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SCML2 determine cell fate

Ava M. Boston,1,3 Abdulrahman M. Dwead,1,3 Marwah M. Al-Mathkour,1,3 Kezhan Khazaw,1 Jin Zou,1

Qiang Zhang,2 Guangdi Wang,2 and Bekir Cinar1,4,*
SUMMARY

The Polycomb group protein SCML2 and the transcriptional cofactor YAP1 regulate diverse cellular
biology, including stem cell maintenance, developmental processes, and gene regulation in mammals
and flies. However, their molecular and functional interactions are unknown. Here, we show that
SCML2 interacts with YAP1, as revealed by immunological assays and mass spectroscopy. We have
demonstrated that the steroid hormone androgen regulates the interaction of SCML2 with YAP1 in hu-
man tumor cell models. Our proximity ligation assay and GST pulldown showed that SCML2 and YAP1
physically interacted with each other. Silencing SCML2 by RNAi changed the growth behaviors of cells
in response to androgen signaling. Mechanistically, this phenomenon is attributed to the interplay be-
tween distinct chromatin modifications and transcriptional programs, likely coordinated by the opposing
SCML2 and YAP1 activity. These findings suggest that YAP1 and SCML2 cooperate to regulate cell
growth, cell survival, and tumor biology downstream of steroid hormones.

INTRODUCTION

The Polycomb group (PcG) proteins are well-characterized epigenetic regulators of developmental genes in higher eukaryotes.1,2 Polycomb

repressive complexes 1 and 2 (PRC1 and PRC2) are the canonical chromatin modifiers.3,4 SCML2 (sex comb on midleg like-2) gene on

chromosome Xp22 suppresses gene expression during development in flies and mammals. SCML2 is a subunit of the canonical PRC1, which

controls differentiation and preserves the stem cell features.5 SCML2 and its homologs SCMH1, SCML1, SFMBT1, and SFMBT2 are an ortho-

log of theDrosophila SCM (sex combonmidleg) and SFMBT family proteins.6–10 SCML2 regulates gene expression by orchestrating the PRC1

and PRC2.11 Also, SCML2 is identified as a germline-specific gene and thus plays a critical role in maintaining homeotic genes in the germline

or germ cells.11 Germ cells such as spermatogonia, spermatocytes, and round spermatids express high levels of SCML2,12 and silencing

SCML2 caused defects in spermatogenesis and reduced sperm production in male mice.13

SCML2 has a conserved domain architecture like the SCM protein family. SCML2 has two MBT (malignant brain tumor) repeats located in

the N-terminus, an SLED (SCM-like embedded domain, also known as DUF3588) domain, and a sterile alpha motif (SAM) in the C-terminus.

The molecular and functional studies have demonstrated that the MBT repeats mediate the binding of SMCL2 to a monomethylated lysine

residue on histones.14,15 In addition, Bonasio et al. identified SCML2 as an RNA-binding protein (RBP).16 In that study, SCML2 was demon-

strated to interact with RNA through its RNA-binding region (RBR) located between MBT and SLED domains, resulting in chromatin

recruitment and suppression of its target genes.16 Although it is less clear, the SLED domain might mediate the binding of SCML2 to dou-

ble-stranded DNA in a sequence-specific manner so that SCML2 may regulate the PRC1-mediated gene silencing.5 Furthermore, the SLED

domain could facilitate the interaction of SCML2with PRC1.5 Finally, the SAMdomain could also facilitate the binding of SCML2 to the PRC1.3

Thus, having multiple functional protein domains may account for its diverse cellular functions.

The SCM proteins act as potent transcriptional suppressors upon association with chromatin.17 SCML2 regulates its target gene expres-

sion by multiple mechanisms.18 SCML2 binds to chromatin with the modification of trimethylated histone H3 on lysine 27 (H3K27me3),13 a

gene-suppressive histone mark catalyzed by the histone methyl transferase EZH2 (enhancer of zeste homolog 2), which a catalytic subunit

of the PRC2. In addition to the H3K27me3-mediated chromatin binding, SCML2 interacts with chromatin throughmonoubiquitinated-histone

H2A at the target sites.19,20 For example, RNF2, a ubiquitin E3-ligase component of the PRC1, monoubiquitylates H2A on lysine 119

(H2AK119Ub), leading to transcriptional silencing and X-inactivation.21,22 Besides, a study by Adams et al. showed that SCML2 interacts

with the DNA damage protein RNF8 E3-ubiquitin ligase to control gene expression by regulating the H2A ubiquitination and H3K27
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Figure 1. Strategies to identify SCML2 as a YAP1-associated protein

(A) Diagram showing the proteomics analysis of YAP1-associated proteins from the nuclear extracts (NE) from LNCaP and C4-2 cells after treatment with

dihydrotestosterone (DHT, 10 nM) or enzalutamide (ENZ, 20 mM) for 16h in DCC (dextran-coded charcoal-stripped) serum-fed conditions.

(B) Venn diagram shows the YAP1 interacting proteins in LNCaP and C4-2 cells.

(C) The table shows YAP1 interacting proteins that are transcriptional regulators, localize to the nucleus, and function as repressors.

(D) YAP1 protein network in connection with SCML2 and AR. Protein networks were constructed using the GeneMania web portal.
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acetylation.23 Also, SCML2 was associated with chromatin by binding to phosphorylated Histone H2A.X.24 Moreover, SCML2 interacted with

the SWI/SNF (switching defective/sucrose non-fermenting) complex to regulate gene transcription.20 In that study, the author showed that

SCML2 interacted with BRG1 of the SWI/SNF complex in spermatocytes and modulated gene transcription during meiosis.

The YAP1 (yes-associated protein 1) or its close paralog WWTR1 (aliase TAZ) are transcriptional cofactors that activate or repress gene

expression, mainly downstream of the Hippo pathway.25–30 The Hippo pathway controls cell-cell interaction and organ size by suppressing

cell proliferation and inducing apoptosis through restricting YAP1 activity.31,32 The present study investigated the biochemical and functional

link between YAP1 and SCML2 in the androgen receptor (AR)-positive LNCaP and C4-2 cell models. Using proteomics approaches, we iden-

tified SCML2 from the nuclear YAP1 protein complexes of LNCaP and C4-2 cells. Our data demonstrate that steroid hormone androgen

signaling regulates the subcellular localization and interaction of SCML2 with YAP1. In addition, our genetic silencing showed that SCML2

and YAP1 reciprocally regulate each other’s expression and activity, indicating a functional antagonism between YAP1 and SCML2. Silencing

SCML2 in LNCaP resulted in androgen-independent cell growth and reduced the anti-growth efficacy of enzalutamide (ENZ), whereas

silencing SCML2 in C4-2 had the opposite effect. Moreover, our data revealed that SCML2 and YAP1 oppositely regulated gene-suppressive

H3K27me3 and H2AK119Ub histone marks. Furthermore, we have found that many SCML2 and YAP1 target genes overlap. These observa-

tions indicate that molecular and functional links between YAP1 and SCML2 are critical for cell growth and androgen-mediated oncogenesis.

