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Abstract

In principle, the inhibition of candidate gain-of-function genes defined through genomic
analyses of large patient cohorts offers an attractive therapeutic strategy. In this study, we focused on
changes in expression of CD24, a well validated clinical biomarker of poor prognosis and a driver of
tumor growth and metastasis, as a benchmark to assess functional relevance. Through this approach,
we identified GONA4L as a regulator of CD24 from screening a pooled shRNA library of 176 candidate
gain-of-function genes. GON4L depletion reduced CD24 expression in human bladder cancer cells,
blocked cell proliferation in vitro and tumor xenograft growth in vivo. Mechanistically, GON4L
interacted with transcription factor YY1, promoting its association with the androgen receptor to drive
CD24 expression and cell growth. In clinical bladder cancer specimens, expression of GON4L, YY1
and CD24 was elevated compared to normal bladder urothelium. This pathway is biologically relevant
in other cancer types as well, where CD24 and the androgen receptor are clinically prognostic, given
that silencing of GON4L and YY1 suppressed CD24 expression and growth of human lung, prostate
and breast cancer cells. Overall, our results define GON4L as a novel driver of cancer growth, offering

new biomarker and therapeutic opportunities.
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Introduction

Hundreds of genes have been identified as candidate biomarkers of disease (1), patient
prognosis (2) or response to therapy (3). Those with predicted gain-of-function through copy number
alterations, gene expression or mutations make attractive therapeutic targets if they regulate cancer
development, growth or progression. Here we used a pooled shRNA library and DNA sequencing to
identify genes that are both novel and clinically relevant drivers of growth in human bladder cancer.
For this library, we selected 176 genes with DNA or copy number alterations in bladder cancer
patients, and whose gene expression was positively associated with malignancy or progression in
human disease. To further ensure the identified genes have robust clinical relevance (4) and a high
likelihood of driving tumor growth, the endpoint of the screen was reduction in expression of cluster of
differentiation 24 (CD24), a known driver of cancer progression and metastasis (5,6).

CD24, a glycosylated mucin-like protein, is not expressed in most normal tissues (7) but gains
expression in many cancers including those of breast, ovarian, colorectal, pancreatic, prostate, and
bladder origin (6). Furthermore, CD24 expression levels positively correlate with tumor
aggressiveness and poor prognosis (6). In a BBN-induced carcinogenesis mouse model that mimics
muscle-invasive human bladder cancer, CD24 knockout mice developed fewer bladder tumors and in
mice with cancer, fewer had metastases compared to wild type mice (5). Homozygous deletion of
CD24 in APC (Min/+) mice causes complete abolishment of tumor formation in all sections of small
intestine (8). Knockdown of CD24 also retards the growth, progression and metastasis of prostate
cancer (9), gastric cancer (10), and breast cancer (11). Targeting CD24 by anti-CD24 antibody inhibits
growth and/or metastasis in models of osteosarcoma (12), lung (13), pancreatic, colorectal (14) and
bladder (15) cancer. Thus, identifying genes whose depletion reduces CD24 expression are likely to
be clinically relevant and provide additional and targetable regulators of tumor growth.

Our screen discovered GONA4L as a driver of both CD24 expression and cancer growth. It also
defined GONA4L as a novel therapeutic target across multiple tumor types. By showing that androgen
receptor (AR) and YY1 associate with GON4L to drive growth, we established anti-androgen receptor

therapy as a potential therapeutic angle for patients with expression of GON4L and AR. The
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screening method detailed here can be adapted to most cancer types to determine which patient

tumor genomic alterations regulate tumor growth, thus providing novel therapeutic opportunities.
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Materials and Methods
Human cancer cell lines

Bladder cancer cell lines UMUC3, TCCSUP, RT4, CRL2742, SW780, MGHU4, and UMUC9
were previously described (4). Lung and prostate cancer cell lines, A549 (16) and 22Rv1 (17) were
obtained from the cell line repository at University of Colorado Cancer Center PPSR. Breast cancer
cell lines HCC1806 and BT549 (18) were a gift from Dr. Richer at the University of Colorado.
HEK293T cells were purchased from ATCC. All reagents and media were purchased from Invitrogen.
All lines were authenticated by the University of Colorado Cancer Center PPSR core using an Applied
Biosystems Profiler Plus Kit that analyzed 9 loci (Life Technologies 4303326). Cells were used in

experiments within 6 weeks of thawing and were tested to be free of mycoplasma.

