells in GO/G1, S, and G2/M phase is shown (in triplicate).

Blue, red and black lines compare control vs CIT siRNA-transfected cells in G2/M, S and
GO/1 phase, respectively. (J) LNCaP cells were pharmacologically enriched in early G1,
late G1, early S, late S and G2/M phase for 24h. Phospho-Rb (S780-RB), Rb, cyclin A,
cyclin B1, phospho-histone 3 (510-H3) and B-actin were analyzed via western blotting.
(K) LNCaP cells were transfected with siRNA targeting CIT (CIT) or control (ctrl) sSiRNA.
72,96, 120 or 144h after transfection, cells were treated with 2ug/mL aphidicolin (aphid)
for 24h. Cell cycle was evaluated as under I. (L) Cells were transfected as under G.

At 96h after transfection, multinucleation was analyzed by immunofluorescence staining
for the cell membrane marker Na*/K* ATPase and counterstaining with nuclear marker
stain DAPI. Percentage of multinucleated cells is shown. (M) LNCaP cells that express
doxycycline-inducible shRNA targeting CIT #2 (Supplementary Figure 2) were treated with
1mg/ml doxycycline (DOX) or vehicle (DMSO) for 96h. Cell viability was evaluated as
above (left panel). Cells were grafted subcutaneously in nude mice. Once xenografts reached
100mm3, animals were randomized to doxycycline (DOX, 200ug/ml, n=6, red) or vehicle
(DMSO, n=6, blue). Tumor volumes were measured every other day for 28 days. *p<0.05,
**p<0.01, ***p<0.001, and ****p<0.0001. Panels A, E, F, G, H, I, J, L, M (left): t-test,
Panel M (right): 2-way ANOVA. Data are represented as means SEM. ns, non-significant.
[-act, p-actin.
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Figure 2. Clinical and trandational relevance of CIT during CaP progression.
(A) Percentage of TMA cores with absent, focal, moderate or marked CIT

immunohistochemical staining. (B) Average CIT expression score per tissue core in benign
versus CaP tissues. *** p<0.001, t test. Box plots represent mean +/— SEM. (C) Percentage
of cores with Gleason score (GS) of 6 (3+3), 7 (3+4 and 4+3), or 8 (4+4) with absent,

focal, moderate or marked CIT immunohistochemical staining. (D) GSEA analysis of
growth-regulated and basal CIT-dependent gene signatures, comparing CRPC and treatment-
naive CaP (GSE32269). Black bars, no significant enrichment; red bars, significant positive
enrichment in CRPC compared to treatment-naive CaP. Red dashed line: FDR<0.25,
considered significant. (E) The PCTA web tool was used to mine PCTA and TCGA

gene expression data by CaP subtype information based on GS and metastasis status. The
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basal CIT-dependent gene signatures were analyzed in the PCTA correlation view analysis
function against publically available signatures relevant to mitosis, AR activation, castration
resistance and stemness, which are described in the Materials and Methods section. The
correlation coefficient and p value derived from each PCTA analysis were recorded and
represented graphically using R. * correlation with significance set at p<0.05 in PCTA.
Up/down, up- or downregulated upon CIT silencing; B9, benign; all, all tissues.
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Figure 3. CIT overexpression drives overcomes CaP growth restriction.
(A) Percentage of LNCaP cells in G1, S, or G2/M phase as determined by propidium