RESULTS

SCML2 interacts with the YAP1 protein complex

Our previous work showed that steroid hormone androgens regulate YAP1 nuclear localization and its protein-protein interaction with the

AR.33,34 To gain further insights into the biology of YAP1 downstream of androgens, we wanted to identify the nuclear YAP1 interacting pro-

teins. We took stepwise approaches to accomplish this goal. First, we generated the IgG control and the YAP1 antibody-crosslinked protein

A/G agarose columns. Second, we isolated the nuclear fractions from the human androgen-dependent (AD) LNCaP and its androgen-inde-

pendent (AI) C4-2 subline under steady-state conditions and incubated them with the IgG and the YAP1 antibody column. Third, the bound

proteins were eluted after extensive washing, and the presence of YAP1 was analyzed by western blotting (Figure S1A). The results showed

that the YAP1 protein was successfully captured by and eluted from the YAP1 column (Figure S1B). The observation is specific because elutes

from the IgG column or flow-through lacked the YAP1 signal (Figure S1B). The human prostate tumor cell lines, LNCaP and C4-2, were ideal

for this study because these cells are genetically related but phenotypically different because they respond to androgen hormone signaling

ex vivo and in vivo differentially.35 Also, androgens differentially regulate YAP1 and AR interaction in these cells.34

Next, the nuclear fractions obtained from LNCaP and C4-2 cells after treatment with androgen (DHT) or anti-androgen ENZ were incu-

bated with the YAP1 antibody column. Following extensive washing, proteins were eluted and analyzed by liquid chromatography (LC)

coupled to MS/MS (mass spectroscopy) (Figure 1A). LC-MS/MS proteomics identified 121 and 73 YAP1 interacting proteins from LNCaP cells
2 iScience 26, 107964, October 20, 2023



Figure 2. Androgen regulates the SCML2 subcellular localization

(A) Immunoreactivity of SCML2 and YAP1 proteins total cell lysates isolated from the AR-positive and the AR-negative human cell lines grown under steady-state

conditions. SCML2 blot was generated using SCML2 (G1) mouse monoclonal antibody. The beta-actin blot was included as a loading control.

(B) Quantification of the SCML2 and YAP1 blots normalized to the beta-actin.

(C and D)Western blots of SCML2 and AR in LNCaP and C4-2 cells. SCML2 blot was generated with the SCML2 (C-7) antibody. GAPDH and Lamin A/B blots were

used for cytoplasmic (C) and nuclear (N) protein markers, respectively.

(E and F) Immunofluorescence (IF) imaging of SCML2 in LNCaP and C4-2 cells. LNCaP and C4-2 cells were treated with ethanol (EtOH) vehicle, DHT

(dihydrotestosterone, 10 nM), and ENZ (enzalutamide, 20 mM) 16h in DCC serum-fed conditions. IF data were generated using SCML2 (G1) antibody. Data

are represented as mean G SEM of three independent experiments. The size bar: 10 mm.
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in DHT or ENZ-treated conditions, respectively, and 44 proteins overlapped between treatments (Figure 1B, LNCaP). ENZ exposure reduced

the number of YAP1 interacting proteins, suggesting that the observation is specific, and DHT exposuremodulated YAP1-associated protein

complexes. Similarly, the number of YAP1-associated proteins in C4-2 under the same conditions was 105 for DHT and 33 for ENZ treatment,

and 20 proteins overlapped between DHT and ENZ treatment (Figure 1B, C4-2). Furthermore, our functional annotation clustering showed

that YAP1-associated proteins were enriched for diverse cellular pathways, including RNA transport, RNA processing, RNA translation, post-

transcriptional regulation, protein folding, and metabolism (Figures S2A and S2B, Tables S1, and S2).

YAP1 regulates the expression of several genes involved in diverse cell biology, including cell growth, cell survival, cell differentiation, cell

transformation, carcinogenesis, and metastasis.36 Therefore, we selected SCML2 to establish its interaction with YAP1 because it acts as a

transcriptional regulator and is a nuclear-resident protein (Figure 1C). Also, SCML2 shared similar cellular activities with YAP1, such as regu-

lating gene expression, controlling developmental processes, stemness, and cell growth.11,12,20,37–39 Besides, our protein network analysis

showed an apparent link between SCML2 and YAP1, and SCML2 interacts with other proteins within the YAP1 protein network (Figure 1D).

SCML2 differentially responds to androgen signaling

To identify the cell models that allow us to study the interaction between YAP1 and SCML2, we assessed the levels of SCML2 protein expres-

sion alongwith YAP1 andAR in theAR-positive LNCaP, C4-2, and 22Rv1 cells as well as in theAR-negative PC3 cell. Notably, LNCaP, C4-2, and

22Rv1 but not PC3 expressed SCML2 (Figures 2A and 2B). SCML2 has two isoforms: SCML2A, the full-length (FL) version, and SCML2B, a

C-terminal truncation generated by alternative splicing. Both isoforms are predominantly nuclear; SCML2A is usually enriched in the chro-

matin fraction, while SCML2B is increased in the soluble nuclear fraction.16 SCML2A was detected in total cell lysate (Figure 2A, upper

band) compared to SCML2B (Figure 2A, lower band). Therefore, we will use SCML2 in the rest of the manuscript. Quantification of the

blot showed that C4-2 cells expressed 1.5-fold elevated SCML2 protein compared to the LNCaP. Similarly, confocal microscopy further veri-

fied that the SCML2 immunoreactivity is higher in C4-2 than in LNCaP cells (Figures S3A and S3B). Our quantitative PCR consistently showed

that SCML2 transcripts correlated with SCML2 protein levels (Figure S3C).

Notably, LNCaP and C4-2 cells with AR-full length (AR-FL) showed much higher levels of SCML2 reactivity than the 22Rv1, which mainly

harbors a short AR-v7 form that lacks the ligand binding domain (Figure 2A). Consistent with this notion, androgen exposure enhanced

the SCML2 nuclear accumulation in LNCaP compared to the vehicle control (Figure 2C, Lane 4 vs. Lane 2). On the other hand, a potent, direct

AR inhibitor ENZ reduced the SCML2 nuclear intensity (Figure 2C, Lane 6 vs. Lane 4), coinciding with a slight increase in SCML2 protein in the

cytoplasm (Figure 2C, Lane 5 vs. Lane 3 vs. Lane 1). Similarly, androgen exposure increased the SCML2 nuclear reactivity in C4-2 cells
iScience 26, 107964, October 20, 2023 3



Figure 3. Protein complex formation between SCML2 and YAP1 under varying conditions

(A) Native SCML2 is co-immunoprecipitated with YAP1 protein in C4-2 cells grown in serum-fed conditions.

(B) Co-IP of YAP1 with HA-Mock Vector (Vec), HA-SCML2-WT, or HA-SCML2-DRBR protein ectopically expressed in HEK-293 cells. DRBR denotes the deletion of

RNA binding region. H: High exposure, L: Low exposure.

(C) Proximity ligation assay (PLA) showing protein-protein interaction (the foci in red) between SCML2 and YAP1 in LNCaP cells, as visualized by confocal

microscopy. The interaction of SMCL2 with YAP1 was assessed using SCML2 (G1) antibody. The size bar: 10 mm.

(D) The graph shows the quantification of the foci. Cells were treated with EtOH, DHT (10 nM), and ENZ (20 mM) in DCC serum-fed conditions for 16h.