Cell proliferation and soft agar colony formation assays

For proliferation assay, cells were plated onto 96-well plates and allowed to grow for 5 days
with freezing one plate each day. All plates were then processed with CyQuant assay kit (Life
Technologies). For soft agar assays, 20,000 cells were suspendedin 0.4% agar and plated on 1%
agar hard base in each well of 6-well plate. Colonies formed after 9-18 days in culture were stained

with Nitro-BT (Sigma-Aldrich) at 37°C and counted using software ImageJ.

Subcutaneous Xenograft Tumor Growth

All animals used were treated according to University of Colorado and Institutional Animal
Care and Use Committee (IACUC) guidelines (IACUC protocol number B-93413(12)1E).. 4-5 week-
old NCr nu/nu male mice (NCI-Frederick) were injected with UMUC3 cells stably expressing non-
target, GONA4L, or YY1 shRNAs in the right and left flanks of each mouse. Mice were injected with
500,000 and 50,000 cells/site at 3 or 4 sites/mice and 5 mice/group. Each mouse was injected with

cells harboring distinct shRNAs. Tumors were measured and volumes calculated as described (19).
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qRT-PCR, Western Blot and Immunoprecipitation

For determination of changes in mMRNA expression as measured by qRT-PCR, the AACT
method was used. . Expression was normalized to internal control B-actin and gene knockdown was
determined by comparing to control-treated cells.

Whole cell lysates were subjected to SDS-PAGE using Novex 4-20% Tris-glycine gels (Life
technologies) and western blotting was performed as described (19). Since CD24 protein is heavily
glycosylated, it runs differently on SDS-PAGE for individual cell lines as shown in Supplementary Fig.
S1A.

For immunoprecipitations (IPs), cells were suspended in a lysis buffer containing 50mM Tris-
HCI, pH 8.0, 120mM NaCl, 0.5% Nonidet P-40, phosphatase and protease inhibitor mixture (Roche
Applied Sciences). Lysates were incubated with either Flag-conjugated agarose beads (F2426,
Sigma-aldrich), or antibodies conjugated to protein A/G agarose beads (sc-2003, Santa Cruz
Biotechnology) at 4°C overnight. Antibodies used for IP were anti-HA (MMS-101P, Covance), anti-AR
(sc-7305), and anti-YY1 (sc-1703) from Santa Cruz Biotechnology. A matched isotype antibody was

used as a negative control.

CD24 promoter reporter assay

We used the promoter from UMUC3 cells called “CD24-1896” and “CD24-1896 AREmut” as
described (5). UMUC3 cells were transfected with siRNA using RNAiMax and 24h later with DNA
using Lipofectamine-2000. Renilla luciferase plasmid was transfected at 1/50 conc. of CD24 promoter
plasmid containing firefly luciferase, as an internal control. After 48h of DNA transfection, cells were
lysed and assayed for dual-luciferase activity according to the manufacturer’s instructions (Promega).
Firefly luciferase values were normalized to Renilla luciferase values. Transcription factor binding site

analysis was done using TRANSFAC database (courtesy of BIOBASE) (20).
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Gene expression, patient cohorts and statistics

Putative "gain-of-function" genes were identified, in part, by analysis of 13 bladder tumor
patient cohorts (N = 1451), using the Bladder Cancer Biomarker Evaluation Tool (21). Here, p-values
for differential expression of genes (22-25) were calculated using the non-parametric Wilcoxon rank-
sum test, while log-rank p-values for survival were calculated comparing patients with high expression
(top 50%) to patients with low expression (bottom 50%) for each gene. Later in the work, we further
analyzed an additional set of 4 bladder cancer patient cohorts with both normal bladder tissue and
primary tumor profiles for specific genes. These cohorts included 50 patients profiled at Aarhus
University Hospital, Skejby (Dyrskjot et al. cohort (26)); downloaded from the Gene Expression
Omnibus GEO accession no. GSE3167 (27,28); 175 patients profiled at Chungbuk National University
Hospital (Kim et al. cohort (29)), and 129 patients profiled at Memorial Sloan Kettering Cancer Center
(Sanchez-Carbayo et al. cohort (30), downloaded from supplementary material to publication). There
were also a total of 19 patients in the TCGA bladder cancer cohort with matched tumor and normal
RNA sequencing (23). For gene expression data measured by microarray, GON4L, YY1, and CD24
probes were identified based on current Affymetrix (Dyrskjot et al. and Sanchez-Carbayo et al.
cohorts) and lllumina (Kim et al. cohort) annotation. Specifically, the hgul33a.db package (version