iodide assays 96h after transient transfection with an expression construct encoding CIT
(CIT), kinase-dead CIT (KD) or empty vector (EV). Cells were grown in FBS-supplemented
conditions (left) or treated with 0.1nM R1881 or vehicle (ethanol) (right). Black, red and
blue lines compare GO/G1, S phase and G2/M phase. (B) LNCaP cells were transfected
with increasing amounts of CIT or EV. Four days later, a cell viability assay reading at
490nM (in quintuplicate) was performed. (C) LNCaP cells were transfected with sSiRNA
targeting AR or control siRNA (ctrl). Two days later, cells were transiently transfected with
CIT or EV. Two days later, cell proliferation was analyzed via Ki67 staining and percentage
of Ki67-positive cells was recorded. (D) LNCaP cells were transiently transfected with
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CIT or EV. Two days later, cells were treated with 10nM R1881 (+) or vehicle (=)
followed by Ki67 staining as above. (E) Parental (left) and isogenic LNCaP cells that
stably express doxycycline-inducible CIT (middle) or CIT-KD were treated with 1ug/mi
doxycycline (DOX) or vehicle (DMSO) for 96h, followed by an MTS assay read at 490nm
(in quintuplicate). The LNCaP subline allowing for inducible CIT expression was grafted
in castrated mice, which were randomized to immediate doxycycline treatment (DOX,
20umg/L in drinking water, n=10) or vehicle (DMSO, n=10). Survival curve detailing
animals that died or had to be sacrificed before the study end point (140 days) (right).

(F) H&E staining on tissues from CaP-bearing animals from D (right panel), confirming
presence of adenocarcinoma (arrows) in dox-treated mice that had to sacrificed at days

86, 108 or died at day 102 (bottom panel). *, area of necrosis. (G) RWPEL cells were
transfected with increasing amounts of CIT or with EV. Four days later, cell proliferation
was analyzed via Ki67 staining. *p<0.05,**p<0.01, ***p< 0.001, and ****p<0.0001, t-test.
Box plots reflect mean £SEM.
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Figure 4. Novel E2F2-Skp2-p27 pathway regulates CIT expression.
(A) Time course with increasing doses of R1881 for 16h and 24h in LNCaP and VCaP cells.

CIT and B-actin protein expression was analyzed via western blotting. (B) CIT mRNA levels
determined by gRT-PCR after 24h treatment with increasing doses of R1881 in LNCaP

(left) and VCaP (right). CIT mRNA levels were normalized to GAPDH expression and

are represented as relative expression using the value obtained from one of the biological
triplicates from the vehicle-treated condition as 1. Co/umns, means of values obtained

from independent biological triplicates; bars, SEM. (C) Western blot of LNCaP cells
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treated with 0.1nM R1881 or vehicle for 24h, followed by MG132 or DMSO treatment

for 16h. (D) IP using ubiquitin-targeting antibody (ub), followed by western blotting for

CIT on LNCaP cells treated with 0.1nM R1881 or ethanol for 24h. IP, immunoprecipitation,
IB, immunoblotting. Arrow indicates CIT immunoreactive signal. Insert: Quantification

of immunoreactive signals for IP’ed samples. Signals for IP’ed samples were normalized
against the value of the matching input sample. (E) Western blot analysis of CIT, E2F1,
E2F2, Skp2, p27 and B-actin in LNCaP cells transfected for 96h with siRNA targeting

either E2F1, E2F2, E2F3, E2F4, or CIT or with non-specific control (ctrl) sSiRNA (top left).
Quantification of E2F1, E2F2 and CIT immunoreactive signals, normalized against the value
of the p-actin signal (right). E2F1, E2F2, E2F3 and E2F4 mRNA levels were determined

by gRT-PCR at 96h after transfection with specific sSiRNAs as under B (bottom left). (F)
Protein levels of CIT and p-actin in LNCaP cells transfected as under G with siRNA

against either E2F1, E2F2 or control siRNA. Two days later cells were treated with 0.1nM
R1881 or vehicle (ethanol). (G) LNCaP cells were transfected with siRNA targeting E2F2
or with non-specific control siRNA. At 48h after transfection, cells were transfected with
expression constructs encoding wild-type CIT (CIT) or empty vector (EV). Cell proliferation
was evaluated by Ki67 immunostaining. The percentage of Ki67-positive cells was recorded.
si, SIRNA (H) LNCaP cells were transfected with increasing amounts of an expression
construct encoding FLAG-tagged E2F2 or empty vector (EV). Four days later, a cell
viability assay reading at 490nM (in quintuplicate) was performed. Left: cells cultured in
regular FBS-containing growth medium, right: cells cultured in androgen-deprived medium.
**p<0.01, ***p<0.001, ****p<0.001, ns, non-significant, t-test. Box plot reflects mean
+SEM. B-act, B-actin.
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Figure5. E2F2 signaling leadsto p27-CI T interaction