(E and F) GST pulldown assay with the recombinantGST-YAP1 peptide fragment. Nuclear extract isolated from LNCaP cells under steady-state growth conditions

was used as a source of SCML2 protein in GST pulldown assay. PM: protein marker. Data are represented as mean G SEM of at least three independent

experiments.
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compared to the vehicle treatment (Figure 2C, Lane 4 vs. Lane 2). However, unlike LNCaP cells, ENZ slightly enhanced the nuclear reactivity of

SCML2 in C4-2 cells (Figure 2D, Lane 6 vs. Lane 4). This observation coincided with immunofluorescence imaging regarding the subcellular

distributions of SCML2 in LNCaP and C4-2 cells under the same treatment conditions (Figures 2E and 2F, respectively).

SCML2 physically interacts with YAP1

To verify the proteomics data and demonstrate whether YAP1 and SCML2 physically interact with each other, we conducted a series of pro-

tein-protein interaction assays under varying conditions. First, coimmunoprecipitation (co-IP) combined with western blot (WB) showed that

native SCML2 and YAP1 formed protein complexes (Figure 3A). Similarly, co-IP/WB also showed that ectopic SCML2 interacted with endog-

enous YAP1 in HEK-293T-REx cells engineered to express stable vector, SCML2-WT or SCML2-DRBR (RNA-binding region-deleted SCML2)

(Figure 3B). The results also indicated that protein-protein interaction between SCML2 and YAP1 occurred independently of RNA and RBR of

SCML2 because the deletion of RBR did not alter the interaction of SCML2 with YAP1.

Next, we conducted a proximity ligation assay (PLA) to determine whether androgen regulates protein-protein interaction between YAP1

and SCML2. The PLAdemonstrated that compared to the control, DHT exposure enhanced the YAP1 and SCML2 interaction while ENZ atten-

uated it (Figures 3C, 3D, and S4), indicating that the YAP1 and SCML2 interaction is specific and an androgen-regulated event. Finally, to

further verify the physical interaction between YAP1 and SCML2 and to identify the YAP1 protein domains that mediate interaction with

SCML2, we conducted a GST pulldown assay using the recombinant YAP1 truncation mutants fused to GST peptides. GST pulldown showed

that SCML2 interacted with the YAP1 fragment (residue 151–296) that harbors theWW/SH3 domain. Unfortunately, we could not express the

full-length YAP1 as a GST fusion protein, consistent with our previous observation.34

SCML2 and YAP1 are functionally antagonistic

To determine the functional consequence of protein-protein interaction between SCML2 and YAP1, we assessed SCML2 and YAP1 protein

expression in cells with or without SCML2 knockdown by siRNA. Silencing SCML2 increased YAP1 protein levels 2.8-fold relative to the

scramble siRNA control (Figure 4A). The effects of SCML2 on YAP1 are biologically functional because SCML2 depletion enhanced the

YAP1-mediated TEAD-responsive promoter-reporter gene activation about three-fold compared to the scramble siRNA control (Figure 4B).

The observation is specific because silencing YAP1 attenuated the promoter-directed reporter gene activation by TEAD (Figure 4B), given

that TEAD requires YAP1 to activate its target gene transcription.40

Furthermore, the STK4-encodedMST1 kinase phosphorylates the Ser127 (S127) residue and inactivates YAP1 through cytoplasmic seques-

tration and proteasomal degradation.33,34,41 Thus, we suggest that SCML2 cooperate with STK4/MST1 to antagonize YAP1. Indeed, silencing
4 iScience 26, 107964, October 20, 2023



Figure 4. YAP1 and SCML2 activity inversely correlate

(A) Immunoblots of YAP1 and SCML2 protein with or without SCML2 knockdown conditions. SCML2 blot was generated with the SCML2 (G1) antibody.

(B) YAP1-mediated promoter-luciferase (Luc) reporter gene activity with or without SCML2 or YAP1 knockdown conditions, *, **p > 0.01.

(C) Quantitative PCR analysis of STK4-encoded MST1 transcripts in LNCaP cells with or without SCML2 knockdown by siRNA, *p > 0.001.

(D) SCML2 and STK4 transcripts positively correlate in human prostate tumor tissues, Pearson correlation: 0.29, p = 2.46e-11.

(E) Immunoblots of YAP1 and SCML2 in LNCaP cells after treatment with vehicle (�) or DHT with (+) and transiently transfected with the scramble (scram) or YAP1

siRNA under 5% DCC serum-fed growth condition. Beta-actin blots were used as a loading control.

(F) The graph shows the quantification of the SCML2 blot in panel E, *p > 0.01. Data are represented as mean G SEM of three independent experiments.
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SCML2 reduced STK4 transcripts compared to the siRNA control (Figure 4C). This observation could be physiological because the compu-

tational analysis of The Cancer Genome Atlas (TCGA) prostate adenocarcinoma (PRAD) dataset, accessible via the cBioPortal (RRID:

SCR_014555),42 showed that STK4 and SCML2 transcripts positively correlated (Pearson: 0.29; p = 2.46e-11) (Figure 4D).

To determine whether YAP1modulates SCML2 activity, we assessed SCML2 protein levels in LNCaP cells with or without YAP1 knockdown

and androgen treatment conditions. Silencing YAP1 enhanced SCML2 protein levels significantly compared to the scramble siRNA during

EtOH (vehicle) treatment, and androgen further elevated SCML2 protein levels relative to the vehicle control (Figure 4E). Altogether, these

observations indicate functional antagonisms exist between YAP1 and SCML2.

SCML2 differentially regulates cell growth

Our earlier work showed that YAP1 promoted cell growth and cell survival because genetic silencing of YAP reduced cell growth in 2D and 3D

cultures in vitro and tumor growth inmice.34 In addition, Figure 4 indicates that SCML2 antagonizes YAP1 activity or vice versa. Also, androgen

differentially regulates SCML2 activity in AD LNCaP and AI C4-2 cells. Consequently, we propose that SCML2 distinctly governs the growth of

LNCaP and C4-2 cells. To test this idea, we evaluated the growth of LNCaP and C4-2 cells with or without SCML2 depletion and EtOH

(vehicle), DHT, and ENZ treatments. Notably, silencing SCML2 significantly increased the growth of LNCaP by androgen. Ironically, ENZ failed

to inhibit the growth in SCML2 knockdown conditions (Figures 5A, 5B, S5A, and S5B). Unlike LNCaP cells, however, silencing SCML2modestly

but significantly reduced C4-2 cell growth after DHT or ENZ treatment (Figures 5C, 5D, S5C, and S5D). Moreover, we also tested the effects of

SCML2 knockdown on another AR-positive C4-B cell line, a bone-metastatic subline of C4-2.35 The pattern of the growth by SCML2 knock-

down in response to EtOH, DHT, and ENZ treatment is similar to that of C4-2 cells (not shown). Furthermore, our PLA showed a weak protein-

protein interaction between SCML2 and YAP1, even in the presence of androgen (Figure S6), indicating that the mechanism regulating

SCML2 and YAP1 protein-protein interaction in LNCaP and C4-2 cells are different.