3.1.3) from Bioconductor (www.bioconductor.org) was used for Affymetrix annotation and the

GPL6102 platform data from GEO (last updated Feb 2013) was used for lllumina annotation. For all
cohorts, when multiple probe sets corresponded to a gene, we used the probe set with highest mean
expression (31). For TCGA dataset, gene expression was processed according to the TCGA
protocols (23). The normalized expression of CD24, GON4L, and YY1 were compared using a
Wilcoxon rank sum test. The CNA and mutation results taken from cBioPortal (http://cbioportal.org)
(32) are in whole or part based upon data generated by the TCGA Research
Network: http://cancergenome.nih.gov (32,33).

Data were analyzed using a two-tailed Student’s t-test with unequal variances. All experiments

were done at least three independent times.
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Results
GONA4L is a positive regulator of CD24 expression

Human bladder cancer cell lines MGHU4 and UMUCS3 that stably expressed either non-target
shRNA (shCTL) or a pooled library of shRNAs (shPool) were FACS sorted based on surface CD24
expression. The shPool cells showed a slight shift towards undetectable CD24 staining compared to
shCTL cells (Fig. 1A, top). MGHU4 shPool cells that showed a shift in CD24 staining were then sorted
into a 96-well plate at 1 cell/well for clonal expansion. The clones were then examined for reduction in
CD24 expression compared to the shPool cells (Fig. 1A). Five clones showing reduction in CD24
protein levels were sequenced to identify the specific shRNA molecule being expressed. The
identified constructs targeted the genes C19orf15, SLCO4C1, CDKN2A, FAT4 and GONA4L.
Identification of CDKN2A, whose loss has been reported to negatively regulate CD24 in melanoma
cells (34) suggested our approach had the ability to find regulators of CD24 expression.

Next, we depleted these 5 target genes in 5 different bladder cancer cell lines (MGHU4,
UMUC9, CRL2742, TCCSUP, and UMUC3) using shRNA constructs different from those used in the
library (Supplementary Table S1). Depletion of GON4L showed the most consistent reduction in CD24
expression across the cell lines ranging from 25% to 77% decrease compared to shCTL treated cells
(Supplementary Fig. S1B). To confirm our findings, we transiently depleted GON4L in two bladder
cancer cell lines, UMUC3 and TCCSUP, using pools of 4 siRNAs. Both lines showed 76-80%
reduction in CD24 levels with knockdown of GON4L (Supplementary Fig. S1C). Next, we used two
individual GON4L siRNAs (GON4L-1 and GON4L-2) to evaluate the effect of GON4L knockdown on
CD24 mRNA and protein level in both UMUC3 and TCCSUP cells. Both GON4L siRNAs showed
almost 60% reduction in GON4L mRNA levels in both cells lines used (Fig. 1B). We observed the
significant reduction in CD24 expression at both mRNA (Fig. 1C) and protein levels (Fig. 1D) with both
siRNAs. These results positioned GON4L as a putative novel transcriptional regulator of CD24.

We next explored the role of GON4L on bladder cancer cell proliferation. Knockdown with two
different siRNAs showed a significant reduction in monolayer (Fig. 2A) and anchorage-independent

(Fig. 2B) cell proliferation of UMUC3 and TCCSUP lines. To build on the evidence suggesting GON4L
8
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is a regulator of CD24 expression, we investigated whether CD24 depletion elicited phenotypes
similar to GON4L depletion. Indeed, CD24 knockdown suppresses both monolayer proliferation and
anchorage-independent growth (Fig. 2C and D). To gain additional support for this model, GON4L-1
siRNA was titrated into TCCSUP cells at 2.5, 5.0 and 10.0nM and anchorage dependent and
independent proliferation measured along with CD24 expression. We observed a siRNA dose-
dependent reduction in GON4L mRNA (Supplementary Fig. S2A), CD24 protein expression (Fig. 2E
inset), and anchorage independent (Fig. 2E) and dependent (Fig. 2F) cell proliferation. This mirrored
the dose-dependent effect of CD24 siRNA on growth of TCCSUP cells (Fig. 2G and H). Noticeably,
even 2.5nM of GON4L-1 siRNA showed significant reduction in cell growth and CD24 levels,

suggesting that the effect of GON4L is specific and suggests few off-target effects.

