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SUMMARY

Upon androgen stimulation, PKN1-mediated histone H3 threonine 11 phosphorylation (H3T11P)
promotes AR target genes activation. However, the underlying mechanism is not completely
understood. Here, we show that WDRS5, a subunit of the SET1/MLL complex, interacts with
H3T11P and this interaction facilitates the recruitment of the MLL1 complex and subsequent
H3K4 trimethylation (H3K4me3). Using ChlP-seq, we find that androgen stimulation results in a
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six-fold increase in the number of H3T11P-marked regions and induces WDR5 colocalization to
one third of H3T11P-enriched promoters, thus establishing a genome-wide relationship between
H3T11P and recruitment of WDR5. Accordingly, PKN1 knock-down or chemical inhibition
severely blocks WDR5 association and H3K4me3 on AR target genes. Finally, WDRS5 is critical
in prostate cancer cell proliferation, and is hyperexpressed in human prostate cancers. Together,
these results identify WDRS as a critical epigenomic integrator of histone phosphorylation and
methylation and a major driver of androgen-dependent prostate cancer cell proliferation.

INTRODUCTION

Androgen receptor (AR) plays important roles as a transcription factor in prostate cancer
development and progression (1zumi et al., 2013; Schrecengost and Knudsen, 2013; Shafi et
al., 2013; Takayama and Inoue, 2013). Upon binding to androgens in the cytoplasm, AR
dimerizes, relocates to the nucleus, and binds DNA at androgen response elements (ARES)
where it regulates transcription by recruiting coactivators or corepressors and chromatin
remodeling and modifying complexes (Dasgupta et al., 2014; Perissi et al., 2010; Rosenfeld
and Glass, 2001; Shang et al., 2002). Chromatin modifications, such as histone acetylation,
methylation, phosphorylation, ubiquitylation, and ADP ribosylation, have been found to
play crucial roles in gene expression and other chromatin based processes (Banerjee and
Chakravarti, 2011; Bannister and Kouzarides, 2011; Campos and Reinberg, 2009; Chi et al.,
2010; Loomis et al., 2009; Musselman et al., 2012; Nowak and Corces, 2004; Preuss et al.,
2003; Shimada et al., 2008; Suganuma and Workman, 2011).

Recently, the Schiile laboratory demonstrated that phosphorylation of histone H3 at
threonine 11 (H3T11P) is important for androgen-dependent transcription in prostate cancer
cells (Metzger et al., 2008). Upon androgen stimulation, AR and protein kinase C-related
kinase 1 (PKNL1, previously known as PRK1) associate with AR target genes resulting in
H3T11 phosphorylation. Furthermore, PKN1 kinase activity promotes demethylation of H3
trimethylated at lysine 9 (H3K9me3) — a chromatin mark associated with transcriptional
repression and heterochromatin formation — via cooperative action of lysine-specific histone
demethylases KDM4C/JIMJD2C and KDM1A/LSD1 (Metzger et al., 2008; Wissmann et al.,
2007). However, genome-wide distribution of H3T11P as well as the role of PKN1-
mediated H3T11 phosphorylation in regulating further deposition of activating histone
marks, like histone H3 lysine 4 (H3K4) methylation remain unclear.

Mono-, di-, and trimethylation of H3K4 mark the promoter and enhancer regions of actively
transcribed genes (Calo and Wysocka, 2013; Eissenberg and Shilatifard, 2010). These
histone modifications are deposited by the SET1/MLL histone methyltransferase (HMTase)
complex, which, at its core, is composed of either KMT2A/MLL1, KMT2B/MLL2,
KMT2C/MLL3, KMT2D/MLL4, SETD1A, or SETD1B associated with WRAD module
(WDR5, RBBP5, ASH2L, and DPY30), and other variable partners (Patel et al., 2008;
Shilatifard, 2012; van Nuland et al., 2013). Interestingly, WDR5 binds both unmodified and
methylated H3K4 in vitro and is required for the trimethylation of this residue by
SET1/MLL complex (Dou et al., 2006; Steward et al., 2006; Wysocka et al., 2005). Less
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clear is the understanding of signal dependent recruitment of SET1/MLL complex on target
genes.