SCML2 and YAP1 distinctly modify histones

A growing body of research suggests that SCML2 mainly exerts its cellular biology through epigenetic mechanisms. For example, SCML2

modulates tri-methylation of histone 3 on lysine 27 (H3K27me3)13,23 and monoubiquitylation of H2A at lysine 119 (H2AK119Ub).11,43 Both his-

tonemodifications are critical for gene regulation, particularly during development.11–13,23 Therefore, to gain furthermechanistic insights into
iScience 26, 107964, October 20, 2023 5



Figure 5. SCML2 regulates cell growth in a context-dependent manner

(A–D) Analysis of SCML2 in LNCaP and C4-2 cells under Scrambled (control) siRNA (siR-Scram) or SCML2 siRNA knockdown, followed by treatment with EtOH

(vehicle), DHT (D: 10 nM), or ENZ (20 mM) in DCC serum-fed growth conditions. The SCML2 blot was generated using the SCML2 (G1) antibody. AR blots were

included in these experiments to monitor the responsiveness of androgen hormone signaling. Beta-actin blots were included as a loading control. Cell growth

was assessed by CCK-8 assay at 48h post-treatment in DCC serum-fed conditions. Data are three independent experiments in triplicates each.

(E) Analysis of the gene regulatory histone marks in LNCaP and C4-2 cells with or without SCML2 and YAP1 knockdown conditions. Data are represented as

mean G SEM of three independent experiments.
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the interaction between SCML2 and YAP1, we analyzed the immunoreactivity of H3K27me3 and H2AK119Ub histone marks in LNCaP and

C4-2 cells with or without SCML2 or YAP1 knockdown (Figure 5E). We also evaluated the immunoreactivity of H3K27me1, H3K27me2, and

a gene-activating histone mark H3K27ac (acetylation) as controls under the same experimental conditions (Figure 5E).

The results showed that the reactivity of H3K27me3 and H3K27me2 was much lower in C4-2 than in LNCaP, although both cell lines ex-

pressed similar levels of H3K27me1. SCML2 knockdown markedly increased the H3K27me3 reactivity compared to the H3K27me1 and

H3K27me2. Nevertheless, YAP1 knockdown reduced the immunoreactivity of H3K27me3 compared to the control siRNA in LNCaP and

C4-2 cells. These observations appear specific because depletion of SCML2 or YAP1 did not change the levels of H3K27ac, beta-actin (a

housekeeping protein), and EZH2, an enzyme that catalyzes H3K27me3. The data also showed that the reactivity of H2AK119Ub is markedly

lower in C4-2 than in LNCaP cells. Finally, while silencing SCML2 increased H2AK119Ub levels, YAP1 knockdown had the opposite effect.

These observations demonstrate that SCML2 and YAP1 inversely regulate H3K27me3 and H2AK119Ub activity, at least in LNCaP and C4-2

cells.

SCML2 and YAP1 target genes overlap

To gain new insights into the SCML2 and YAP1 interaction, we analyzed the existing data of the protein-coding, SCML2 target genes (n =

726) from the genetically modified HEK-293T-REs cell line16 and the protein-coding, YAP1 target genes (n = 3297) from the genetically modi-

fied CAL-51 primary breast cell line.44 The analysis identified 226 genes (�31%) as overlapping targets of SCML2 and YAP1 (Figure 6A,

Table S3). The GO analysis by functional annotation clustering demonstrated that SCML2 and YAP1 overlapping targets are associated

with diverse biological processes or pathways, including cell communication, differentiation, protein binding, and gene expression (Fig-

ure 6B). In addition, wemanually inspected the 226 overlapping genes and identified 20 relatively well-studied proteins. Our literature search

in PubMed showed the 20 genes or proteins directly or indirectly interact with YAP1 (Figure S6), but their interactions with SCML2 are

unknown.

Surprisingly, EPHA3 is one of the overlapping YAP1 and SCML2 target genes. We have recently reported that the YAP1/TEAD1 transcrip-

tionally regulates EPHA3 expression downstream of the Hippo/STK4 pathway.40 Notably, YAP1 and SCML2 could control the expression of

EMT transcription factor ZEB1, and our ongoing study suggests that EPHA3 regulates ZEB1 expression in C4-2 cells (not shown). In addition,

both YAP1 and SCML2 could target SCML1, a paralog of SCML2, although our proteomics did not identify SCML1 as an interacting partner of

the YAP1 protein complexes. Moreover, our protein network analysis showed that these 20 genes are associated with each other by >97%

through co-expression (Figure 6C).
6 iScience 26, 107964, October 20, 2023



Figure 6. A significant number of the SCML2 target genes overlap with the YAP1 targets

(A) Venn diagram shows the unique and overlapping targets of SCML2 and YAP1.

(B) The 226 overlapping targets of SCML2 and YAP1 are associated with diverse biological processes.

(C) The protein network of the 20 gene set.

(D) Percent alteration of the 20 genes in prostate adenocarcinoma (PRAD) dataset in The Cancer Genome Atlas (TCGA).
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To evaluate the physiological or clinical significance of the 20 gene set in the context of cancer, we computed these 20 genes against the

TCGA PRAD dataset. Expressions of these genes were altered in prostate tumor tissues, ranging from 5% to 52%, mostly downregulation

(Figure 6D, Table S4). Likewise, our computational analysis showed that the remaining SCML2 and YAP1 overlapping genes (n = 206)

were also altered to varying percentages in prostate tumor samples, and the alterations were similar to the data presented in Figure 6D. These

observations further solidify the molecular and functional connection between YAP1 and SCML2. In addition, the distinct and overlapping

genes regulated by YAP1 and SCML2 may provide critical insights into the biology of differential cell growth by SCML2 under changing

cell environments. Moreover, SCML2 and YAP1 cooperate to regulate themolecular processes of cell growth, cell survival, and tumorigenesis.

DISCUSSION

The current study demonstrates novel biochemical and functional interactions between the YAP1 and epigenetic regulatory protein SCML2 in

human cells. We have provided compelling data to support the conclusion. First, our MS-based proteomics analysis combined with co-IP

identified SCML2 as a YAP1 interacting protein. Second, our immunological assays showed that the AR-positive cell lines express SCML2

and that androgen hormone signaling regulates the interaction of SCML2 with YAP1. Third, the GST pulldown assay showed that the

WW/SH3 domain of YAP1 mediated protein-protein interaction with SCML2. Fourth, our gene silencing data showed that YAP1 and

SCML2 are functionally antagonistic. Finally, SCML2 might function as a growth suppressor in androgen-sensitive LNCaP cells while func-

tioning as a survival factor in androgen-insensitive C4-2 cells, likely due to discordant YAP1 and SCML2 interaction, epigenetic alterations,

and differential gene expression. Thus, our findings suggest that mutual interactions between YAP1 and SCML2 play critical roles in cellular

biology and human diseases such as cancer.

Our proteomics analyses identified several RBPs associated with the YAP1 protein complexes. Emerging literature indicates that proteins

regulating RNA biogenesis and modifications also interact with and modulate the YAP1 localization and functions.45,46 Similarly, RBPs could

regulate Drosophila protein Yki, a YAP1 ortholog.47 Likewise, Howell et al.48 showed biochemical and functional interactions between an RBP

HNRNPU and YAP1. Our LC-MS/MS proteomics identified HNRNPU as one of the YAP1 interacting proteins. In addition, a study by Bonasio

et al.16 showed that SCML2 could interact with RNA via its RNA-binding region. Herein, we identified SCML2 as a YAP1-associated protein

and demonstrated that native SCML2 protein biochemically and functionally interacts with endogenous YAP1. Therefore, our observation,

consistent with the literature, indicates that YAP1 interacts with RBPs, which we have been exploring this possibility.