GONA4L and YY1 interact to regulate CD24 expression and cell growth

To understand how GONA4L regulates CD24 transcription, we used a two stage computational
approach to identify putative interacting partners of GON4L that could mediate its effects on CD24
transcription. First we used the STRING database (35) and found 10 proteins either known or
predicted to bind GON4L (Supplementary Fig. S2B). Next, using the TRANSFAC database (20), we
examined if any of these proteins bound the CD24 promoter in a known or predicted fashion. This
analysis revealed that the transcription factor YY1 (Yin Yang 1) is known to interact with GONA4L in
murine cells at both endogenous and exogenous levels (36) and has predicted binding sites on the
CD24 promoter. Hence, we hypothesized that GON4L binds YY1 and this leads to activation of CD24
transcription.

To test this hypothesis, we first examined whether GONA4L is found in complex with YY1 in
human bladder cancer cells. Since, a well-characterized GON4L antibody is not available
commercially, we decided to examine their exogenous interactions using tagged-proteins. We
generated a UMUC3 cell line that stably expresses Flag-tagged GON4L and then transiently
transfected these cells with HA-tagged YY1. A co-immunoprecipitation (Co-IP) experiment with either

Flag or HA-conjugated beads showed that GON4L and YY1 form a complex (Fig. 3A). Next we
9
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examined the effect of YY1 depletion on CD24 levels and in vitro cellular phenotypes. Depletion of
YY1 with two different siRNAs (YY1-1 and YY1-2) showed 70-85% knockdown of YY1 (Fig. 3B) and
significantly reduced CD24 expression at both mRNA and protein levels (Fig. 3C and D). Both YY1
siRNAs showed almost 50% reduction in cell proliferation rate and 3-6 fold reduction in soft agar
colony formation in both UMUC3 and TCCSUP cell lines (Fig. 3E and F). We also confirmed that
knockdown of YY1 had no effect on GON4L mRNA expression (Supplementary Fig. S3). Taken
together, these data suggest that GON4L interacts with YY1 in human bladder cancer cells and this

association drives expression of CD24 and cell growth.

Expression of GON4L and YY1 affects tumor formation in vivo and is associated with human
bladder cancer

To study the effect of GON4L and YY1 knockdown on subcutaneous tumor growth, we used
lentivirus to deliver constructs expressing non-target control, GON4L or YY1 shRNAs. After selection
with puromycin, stably transduced cells were analyzed for gene knockdowns by qRT-PCR and for
effect on CD24 expression by western blot (Fig. 4A). These stable cell lines were then injected
subcutaneously at various doses into mice. Compared to shCTL, both shGON4L and shYY1 cells had
a 40-80% decrease in tumor incidence (Fig. 4B and Supplementary Fig. S4A) and delayed tumor
outgrowth (Fig. 4C and Supplementary Fig. S4B). Reported in TCGA (23) and by lyer et al. (37), 45%
and 34% of bladder cancer patients showed gain or amplification in GON4L (Fig. 4D). Hence we
analyzed RNA expression of GON4L, YY1 and CD24 together in additional patient cohorts and found
that all three genes were elevated in tumor samples compared to normal bladder urothelium in three
different cohorts (Fig. 4E and Supplementary Fig. S4C and S4D). Notably, all three genes have
elevated expression in matched tumor-normal urothelium of patient samples from TCGA (23) (Fig.
4F). These human bladder cancer patient data support our experimental cell line data showing that

GONA4L, YY1, and CD24 are bladder cancer drivers.
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YY1 regulates CD24 through the androgen receptor

As with GON4L knockdown (Fig. 1C), depletion of YY1 also reduced CD24 mRNA levels in
both UMUC3 and TCCSUP cells (Fig. 3D). Therefore, we sought to examine if YY1 regulates CD24
transcriptionally by binding to its predicted binding sites at 2492-2486 bp and 2300-2294 bp upstream
of the CD24 transcription start site. We used a reporter construct containing 3400bp of the CD24
promoter and mutated the two predicted YY1 binding sites (Fig. 5A). GON4L and YY1 knockdown
reduced luciferase activity of both the wild-type and mutant promoter reporters (Fig. 5B and G).
Control reporter constructs consisting of a promoterless basic reporter or a CMV promoter reporter
were unaffected (Supplementary Fig. S5A). These results suggest that GON4L-YY1 complex is not
binding the CD24 promoter at the predicted sites.