In this study, we discovered that WDR5 (WD repeat-containing protein 5) directly interacts
with H3T11P in vitro and colocalizes with H3T11P in vivo on AR regulated genes upon
androgen stimulation. Under these conditions, we also observed significant overlap between
WDRS5 and H3T11P localization on a genome-wide scale. Mechanistically, we determined
that, in response to androgen treatment, PKN1 and H3T11P facilitate recruitment of WDR5
and the associated MLL1 complex that lead to subsequent trimethylation of H3K4 at AR
target genes. Consequently, depletion of WDRS5 blocked transcriptional activation of AR
target genes as well as androgen-dependent proliferation of LNCaP cells. Finally, we found
that WDR5 is highly expressed in prostate cancers when compared to normal prostate
epithelium. Collectively, these data describe a novel role of WDR5 and its interaction with
H3T11P in androgen signaling, leading to further chromatin modifications, and they
implicate WDR5 in prostate cancer cell proliferation.

Histone H3 threonine 11 phosphorylation facilitates WDRS5 interactionin vitro

Using unmodified or threonine 11 phosphorylated peptides encompassing histone H3 amino
acids 1-21 as affinity matrices, we performed peptide pull-down assays on HelL.a S3 nuclear
extracts to identify H3T11P associated proteins (Figures S1A and S1B). Differentially
bound proteins were analyzed by matrix-assisted laser desorption-ionization time-of-flight
mass spectrometry (MALDI-TOF MS/MS). One of the proteins retained on H3T11P
peptides was identified as WDR5, a subunit of the SET1/MLL complex (Figure 1A and
Figure S1C). Because we wanted to study the effects of H3T11P in prostate cancer cells, we
compared the expression of WDR5 by immunaoblot in HeLa S3 and LNCaP cells and found
them to be very similar (Figure S1D). To determine whether the WDR5-histone interaction
is direct, we performed interaction assays using in vitro transcribed and translated radio-
labeled WDRS5 and biotinylated histone H3 peptides. In vitro translated WDR5 showed
stronger binding with H3T11P peptide when compared to unmodified histone H3 peptide
(Figure 1B). In agreement with published results, WDR5 also bound histone H3
dimethylated at lysine 4 peptide (Han et al., 2006; Wysocka et al., 2005) (Figure 1B).
Similar results were obtained with bacterially-expressed and purified GST-WDRS5 (Figure
1C). WDRS5 interacted very weakly with H3T6P (histone H3 phosphorylated at threonine 6),
and H3K9me3 tail peptides, while H3S10P (histone H3 phosphorylated at serine 10)
enhanced binding of WDRS5 (Figures S1E and S1F). We next asked whether other subunits
of the WRAD module can also be retained on H3T11P peptide. Indeed, endogenous RBBP5
and ASH2L were also retained on H3T11P matrix (Figure 1D). As with H3T11P, H3K4me2
peptide also showed a similar retention profile. This interaction is likely mediated via
WDRS, since in vitro radio-labeled RBBP5 and ASH2L did not directly interact with
H3T11P peptide (Figure 1E).

For a better evaluation of these interactions at equilibrium, we measured the K values of
WDRS5 for unmodified H3 or H3T11P peptides using isothermal titration calorimetry (ITC).
Previous assays showed a wide range of Ky values of WDR5-H3 tail interaction (Couture et
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al., 2006; Trievel and Shilatifard, 2009). Our analysis showed that unmodified histone H3
peptide bound to WDRS5 with a K4 of 69 + 16 uM (Figure S1G, left panel). We were not
able to obtain higher measurement precision due to a relatively small AH of binding (-3.2 =
0.9 kcal mol1) and relatively low concentration of WDRS5 (close to Kg), since higher
concentrations resulted in WDR5 precipitation. Nonetheless, the H3T11P peptide showed an
approximately twofold increase in affinity, binding to WDR5 with a K4 of 34 + 15 yM
(Figure S1G, right panel). This change in affinity is accompanied by a change in AH (-1.9 +
0.4 kcal mol-1), consistent with the possible involvement of a charged moiety in these
interactions.