The AR is a member of the nuclear receptor family, and as far as we know, it is the sole mediator of androgens (testosterone and

5-hydroxytestosterone) actions. Here, we have identified SCML2 from the AR-positive cell models. Our data showed that androgen exposure

induced the interaction of SCML2 with YAP1, particularly in the AD cell line. In addition, a published study demonstrated that androgen pro-

moted protein-protein interaction between YAP1 and AR.34 In that study, AR interacted with the YAP1 protein regions that harbor the WW

and SH3 domains.34 Herein, we also identified the same YAP1 region that mediated the interaction with SCML2, suggesting the possibility

that AR is part of the YAP1/SCML2 protein complex andmediates protein-protein interaction between YAP1 and SCML2. Thus, future studies

are warranted to dissect a detailed mechanism of YAP1 and SCML2 interactions and to demonstrate whether YAP1 and SCML2 cooperate to

contribute to cellular activities in disease or non-disease models, particularly in the context of androgen/AR signaling. Herein, we did not
iScience 26, 107964, October 20, 2023 7
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attempt to assess the interaction of SCML2 withWWTR1/TAZ, a close paralog of YAP1, because the LNCaP and C4-2 cell lines do not express

WWTR1/TAZ.33,34

Moreover, our protein network analysis has uncovered no direct interaction between SCML2 and YAP1 until now; however, other factors

may directly or indirectly facilitate the YAP1 and SCML2 interaction. For example, RNF4 (ring finger protein 4, an SUMO-targeted ubiquitin E3

ligase) might mediate a physical interaction between SCML2 and YAP1. Similarly, the KDM1A-encoded LSD1 (a lysine-specific histone deme-

thylase 1A) and the YWHAZ-encoded 14-3-3z (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta) may also

facilitate the association of SCML2 with YAP1. Our proteomics identified 14-3-3z as a YAP1 interacting protein. The 14-3-3 family members,

like 14-3-3z, are known to bind and regulate YAP1, such as in hypoxic glycolysis.49,50 Likewise, the LSD1/KDM1A and the AR pioneering factor

FOXA1 were shown to interact with and regulate AR activity.51 Also, BAG1 (BCL2-associated athanogene 1) is part of the YAP1 and SCML2

network, and BAG1 could provide cell survival52 and might have important roles in determining cell fate by SCML2 and YAP1. Moreover, the

transcription factor TEAD1 is a critical mediator of YAP1.40 Notably, TEAD1 genetically interacts with YWHAZ, BAG1, and KDM1A, indicating

that SCML2 is part of the YAP1/TEAD protein network and a critical epigenetic regulator of the YAP1/TEAD-dependent gene transcription.

Furthermore, our data showed that SCML2 could regulate cell growth and survival in a divergent mechanism. Evidence suggests that

crosstalk between the cell-cyclemachinery and the cellularmemory of the Polycomb system is critical for regulating cell growth.53 A published

study showed that the CDK/CYCLIN kinase interacted with and phosphorylated SCML2 in a cell cycle-dependent manner.53 In that study, the

author showed that the interaction of SCML2 with cell-cycle regulators p21 and p27 further enhanced the growth-suppressive effects of p21

and p27. In the current research, our data showed that SCML2might suppress cell growth by counter-interacting with YAP1, possibly in a cell

or tissue-specificmanner because silencing SCML2 increased LNCaP cell growth by androgens while reducing the growth-suppressive effects

of anti-androgen, ENZ. However, silencing SCML2minimizedC4-2 growth while enhancing the cell-killing efficacy of ENZ. In addition, studies

from our laboratory and others showed that YAP1 promotes cell proliferation and survival.34,54 Here, we demonstrated that silencing SCML2

enhanced the induction of YAP1-dependent promoter activation, which coincided with reduced STK4 expression, a potent inhibitor of YAP1.

This observation is consistent with our published studies that altered STK4/MST1 signaling plays essential roles in cell growth and survival.55,56

As such, SCML2 may control the Hippo/STK4 activity to modulate YAP1 in addition to the protein-protein interaction. Nevertheless, future

studies warrant uncovering the mechanism by which SCML2 regulates STK4 that may be critical for the negative regulation of YAP1 activity

by SCML2.

Finally, our earlier work showed that disruption of YAP1 activity reduced cell growth ex vivo and in vivo.34 The present study showed that

YAP1 and SCML2 biochemically and functionally interact, and their interaction might be crucial for controlling cell growth. Also, our study

indicates that dysregulated SCML2 activity plays a significant role in prostate tumor biology, given that SCML2 expression is increased in

the AI tumor cell lines, in which SCML2 weakly interacted with YAP1. Thus, we suggest that the relative YAP1 and SCML2 activity and the

degree of their interaction could determine the growth behaviors of the cell. In addition, our study indicates that SCML2 and YAP1 cooperate

to regulate prostate tumor biology because many SCML2 and YAP1 target genes overlap (Figure 6). Therefore, further studies are needed

to assess the significance of SCML2 in prostate tumor progression, particularly in the context of YAP1 and/or AR, which could identify the

YAP1-SCML2-AR axis as a promising cancer drug target.
Limitations of the study

This study is the first to show that YAP1 and SCML2 biochemically and functionally interact with each other in the cell. However, we recognize

that a limited mechanistic explanation supports this conclusion. First, our study did not provide a direct mechanism underlying how SCML2

regulates cell growth in response to androgen signaling, and whether that occurs in a YAP1-dependent or YAP1-independent manner re-

mains to be discovered. Second, our study did not examine whether SCML2 cooperates with other members of the PRC1 or PRC2 to regulate

YAP1 activity, which occurred in a TEAD-dependent or independent manner. Despite these limitations, our study indicates that altered

SCML2 activity appears essential for androgen-dependent and androgen-independent cell growth and survival. In addition, our study uncov-

ered that, unlike the SCML2 knockdown, the YAP1 knockdown reduced the gene-suppressive H3K27me3 and H2AK119Ub histone marks,

implicating a functional yet opposing association between YAP1 and SCML2. The opposing histone modifications may lead to distinct

and overlapping gene expression by SCML2 and YAP1, likely in connection with the PRC1/2.27 Thus, these novel findings warrant future

studies to define the molecular basis and the physiological significance of SCML2 and YAP1 interaction regulating histone modifications

and gene expression. These studiesmay constitute the SCML2-YAP1 axis as an essential pathway that plays a crucial role in cellular physiology

and human diseases such as cancer development and progression, particularly downstream of steroid hormones like androgens.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

YAP1 (1A12) Mouse mAb Cell Signaling Technology (CST) CST, Cat# 12395; RRID:AB_2797897

YAP1 (D8H1X) XP� Rabbit mAb Cell Signaling Technology CST, Cat# 14074; RRID:AB_2650491

SCML2 (G-1) mouse mAb Santa Cruz Biotechnology (SCBT) SCBT, Cat# sc-271228; RRID:AB_10613441