YY1 has been shown to directly interact with AR and co-activate its transcriptional activity (38).
AR has previously been shown to up-regulate CD24 mRNA and protein in bladder cancer (5). Thus,
we hypothesized that GON4L regulates CD24 by affecting the binding of YY1 to AR. To examine the
dependency of CD24 expression on the ability of GON4L-YY1 to bind AR, we transiently depleted
GON4L and YY1 in AR (RT4, SW780 and HCC1806) and AR* (UMUC3 and TCCSUP) cancer cell
lines. Only the AR" lines showed reduced CD24 levels while AR’ lines had no significant change in
CD24 expression (Fig. 5C and D, and Supplementary Fig. S6A). We also confirmed that knockdown
of GON4L and YY1 is not affecting the AR protein expression in both AR" lines (Supplementary Fig.
S5C and S5D). Thus, GON4L and YY1 depletion appear to decrease CD24 expression only when AR
is present. Next we examined if YY1 interacts with AR in bladder cancer by Co-IP of exogenous (Flag-
AR and HA-YY1) and endogenous proteins in bladder cancer cells and found this to occur in both
settings (Fig. 5E and Supplementary Fig. S5B). To determine if GON4L has the ability to influence
YY1-AR association, we transiently transfected GONA4L, either full length or a deletion mutant (AC3)
lacking the YY1-binding domain. GON4L AC3 mutant has been shown previously not to interact with

YY1 (36). We found that the GON4L mutant failed to enhance YY1-AR interaction in stark contrast to
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full length GONA4L (Fig. 5F). Further, to test whether GON4L and YY1 knockdown are reducing CD24
promoter activity as a result of less AR activity, we used two different 1896bp CD24 promoter
reporters. One reporter was wild-type while the other had an AR responsive element (ARE) mutation
(5). In siCTL treated cells, and consistent with previously published data (5), the ARE mutant reporter
itself has decreased activity relative to wild-type (Fig. 5G). Further analysis revealed that depletion of
GONA4L or YY1 had no additional decrease in activity (Fig. 5G), strongly suggesting that GON4L-YY1

regulates CD24 at the transcriptional level by controlling binding of AR to CD24 promoter at the ARE.

GONA4L is altered and drives growth of multiple androgen sensitive tumor types

The biological and human pathological relevance of GON4L, YY1 and CD24 in bladder cancer
encouraged us to examine GONA4L in other cancer types, particularly types where CD24 and AR are
known to be biologically and clinically relevant, such as prostate (9,39), breast (6,39) and lung (13,39).
GONA4L is also mostly either gained or amplified in these cancer types in multiple cohorts (Fig. 6A).
We selected cell lines A549, 22Rv1 and BT549 to represent lung, prostate and breast cancer,
respectively, based on the expression of both AR (Supplementary Fig. S6B) and CD24. Knockdown of
GONA4L or YY1 (Supplementary Fig. S6C and S6D) in these cells led to a significant reduction in
CD24 levels and both anchorage dependent and independent growth (Fig. 6B-D). These results
indicate a role for GON4L and the GON4L-YY1-AR-CD24 interaction in not just bladder cancer but

also in numerous other tissue types.

GONA4L also has an AR/CD24 independent effect on cancer cell growth

To determine if the ability of GON4L to control cell growth is completely dependent on AR, we
compared the treatment of bladder cancer cells with GON4L siRNA to treatment with enzalutamide,
an AR inhibitor (40). GON4L siRNA alone reduced cell proliferation to the same extent as
enzalutamide treatment alone, in both UMUC3 and TCCSUP cells. However, in UMUC3 cells we
observed a further reduction in cell growth when siGON4L and enzalutamide were added

simultaneously (Fig. 7A). This suggests that in addition to using AR, GON4L affects cell growth in
12

Downloaded from cancerres.aacrjournals.org on June 20, 2016. © 2016 American Association for Cancer Research.