To determine WDRS5 association with H3T11P in intact cells, we expressed FLAG-tagged
WDRS5 in LNCaP cells treated with or without AR agonist R1881, prepared soluble nuclear/
nucleosomal fraction and subjected them to immunoprecipitation (IP) using anti-FLAG
antibodies, followed by immunaoblotting with anti-H3T11P antibodies. FLAG-WDR5
associated with endogenous H3T11P and such interactions were stimulated by R1881
treatment (Figure 1F). Taken together, these results demonstrate that WDR5 recognizes
H3T11P with an approximately twofold higher affinity than unmodified histone H3 tail in
vitro, and they raise the possibility that interactions between H3T11P and WDR5 may be
important for recruitment of the SET1/MLL complex to AR target genes.

Hormone sensitive recruitment and colocalization of WDR5 with H3T11P on AR target

genes

Threonine 11 phosphorylation of histone H3 had been linked to transcriptional activation of
AR target genes (Metzger et al., 2008). Since we observed interaction between WDRS5 and
H3T11P, we first analyzed whether WDRS5 is critical for androgen-dependent genes
activation using WDR5 knock-down LNCaP cells (Figure 2A and Tables S1 and S2). R1881
treatment led to higher expression levels of AR target genes in non-specific ShRNA (shNS)
LNCaP cells (Figure 2A, lanes 2 versus lanes 1 of each panel). Importantly, the mRNA
levels of AR target genes decreased significantly in WDRS5 knock-down cells treated with
R1881 or dihydrotestosterone (DHT), the endogenous ligand of AR (Figure 2A and Figure
S2A, lanes 4 and 6 versus lanes 2 of each panel). The depletion of WDR5 did not affect
regulation of non-AR target genes, such as PKIB and FOS in R1881 or DHT treated or
untreated LNCaP cells, respectively (Figures S2B and S2C).

We next determined whether WDRS5 is recruited to previously analyzed AR target genes and
associates with H3T11P chromatin mark using chromatin immunoprecipitation (ChIP) and
sequential ChIP (ChIP-reChIP) assays. We observed that H3T11P mark was enriched at the
AREs of KLK3, KLK2, and TMPRSS2 promoters/enhancers in R1881 or DHT treated
LNCaP cells (Figure 2B and Figure S2D and Table S2). Importantly, we found that WDR5
recruitment to AR target genes was enhanced in R1881 or DHT stimulated cells (Figure 2C
and Figure S2E). Furthermore, to determine whether H3T11P and WDRS5 colocalize to the
same chromatin regions, we performed ChlIP-reChlIP assays. Figure 2D shows that WDR5
and H3T11P co-occupied AR target genes in a ligand sensitive manner. We obtained similar
results when the order of immunoprecipitations was reversed (Figure S3A). In addition to
SET1/MLL complex, WDRS5 is also found in host cell factor 1 (HCF-1), and ATAC and
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NSL complexes, which contain acetyltransferases GCN5 and MOF, respectively (Cai et al.,
2010; Dou et al., 2005; Lee et al., 2009; van Nuland et al., 2013; Wang et al., 2008;
Wysocka et al., 2003). To determine whether any of these WDR5-containing chromatin
modifying complexes are recruited to AR-responsive genes, we examined MLL4, GCN5,
HCF-1, and MOF chromatin occupancy in R1881 treated cells. Here, we found that only
MOF, but not MLL4, GCN5, and HCF-1 was consistently enriched to AR target genes
following R1881 treatment (Figure 2E and Figures S3B-S3D). As a control, WDR5 and
MOF occupancy, as well as H3T11P levels, did not change significantly on an androgen
non-responsive GAPDH promoter after R1881 treatment (Figure S3E). Together these
results demonstrate that WDRS is recruited to and colocalizes with H3T11P marks on AR
target genes in a hormone sensitive manner. Furthermore, these results suggest that WDR5-
H3T11P association may facilitate recruitment of MOF to AR target genes.