SCML2 (C-7) mouse mAb Santa Cruz Biotechnology SCBT, Cat# sc-398400; RRID:AB_2938698

Mouse Anti-b-Actin mAb Millipore Sigma Sigma-Aldrich, Cat# A2228; RRID:AB_476697

Alexa Fluor� Plus 488, Goat anti-Mouse IgG, Invitrogen� Thermo Fisher Scientific Thermo Fisher Scientific, Cat# A32723;

RRID:AB_2633275

Alexa Fluor� Plus 647, Goat anti-Rabbit IgG, Invitrogen� Thermo Fisher Scientific Thermo Fisher Scientific, Cat# A32733;

RRID:AB_2633282

Anti-Androgen Receptor (AR), Rabbit mAb Millipore Sigma Sigma-Aldrich, Cat# SAB5500006;

RRID:AB_2938700

Anti-AR (D6F11) XP� Rabbit mAb Cell Signaling Technology CST, Cat# 5153; RRID:AB_10691711

Anti-mouse IgG, HRP-linked Antibody Cell Signaling Technology CST, Cat# 7076; RRID:AB_330924

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Technology CST, Cat# 7074; RRID:AB_2099233

YAP/TAZ (D24E4) Rabbit mAb Cell Signaling Technology CST, Cat# 8418; RRID:AB_10950494

Ubiquityl-Histone H2A (Lys119) (D27C4) XP� Rabbit mAb Cell Signaling Technology CST, Cat# 8240; RRID:AB_10891618

Histone H2A (L88A6) Mouse mAb Cell Signaling Technology CST, Cat# 3636; RRID:AB_2118801

Mono-Methyl-Histone H3 (Lys27) (D3R8N) Rabbit mAb Cell Signaling Technology CST, Cat# 84932; RRID:AB_2800043

Di-methyl-histone H3 (Lys27) (D18C8) XP� Rabbit mAb Cell Signaling Technology CST, Cat# 9728; RRID:AB_1281338

Tri-Methyl-Histone H3 (Lys27) (C36B11) Rabbit mAb Cell Signaling Technology CST, Cat# 9733; RRID:AB_2616029

Acetyl-Histone H3 (Lys27) (D5E4) XP� Rabbit mAb Cell Signaling Technology CST, Cat# 8173; RRID:AB_10949503

Histone H3 (D1H2) XP� Rabbit mAb Cell Signaling Technology CST, Cat# 4499; RRID:AB_10544537

EZH2 (D2C9) XP� Rabbit mAb Cell Signaling Technology CST, Cat# 5246; RRID:AB_10694683

Bacterial and virus strains

BL-21Lys bacteria Millipore Sigma Cat# CMC0015

Chemicals, peptides, and recombinant proteins

GST-YAP1 peptides Cinar Laboratory PMID: 28230103

Magnetic Glutathione Sepharose Beads MilliporeSigma Cat# G0924

Luminata Forte Western HRP Substrate MilliporeSigma Cat# WBLUFO500

Protease Inhibitor Cocktail Calbiochem Cat# 539131

DharmoFect-2 Horizon Discovery Cat# T-2005-01

DharmoFect-3 Horizon Discovery Cat# T-2003-02

Critical commercial assays

Duolink Proximity Ligation Assay (PLA) Kit Millipore Sigma Cat# DUO92101-1KT

Luciferase Reporter Assay Kit Promega, Inc Cat# E397A

Pierce Rabid Gold BCA Protein Assay Kit Thermo Fisher Scientific Cat# TB264625

Cell Counting Kit-8 (CCK-8) Assay Kit Dojindo Molecular Technologies, Inc Cat# CK04

Experimental models: Cell lines

LNCaP American Type Culture Collection Cat# CRL-1740

C4-2 American Type Culture Collection Cat# CRL-3314

PC3 American Type Culture Collection Cat# CRL-1435

(Continued on next page)
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22Rv1 American Type Culture Collection Cat# CRL-2505

HEK-293T-REx Bonasio et al.16 PMID: 24986859

Deposited data

MS/MS data available This paper https://doi.org/10.5281/zenodo.8286537

SCML2 target genes Bonasio et al.16 PMID: 24986859

YAP1 target Genes Nardone et al.44 PMID: 28504269

Oligonucleotides

siSCML2 #5 (50-CCAAACGATCTCAGCAAA-30) Bonasio et al.16 PMID: 24986859

siSCML2 #6 (50-CAGTATGTATTGCTACGGTTA-30) Bonasio et al.16 PMID: 24986859

Non-targeting, small interfering RNA (siRNA) Horizon Discovery Cat# D-001810-01-05

SMART Pool ON-TARGETplus SCML2 siRNA Horizon Discovery Cat# L-020090-00-0005

SMART Pool ON-TARGETplus YAP1 siRNA Horizon Discovery Cat# L-012200-00-0005

Recombinant DNA

pGEX2-GST Vector Kuser-Abali et al.34 PMID: 28230103

GST-YAP1-WT Kuser-Abali et al.34 PMID: 28230103

GST-YAP1 (2–150) Kuser-Abali et al.34 PMID: 28230103

GST-YAP1 (151–296) Kuser-Abali et al.34 PMID: 28230103

GST-YAP1 (297–504) Kuser-Abali et al.34 PMID: 28230103

HA-Mock Vector Bonasio et al.16 PMID: 24986859

HA-SCML2-WT Bonasio et al.16 PMID: 24986859

HA-SCML2-DRBR Bonasio et al.16 PMID: 24986859

pA3-5xTRE-Luc reporter Al-Mathkour et al.40 PMID: 35264657

Software and algorithms

ImageJ https://imagej.nih.gov/ij/download.html ImageJ (RRID:SCR_003070)

GeneMania https://genemania.org GeneMANIA (RRID:SCR_005709)

cBioportal Cerami et al.42; Gao et al.57 cBioPortal (RRID:SCR_014555)

gProfiler https://biit.cs.ut.ee/gprofiler/gost g:Profiler (RRID:SCR_006809)

GraphPad Prism GraphPad Prism, version

9.2.0, Boston, MA

GraphPad Prism (RRID:SCR_002798)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bekir Cinar

(bcinar@cau.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� The original proteomics data within the paper will be available from the lead contact upon request.
� This paper does not report the original code.