http://cancerres.aacrjournals.org/

Author Manuscript Published OnlineFirst on June 16, 2016; DOI: 10.1158/0008-5472.CAN-16-1099
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

AR/CD24 independent ways. We took two approaches to test this hypothesis. First, to determine if the
growth effects of GON4L are exclusively mediated via its effect on CD24 expression, we
overexpressed CD24 in cells that were depleted of GON4L. We found that overexpression of CD24
can partially rescue the anchorage-independent growth suppression induced by GON4L depletion in
both UMUC3 and TCCSUP cells (Fig. 7B). These results suggest CD24 is a major but not unique
effector of GONA4L regulated growth. Second, we knocked down GON4L and YY1 in AR’ cell lines
(Supplementary Fig. S7) those were positive for CD24 and measured cell proliferation. Interestingly,
knockdown of either GON4L or YY1 significantly reduced the anchorage dependent and independent
growth of all three cancer cell lines tested (Fig. 7C and D) while having no significant change in CD24
expression (Fig. 5C and D). Based on the compilation of all of our results, we propose a model where
GONA4L and YY1 are strong mediators of cancer cell growth and do so via both AR/CD24 dependent

and independent pathways (Fig. 7E).
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Discussion

GONA4L is a nuclear protein and, as is the case with CD24 (41), plays a role in B-
lymphopoiesis (42). GON4L also regulates gene expression in developmental pathways of C.
elegans, D. melanogaster, and D. rerio (zebrafish). Absence of GON4L causes cell cycle arrest and
increased cellular apoptosis in developing zebrafish embryos (43-45). Despite these roles, no
evidence of its association with human cancer growth or its mechanism of action in this setting had
been shown until our work. We showed that depletion of GON4L suppresses the growth of human
cancer cells both in vitro and in vivo. Analysis of GON4L expression in bladder cancer patients
revealed that GONA4L is elevated in tumor samples compared to normal bladder urothelium supporting
and establishing our findings in human cancer cells.

GON4L has been shown to co-immunoprecipitate with the transcription factor YY1
endogenously in mouse M12 B cells and exogenously in 293T cells (36). Our co-immunoprecipitation
studies also confirmed that GONAL interacts with YY1 in human bladder cancer cells. Knockdown of
YY1 have similar effects on cell growth and CD24 levels as with GON4L knockdown. YY1 itself was
not targeted in our 176 gene shRNA library since we had not detected it in patient mutations (24,46).
YY1 can act as an activator or a repressor through directly binding to promoters, or as a cofactor by
interacting with other proteins such as p53, MDMZ2, AR, EZH2, R6, caspases and HDACs
(38),(47),(48). This is particularly interesting in bladder cancer since functional loss of p53 has been
implicated in the most aggressive forms of the disease (49). YY1 itself does not appear to bind the
CD24 promoter as mutation of the predicted YY1-binding sites had no effect in our CD24 promoter
reporter assays. YY1 has been shown to physically interact with transcription factor AR both in a cell-
free system and in cultured cells. YY1 is required for the optimal transcriptional activity of AR in
promoting the transcription of the prostate-specific antigen (PSA) promoter. It has also been reported
that YY1-AR interaction and not YY1-DNA interaction is essential to YY1-mediated transcription
activity of AR (38). In addition, we have shown previously that AR binds to the ARE on the CD24
promoter and activates its transcription in human bladder cancer cells (5). Here we show that YY1

interacts with AR in bladder cancer cells and acts as a co-activator for AR in enhancing the
14
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transcription of CD24 promoter. Furthermore, we discovered that GON4L facilitates the binding of
YY1 to AR, thereby enhancing the AR-mediated transactivation of CD24 promoter. YY1 is also known
to interact with other cofactors such as EP300 and CREB-binding protein (CREBBP) (48). Both of
these proteins have histone acetyltransferase activity (50) and are frequently mutated in bladder
cancer (46).