(A) Western blot analysis of CIT, Skp2, p27, and B-actin levels in LNCaP (top) and

Page 34

VCaP (bottom) cells transfected with control siRNA or siRNA against p27, Skp2 alone or
co-transfected with siRNAs targeting p27 and Skp2. Two days later, cells were treated with
0.1nM R1881 or vehicle (ethanol). Note difference in sample loading order between LNCaP
and VCaP samples. (B) Co-IP using an antibody targeting p27 and western blotting of CIT
in LNCaP (top) and VVCaP (bottom) cells treated for 48h with 0.1nM R1881 or vehicle. Blot
was reprobed for Skp2 as a positive control for p27 immunoprecipitation.
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Figure 6. CIT controls growth of CRPC, NEPC and AR-negative CaP.
(A) CRPC cell lines C4-2, R1-D567, V16D, 49CENZR and 49FENZR NEPC cell lines

42DENZR and 42FENZR "and AR-negative cell lines PC3 and DU145 were transfected with
SiRNA targeting CIT or non-targeting control siRNA (Ctrl). At 96h after transfection, cell
viability was measured via trypan blue staining (R1-D567, biological triplicates) or using
an MTS assay in quintuplicate (all other cell lines) read at 490nm. (B) LNCaP cells were
transfected using siRNA targeting CIT (+) or non-targeting control siRNA (-). Two days
later, cells were treated for 48h with 10uM enzalutamide (enza) (+) or vehicle (DMSO,-).
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Cell viability was measured using an MTS assay read at 490nm (in quintuplicate). (C)

Left: R1-D567 CRPC cells that express doxycycline-inducible shRNA targeting CIT#3 were
treated with 1 mg/ml doxycycline (DOX) or vehicle (DMSO). At 96h after transfection, CaP
cell viability was evaluated as above (bottom). CIT and B-actin expression were evaluated
via western blotting (top). Right: same cell line was used in xenograft experiments. Once
xenografts reached 100mm3, animals were randomized and treated with doxycycline (DOX,
200pg/ml in drinking water, n=5 (red) or vehicle (DMSO, n=5, blue). Tumor volumes were
measured every other day for 28 days. Data are shown as mean +SEM. A, B, C (left):
**p<0.01, ***p<0.001, ****p<0.0001, t-test. C (right): ***p<0.001, 2-way ANOVA. ns, not
significant.
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Figure7. CIT isadruggabletarget for CaP treatment.
(A) LNCaP were transiently transfected with expression constructs encoding wild-type CIT

(CIT), citron kinase-dead (CIT-KD), or empty vector (EV) and stimulated with 0.1nM
R1881 for 48h. Ki67 immunostaining was performed and percentage of Ki67-positive cells
was recorded (bottom). Western blot analysis on parallel samples verified CIT, pMLC2-S19,
pMLC2-T18S19, MLC2 and p-actin levels (top) (B) Clinically evaluated kinase inhibitors
with CIT ECg3<100nM, based on data by Klaeger et al. (43) (left). Validation of CIT
inhibition by tofacitinib, Y-39983, dacomitinib, apitolisib, or OTS-167 via in vitro kinase
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assays (Eurofins) (right). (C) LNCaP, VCaP, C4-2, R1-D567, V16D, 49CENZR 49FENZR
42DENZR ' 42FENZR 'pC3 and DU145 cells were treated with 0, 5, 25 or 100nM OTS-167 or
vehicle for 4 days. Cell viability was assessed as detailed in Supplementary Figure 6, which
also provides the specific assay data used to generate the heatmap shown here. (D) PDOs
derived from the PCSD1 PDX were established. After 2 weeks, PDOs were treated with
50nM OTS-167 or vehicle (DMSO) for 72h. Spheroids and cysts were counted, measured,
and values obtained after treatment were normalized using their paired pre-treatment
values. (E) LNCaP cells were transfected using siRNA targeting CIT (+) or non-targeting
control siRNA (-). Two days later, cells were treated for 48h with 10nM OTS-167 (+)