� Any additional information in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

LNCaP (cat# CRL-1740), C4-2 (cat# CRL-3314), 22RV1 (cat# CRL-2505), and PC3 (cat# CRL-1435) cell lines were purchased fromAmerican Type

Culture Collection (ATCC). The HEK-293T-REx cell line was obtained from the University of Pennsylvania (Dr. Roberto Bonasio).16 Cells were
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grown in RPMI 1640 cell culturemedium supplementedwith 10% Fetal Bovine Serum (FBS) and 1%penicillin/streptomycin/glutamine and in a

cell culture incubator with 5% CO2. Cell cultures were performed in a certified biosafety level 2 (BL2) mammalian cell culture cabinet.
RNAi gene silencing

Cells (2.5 3 105 per well) were plated in a six-well plate. The next day, culture media was replaced with OptiMEM media before adding the

non-targeting, small interfering RNA (siRNA) control (cat# D-001810-01-05), ON-TARGETplus SCML2 siRNA (cat# L-020090-00-0005), and

ON-TARGETplus YAP1 siRNA (cat# L-012200-00-0005) were purchased fromHorizon Discovery. According to themanufacturer’s instructions,

the DharmoFect-2 transfection reagent was used to introduce siRNA (50 nM) into cells (cat# T-2005-01, Horizon Discovery). Also, we verified

SCML2 knockdown using SCML2 siRNA #5 (50-CCAAACGATCTCCTCAGCAAA-3’) and SCML2 siRNA #6 (50-CAG TATGTA TTGCTACGG

TTA-30), as published,16 whichwere obtained from IntegratedDNATechnology. After 72h of siRNA transfection, total proteins were extracted

from cells on ice using ice-cold cell lysis buffer with a 1X protease inhibitor cocktail (cat# 539131, Calbiochem). Protein and western blotting

were conducted as described in the protein analysis section in method details.
METHOD DETAILS

Crosslinking and immunoprecipitation

The IgG and YAP1-antibody crosslinked to Protein A/G Plus Agarose and immunoprecipitation (IP) were conducted according to the man-

ufacturer’s protocol (cat# 26147, Pierce, ThermoFisher Scientific). First, nuclear extracts isolated from LNCaP and C4-2 cells were incubated

with IgG or AYAP1 antibody crosslinked column. After extensive washing, bound proteins were eluted and analyzed by 8% SDS-PAGE and

western blotting according to the published protocol.33 Next, coimmunoprecipitation (co-IP) was performed in a separate experiment with

anti-SCML2, anti-YAP1, or anti-HA-tag antibodies at 4�C overnight according to the established protocol.34 Briefly, membranes were blocked

with blocking (PBS containing 0.1% Tween 20 and 5% non-fat milk) and probed with anti-SCML2, anti-YAP1, anti-AR, anti-beta actin, anti-

YAP1/TAZ (Rabbit 1:1000, cat# 8418S, Cell Signaling Technology (CST)), SCML2 (G-1, Mouse, 1:100, cat# sc-271228 or C-7, Mouse, 1:200,

cat# sc-398400, Santa Cruz Biotechnology (SCBT)), anti-AR (Rabbit, 1:400, cat# SAB5500006, Millipore Sigma), and anti-beta actin (Mouse,

1:3000, cat# A2228, Millipore Sigma). Then, membranes were exposed to species-specific secondary antibodies (1:2000, anti-mouse, or

anti-rabbit cat# 7074 and cat# 7076, CST, respectively) linked to horseradish peroxidase). After each step above, membranes were washed

with washing buffer (PBS plus 0.1% Tween 20) three times, 5 min each. Primary and secondary antibody dilutions were prepared in the block-

ing buffer. Signals were detected using Luminata Forte Western HRP Substrate (cat# WBLUFO500, Millipore Sigma) and the ChemiDoc MP

Imaging System (cat# 12003154, Bio-Rad).
Mass spectrometry

Mass spectrometry was conducted at the proteomics core facility at Xavier University of Louisiana, NewOrleans, LA, USA. Briefly, LNCaP and

C4-2 cells were exposed toDHT and ENZ for 16 h at DCC serum-fed condition, followedby nuclear extracts (NEs) preparation. Next, NEswere

incubated with the YAP1 antibody-crosslinked protein A/G agarose columns for 4h at 4�C, followed by extensive washing under stringent

conditions. Finally, YAP1-associated proteins were eluted and digested overnight at 37�C with 10 ng/mL sequencing grade modified trypsin

(cat# V5111, Promega Inc.) in 10 mM (NH4)HCO3 (cat# A6141, Millipore Sigma). According to the manufacturer’s protocol, peptides in the

solution were concentrated and purified using ZipTipSCX Pipette Tip (cat# ZTSCXS096, Millipore Sigma). For protein identification, peptides

were analyzed by LC-MS/MS (liquid chromatography (LC) coupled with mass spectrometry (MS)).
Protein analysis

Total proteins were extracted from LNCaP or C4-2 cells in ice-cold cell lysis buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 0.5% NP-40, 1 mM

EDTA, and 1X protease inhibitors and phosphatase inhibitor cocktails (cat# 539131, Calbiochem) according to the published study.33,40 Cyto-

plasmic and nuclear extracts were isolated using a nuclear extraction kit according to themanufacturer’s protocol (cat# 78833, Affymetrix) with

modifications. Protein concentration was determined using the Pierce Rapid Gold BCA Protein Assay Kit (cat# TB264625, ThermoFisher Sci-

entific). The proteins were analyzed by 8–10% SDS-PAGE and transferred onto a nitrocellulose membrane (cat# 1620112, 0.2-micron meter,

Bio-Rad). Membranes were blocked with PBS containing 0.1% Tween 20 and 5% non-fat milk, followed by incubation with anti-SCML2 (G-1,

Mouse, 1:75, cat# sc-271228; C-7, Mouse, 1:200, cat# sc-398400, SCBT), anti-YAP1/TAZ or anti-YAP1 (Rabbit, 1:1000, cat# 8418S, cat# 14074 or

mouse 1:100, cat# 12395, CST), anti-AR (Rabbit, 1:400, cat# SAB5500006, Millipore Sigma or Rabbit (1:1000, cat# 5153, CST), anti-H2AK119Ub

(1:1000, cat# 8240T, CST), anti-Histone 2A (1:1000, cat# 3636S, CST), anti-H3K27me1 (1:1000, cat# 84932, CST), anti-H3K27me2 (1:1000, cat#

9728, CST), anti-H3K27me3 (1:1000, cat# 9733, CST), anti-H3K27ac (1:1000, cat# 8173, CST), anti-Histone 3 (1:1000, cat# 4499, CST), anti-EZH2

(1:1000, cat:# 5246, CST), and anti-Beta Actin (Mouse, 1:3000, cat# A2228, Millipore Sigma). Secondary antibody anti-mouse IgG, HRP-linked

antibody (1:2000, cat# 7076, CST) or anti-rabbit IgG, HRP-linked antibody (1:2000, cat# 7074, CST) was used in protein analysis. Signals were

detected using Luminata Forte Western HRP Substrate (cat# WBLUFO500, Millipore Sigma) and the ChemiDoc MP Imaging System (cat#

12003154, Bio-Rad).
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GST-pulldown assay

Plasmids expressing pGEX2-GST-YAP1-WT and truncation mutant of GST-YAP1 (2–150), GST-YAP1 (151–296), or GST-YAP1 (297–504) were

described previously.34 GST vector and GST-YAP1 fusion peptides were induced in BL-21Lys bacteria (cat# CMC0015, Millipore Sigma) in

1 mM IPTG for 4h at 37�C. Recombinant GST vector and GST-YAP1 fusion peptides were solubilized in NETN buffer (1% NP-40, 20 mM

Tris-HCl, pH 8.0, 100 mM NaCl, and 1 mM EDTA). GST fusion peptides were purified by affinity chromatography on Magnetic Glutathione

Sepharose beads (cat# G0924, Millipore Sigma) and stored in PBS at 4�C until use. Recombinant, purified GST control or GST-YAP1 mutant

peptides mixed with total lysates isolated from LNCaP cells grown in serum-fed conditions were incubated for 2h at 4�C for constant rotation.