Our experiments with the AR inhibitor drug Enzalutamide and partial rescue of GONA4L
knockdown effect with CD24 overexpression suggests that GON4L also regulates cell growth via AR
and CD24 independent pathways. Further investigation revealed that GON4L and YY1 can both
promote cancer cell growth in an AR and CD24 independent manner. The exact mechanisms
underlying this are currently unknown but worth future investigation given the dramatic effects of
GONA4L or YY1 depletion on tumor growth in vivo. The biological function of GONA4L is essentially
unknown, however, the bioinformatics analysis of mouse Gon4l gene structure suggests its
multifunctional role. It has the putative nuclear localization sequence (NLS) at the N-terminus and
adjacent to NLS has a region with weak homology to nucleoplasmins. Nucleoplasmins are known to
be involved in chromatin remodeling and genomic stability (51). It is reasonable to postulate that
GON4L might affect chromatin remodeling allowing access to transcriptional regulatory proteins to
control gene expression, cell cycle progression and differentiation. The central domain of mouse
GON4L has homology to human YY1AP1 (YY1 associated protein 1) through which it interacts with
YY1 and influence YY1-mediated transcriptional regulation. Since, we have found that GON4L
enhances the binding of YY1 to AR, it may be possible that GON4L-YY1 interaction can also enhance
the activity of other transcription factors as well. The C-terminal region of mouse GON4L has paired
amphiphathic helix (PAH) repeat sequence and SANT domain (SW13, ADA2, N-CoR, and TFIIIB).
Both PAH and SANT domains mediate protein-protein interactions important for transcriptional
regulation (36). In fact, it has been shown that GON4L complexes with SIN3a and HDAC1 in mouse
M12 B cells (36). SIN3a acts as both transcriptional activator and co-repressor, and also affects
protein stability through protein-protein interactions (52). HDAC1 acts as a transcriptional regulator via

histone deacetylation and is also reported to interact with YY1 (48). By interacting with these proteins,
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GONA4L may regulate their activity and thus the expression of growth-promoting genes. It is intriguing
to postulate, for example, that tumors with AR and CD24 expression may be treated more effectively
when AR inhibitor therapy is combined with therapy aimed at disrupting GON4L-YY1 or other GON4L

complexes.
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Figure legends

Figure 1. Identification of GON4L as a regulator of CD24 expression. A, schematic diagram showing
the screening strategy. MGHU4 shPool cells shifted towards low FITC-CD24 intensity as indicated by
the arrow and cells in box were FACS sorted, clonally expanded, screened for low CD24 expression
and shRNAs present were identified by sanger sequencing. Cells were transfected with non-target
control (siCTL) or GON4L siRNAs and after 96h, B, mRNA levels of GON4L were measured; C,
MRNA levels of CD24 and D, representative western blot images showing CD24 protein
(densitometric analysis was done using Imaged software, values were normalized to a-actinin) in cells

from (B). Results are shown as mean = S.D., *p<0.05 by Student’s t-test.

Figure 2. GON4L and CD24 depletion inhibit growth of bladder cancer cells. After 48h of transfection
with control and GON4L siRNAs, cells were processed for (A) cell proliferation. Graphs show fold
change in CyQuant dye fluorescence intensity compared to day 0 of siCTL and siGONA4L,
respectively. B, cells from (A) split onto soft agar plates. Graphs show % change in number of soft
agar colonies. C and D, cells depleted of CD24 by siRNA knockdown were processed for (C) cell
proliferation, CD24 western blot (inset) and (D) soft agar assays. E and F, TCCSUP cells treated with
increasing concentrations of GON4L siRNA have dose-dependent reduction in (E) soft agar colonies,
CD24 protein levels (inset) and (F) cell proliferation rate. G and H, TCCSUP cells treated with
increasing concentrations of CD24 siRNA have dose-dependent reduction in (G) soft agar colonies,
CD24 protein levels (inset) and (H) cell proliferation rate. Results are shown as mean £ S.D., *p<0.05

by Student’s t-test.

Figure 3. YY1 interacts with GON4L and regulates CD24 expression and growth of bladder cancer
cells. A, Co-IP for the GON4L-YY1 interaction in UMUC3 cells stably expressing Flag-GON4L and
transiently transfected for HA-YY 1. Cells were lysed with NP-40 lysis buffer after 96h of transfection.
Cells were transfected with siCTL and two different siRNAs for YY1 (YY1-1 and YY1-2), after 96h

were processed for (B) YY1 mRNA expression, (C) Protein levels of CD24 and (D) CD24 mRNA
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expression. After 48h of transfection, cells were processed for cell proliferation and soft agar colony
formation. E, fold changes in CyQuant dye fluorescence intensity as compared to Day 0 of siCTL and
siYY1 cells. F, percent change in soft agar colonies. Results are shown as mean + S.D., *p<0.05 by

Student’s t-test.