or vehicle (DMSO,-). Cell viability was measured using an MTS assay read at 490nm (in
quintuplicate). (F) LNCaP cells were transiently transfected with CIT or EV. The next day,
cells were treated with 10nM OTS-167. Four days later, cell viability was measured using an
MTS assay read at 490nm (in quintuplicate). Box plots reflect mean +SEM. *, p<0.05, **,
p<0.01, ***p<0.001, ****p<0.0001, t-test.
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Figure 8. I solation of in vivo CIT substratesin CaP cells.
(A) MS experiments that were performed to isolate CIT-dependent phosphomarks. IP,

immunoprecipitation; MS, mass spectrometry; PLA, biotin-based proximity ligation assay
using TurbolD gene fusions; biotin; biotinylated proteins that interact with wild-type CIT;
p-enriched, phospho-enriched. (B) Western blot analysis for MATR3, THRAP3, and CIT
following IP with non-targeting 1gG or antibody against CIT in LNCaP cells that were
transfected for 96h with control siRNA or siRNAS targeting CIT. (C) Western blot analysis
for MATR3, THRAP3, MLC2, histone 3 (HIST3) and CIT following IP with a pSer-specific
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antibody. Lysates from LNCaP cells that allow for doxycycline-inducible CIT shRNA
expression were used at 96h after vehicle (DMSO) or doxycyline treatment (DOX) (left).
Lysates from VCaP cells were used at 96h after transfection with control SiRNA or CIT
targeting siRNA (right). Bottom: Quantification of immunoreactive signals for p-Ser IP’ed
samples. Signals for IP’ed samples were normalized against the value of the matching input
sample. (D) Western blot analysis for MATR3, THRAP3, MLC2 and CIT following IP with
a pSer-specific antibody. Lysates from LNCaP or VVCaP cells treated for 96h with DMSO or
10nM OTS-167 (OTS) were used. Right: Quantification of immunoreactive signals for p-Ser
IP’ed samples as under C. (E) LNCaP and C4-2 cells were transfected with siRNA targeting
CIT, THRAP3 or MATR3, or with non-targeting control sSiRNA. At 96h after transfection,
cell viability was measured using an MTS assay in quintuplicate read at 490nm. Box plots
reflect mean +SEM. **p<0.01, ***p<0.001, t-test. si:siRNA. (F) MSigDB and Spliceosome
database analyses of proteins that show CIT-dependent phosphomarks. (G) Overview of
alternative splicing patterns. A3, alternative 3’ splice sites; A5, alternative 5’ splice sites;
MX, mutually exclusive exons; IR, intron retention; SE, exon skipping (top panel). RNA-
Seq data was analyzed for CIT-dependent splicing events using rMATS. Number and type
of basal CIT-dependent splicing events (bottom panel) are shown. Red, upregulated; blue,
downregulated after CIT silencing. (H) Enrichment of basal CIT-dependent splicing events
in splicing patterns in treatment-naive localized CaP (LOC) versus benign prostate tissue
(B9), CRPC versus LOC and NEPC versus CRPC. P values shown in red are <0.05 and
considered significant. (I) Novel insights in CIT action in CaP. E2F2-Skp2-p27-dependent
mechanism in control of CIT expression in CaP and the critical role for CIT’s kinase action
in CaP (left). Cellular signaling and processes in which CIT-dependent phospho-proteins
function include previously reported (known) functions such as those in cytokinesis and
DNA damage control and novel (unknown) function suggested by the current study such as
those in cell cycle progression and alternative splicing (right).
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