The lysates from LNCaP cells were the source of SCML2. After extensive washing of unbound proteins, bound protein was eluted and

analyzed by 8% SDS–PAGE.Coomassie blue staining visualized theGST-only or GST-YAP1 fusion peptides.Western blots visualize the bound

SCML2 protein.
Proximity ligation assay

Duolink proximity ligation assay (PLA) combinedwith confocalmicroscopywas conducted to assess the interaction between YAP1 and SCML2

protein with the cell according to themanufacturer’s instruction (cat# DUO92101-1KT, Millipore Sigma). Briefly, cells were seeded in an eight-

chamber slide (13 104 cells/well). After androgen depletion, cells were treated with vehicle, dihydrotestosterone (DHT, 10 nM), and DHT plus

enzalutamide (20 mM) in dextran-coated charcoal (DCC) stripped serum-medium for 16h. The chambers were washed with phosphate-buff-

ered saline (PBS) three times, 5 min each, and then cells were fixed with 4% paraformaldehyde (PFA) for 20 min, followed by BPS washing as

above. Cells were then permeabilized with 0.3% Triton X-100 for 10 min and then PBS washing. Cells were blocked with 1X blocking solution

for 1 h at 37�C in a humidified chamber. Note that it is critical to vortex the blocking solution before using it. After blocking, cells were

co-incubated with primary antibodies overnight at 4�C. Primary antibodies used in PLA are anti-YAP1 (Rabbit, 1:200, cat# 8418S, CST) and

anti-SCML2 (G-1 or C-7 SCBT). The chambers were washed in 1X Buffer A twice, 5 min each. The cells were then incubated with probes

for 1h at 37�C, followed by washing 1X Buffer A twice, 5 min each. Then, the probe ligation step was completed for 30 min at 37�C, followed
by washing with 1X Buffer A twice, 5 min each. Next, the slides were incubated with an amplification solution for 1h and 40 min at room

temperature to amplify the signal. Then, the slides were washed 1X Buffer B at room temperature, 10 min each, and then 0.01x Buffer B

for 1 min. After drying slides for 1h, coverslips were mounted using mounting media with DAPI (40,6-diamidino-2-phenylindole dihydrochlor-

ide) for 30–60 min. Slides can be stored at�20�C for up to 1 year. Images were captured using confocal microscopy (Zeiss, LSM 700 Confocal

Microscope) with 40X or 60X magnification.
Immunofluorescence microscopy

Cells (13 104 or 23 104 cells per in 4 or 8-chamber, respectively) were seeded at 70% confluent. After serum depletion overnight, cells were

treated with vehicle (0.01% ethanol or DMSO, 10 nm DHT, or DHT plus 20 mM enzalutamide for 16h. Cells were washed with PBS three times,

5 min each, then fixed with 4% PFA for 15 min, followed by PBS washing. Next, cells were permeabilized with 0.3% Triton X-100 prepared in

PBS for 3–5 min, followed by PBS washing. Next, cells were incubated with 2% BSA and 0.3% Triton X-100 prepared in PBS for 1h at room

temperature to block non-specific binding, followed by PBS washing. Cells were incubated with anti-YAP1 (Rabbit 1:100, cat# 8418S, CST)

or anti-SCML2 (C-7, Mouse, cat#sc-398400 1:30, SCBT) primary antibody overnight at 4�C, followed by PBS washing. Cells were incubated

with secondary antibody AlexaFlour 488 conjugated anti-mouse IgG (1:500, cat# A32723, ThermoFisher Scientific) or AlexaFlour 647 conju-

gated anti-rabbit IgG (1:500, cat# A32733, ThermoFisher Scientific) for 1h at room temperature to visualize YAP1 or SCML2 signals, followed

by PBS washing. Lastly, chambers were removed, and coverslips were mounted with Vectashield with DAPI. Images were captured by

confocal microscopy (Zeiss LSM 700 Confocal Microscope) with 40X or 63X magnification.
RNA isolation and quantitative PCR

Total RNA from LNCaP and C4-2 cells were extracted using TriAzol reagent according to the manufacturer’s instruction (cat# 15596026, Life

Technologies). Quantitative PCR was conducted using the GoTaq 1-Step RT-qPCR System (cat# A6020, Promega) and Real-Time PCR instru-

ment (cat# 185520, CFX Connect Real-Time PCR Detection System, Bio-Rad) to amplify SCML2 transcripts using the primer set (Fv: 50-CCA
GTGCATCCCTCAGAT TT-3’ and Rv: 50-GAGCCCTGAAGAAGAACCATAC-30). In addition, the primer set used to amplify 18S RNA as an

internal control in qPCR was reported in a published study.40
Luciferase reporter assay

Cells (2.5 3 105 per well) were plated in a six-well plate. The following day, cells were co-transfected with pA3-5xTRE-Luc vector and mock

(scramble), YAP1, or SCML2 siRNA using DharmoFect-2 transfection reagents according to the manufacturer’s instruction and published

study.40 The construction of the pA3-5xTRE-Luc promoter reporter vector was described.40 Luciferase reporter assay was conducted per

the manufacturer’s instruction (cat# E397A, Promega) at 72h post-transfection. Relative Luciferase Units (RLUs) in a 96-well plate (Dynex)

with a 2-s measurement delay, followed by a 10-s measurement, were measured using LUMIstar OPTIMA Microplate Luminometer (BMG

LabTech). The data were presented as luciferase activity after normalizing RLUs to total protein.
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Cell growth assay

Cell growth was assessed in a 96-well culture plate using the cell counting kit-8 (CCK-8) assay system according to the manufacturer’s instruc-

tions (cat# CK04, Dojindo). Briefly, LNCaP or C4-2 cells were seeded in 96-well cell culture plate in triplicates and transiently transfected with

mock (scramble) or SMART-pool of SCML2 siRNA for 24h in serum-fed conditions, followed by treatment with vehicle control, androgen, and

enzalutamide in androgen-depleted DCC-fed serum for 48h. At 72h post-transfection, cells were exposed to CCK-8 reagent for up to 4h to

measure cell growth. Cell growth was also evaluated using a standard crystal violet assay as a complementary approach under the above

conditions.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis

Pan-cancer gene expression dataset from prostate adenocarcinoma (PRAD) patients were obtained from The Cancer Genome Atlas (TCGA).

Batch-normalized Illumina RNAseqV2 data from494 patients were accessed via the cBioPortal (RRID: SCR_014555).42,57 cBioportal co-expres-

sion tools (Pearson correlation = 0.29, p = 2.46e-11). Microsoft Excel (RRID: SCR_016137) was used to perform a correlation analysis of SCML2

and STK4 mRNA data, construct graphs, and identify the YAP1 and SCML2 overlapping target genes. Protein networks were constructed

using GeneMania (RRID: SCR_005709) web tool. ImageJ was employed to quantify micrographs (RRID: SCR_003070). Gene Ontology

(GO) analysis was conducted using the g:Profiler web portal. (RRID: SCR_006809). GraphPad Prism (RRID: SCR_002798) was used to construct

heatmaps. A t-test with Microsoft Excel was conducted to determine the significance between the control and test samples. A p value set to

equal to or less than 0.05 was considered significant.
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