Figure 4. GON4L and YY1 affect tumor formation in vivo and their expression is associated with
bladder cancer. UMUCS3 cells transduced with non-target, GON4L and YY1 shRNAs and selected with
puromycin for 4 days before use. A, knockdown of GON4L and YY1 confirmed by qRT-PCR, inset
showing CD24 protein levels after GON4L and YY1 knockdown. Results are shown as mean = S.D.
B, differences in tumor incidence with the bars representing percentage of tumors formed in nude
mice injected with 500,000 cells/site (n = 15). C, subcutaneous tumor growth over time. Results are
shown as mean + S.E., *p<0.05 by Student’s t-test. D, genomic alterations in GON4L in 4 human

bladder cancer patient datasets (indicated), as reported in cBioPortal (http://www.cbioportal.org).

CNA- copy number alterations. E and F, GON4L, YY1 and CD24 mRNA expression in human
urothelial tumors compared to normal human bladder tissue. F, normal tissues were “matched” to
tumors in the same patient in TCGA set (gray). Results in (E) and (F) were analyzed using different
gene expression platforms as mentioned in the Materials and Methods section, statistical
comparisons were done using the Wilcoxon rank sum test. Horizontal lines in boxes represent median

of gene expression. Box and whisker represents the first and third quartiles. .

Figure 5. GON4L and YY1 regulate CD24 transcription via AR. A, diagram of 3400bp, 1896bp wild
type and 3400bp CD24 promoter with both YY1 binding sites mutated. B, percent change in DLR ratio
(firefly/renilla luciferase activity) representing CD24 promoter activity in control and YY1 knockdown
cells. After 96h of transfection with (C) GON4L and (D) YY1 siRNA, AR and AR" cells were blotted for
CD24 and a-actinin as loading control. Non-target siRNA was used as control. Densitometric analysis
was done using ImagedJ software, values were normalized with a-actinin. E, Co-IP in UMUC3 cells

overexpressing empty vector (EV) or Flag-AR and HA-YY1 (AR/YY1). F, Co-IP in 293T cells
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transfected with EV, full length GONA4L or deletion mutant GON4L (AC3) along with Flag-AR and HA-
YY1. G, cells were transfected with control, GON4L and YY1 siRNA, 24h later transfected with wild
type or ARE mutant 1896bp CD24 promoter and activity was measured after 48h. Results are shown

as mean = S.D., *p<0.05 by Student’s t-test.

Figure 6. GON4L and YY1 knockdown affect CD24 expression and growth of human lung, prostate
and breast cancer cell lines. A, genomic alterations in GONA4L in lung, prostate and breast cancer

patient datasets, as taken from cBioPortal (http://www.cbioportal.org). CNA- copy number alterations.

B-D, cells were transfected with non-target, GON4L and YY1 siRNAs. 48h later, cells were split to
measure (B and C) proliferation and (D) soft agar colonies. Cells were also processed for CD24
western blot after 96h of transfection shown in inset. Densitometric analysis was done using ImageJ
software, values were normalized with a-actinin. Results are shown as mean + S.D., *p<0.05 by

Student’s t-test.

Figure 7. AR and CD24 independent effect of GON4L and YY1 on cell growth. A, cells transfected
with siGONA4L or siCTL treated with either DMSO as solvent control or 50uM Enzalutamide (Enza)
were processed for cell viability by MTT assay after 72h. Graphs show the percent change in optical
density at 530nm. B, UMUC3 and TCCSUP cells stably overexpressing CD24 or empty vector were
transfected with non-target or GON4L siRNA and processed for soft agar colony formation. Empty
vector + siCTL transfected cells were used as control. Representative CD24 western blots are shown
in inset. Densitometric analysis was done using ImageJ software, values were normalized with
loading control. Values on the arrows indicate fold decrease in number of colonies formed. C and D,
graphs showing changes in (C) cell proliferation rate and (D) percent soft agar colonies formed by
siCTL, siGON4L and siYY1 transfected AR cells. Results are shown as mean + S.D., *p<0.05 by

Student’s t-test. E, proposed mechanism of action of GON4L regulated tumor growth.
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