PKN1 activity is required for ligand-stimulated recruitment of WDR5 and the MLL1
complex to AR target genes

The kinase PKNL1 is recruited to AR target genes upon R1881 stimulation leading to H3T11
phosphorylation (Metzger et al., 2008). To determine whether PKN1 is necessary for WDR5
recruitment and to further establish the importance of H3T11P in WDR5-mediated AR
target genes regulation, we performed ChIP assays in PKN1 knock-down LNCaP cells
treated with or without R1881 (Figure S4A and Table S1). Recruitment of PKN1 and AR,
and the level of H3T11P increased on AR target genes in a ligand-dependent manner (Figure
3A and Figures S4B-S4E). PKNL1 recruitment and H3T11 phosphorylation, upon PKN1
knock-down, were dampened (Figure 3A and Figures S4B and S4C), while the knock-down
had no effect on AR occupancy (Figure 3A and Figure S4D). However, WDR5 recruitment
was severely impaired on AR target genes in PKN1 knock-down cells (Figure 3B). To
explore the possibility that the MLL1 complex is also recruited to AR target genes in a
PKN1- and H3T11P-sensitive manner, we performed ChIP assays in PKN1 knock-down
cells (Figure 3C and Figures S4F and S4G). MLL1, RBBP5, and ASH2L also associated
with AR target genes upon R1881 treatment (Figure 3C and Figures S4F and S4G, lanes 2
versus lanes 1 of each panel). Importantly, knock-down of PKN1 severely interfered with
the recruitment of the MLL1 complex to AR target genes (Figure 3C and Figures S4F and
S4G, lanes 4 versus lanes 2 of each panel).

To determine whether phosphorylation of H3T11 and WDRS recruitment require the
enzymatic activity of PKN1, LNCaP cells treated with PKN1 inhibitor Ro318220 prior to
and during R1881 stimulation were used in ChIP assays. PKN1 recruitment to chromatin
was not impaired by Ro318220 treatment (Figure 3D and Figure S5A). Consistent with
PKN1 knockdown, PKNZ1 inhibition decreased the level of H3T11P (Figure 3D and Figure
S5B), but did not affect AR recruitment to target genes (Figure 3D and Figures S5C and
S5D). However, PKN1 inhibitor treatment severely blocked recruitment of WDRS5 and
MLL1, RBBP5, and ASH2L to AR target genes in R1881 treated LNCaP cells (Figure 3E
and 3F and Figure S5E and S5F). Together, these results demonstrate that PKN1 and its
catalytic activity, and most likely H3T11P deposition, are required for hormone stimulated
WDR5 and the MLL1 complex recruitment to AR target genes.
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PKN1/H3T11P-mediated recruitment of MLL1 complex to AR target genes leads to H3K4

methylation

To determine whether PKN1-mediated WDR5 and MLL1 complex recruitment has any
functional consequence, we assessed H3K4 methylation levels at AR target genes by ChiIP
assays in PKN1 knock-down (Figures 4A and 4B) or PKNL1 inhibitor-treated cells (Figures
4C and 4D). As expected, androgen stimulation significantly increased H3K4me2 and
H3K4me3 levels in control knock-down cells (Figures 4A and 4B, lanes 2 versus lanes 1 of
each panel). However, PKN1 depletion or inhibition abolished this change in both H3K4 di-
and tri-methylation (Figures 4A-4D). The absence of H3K4 methylation is not due to overall
histone loss as the level of total histone H3 did not change significantly (Figures S5G and
S5H). Since MOF association with AR target genes enhanced upon ligand treatment (Figure
2E), and MOF acetylates histone H4 lysine 16 (Taipale et al., 2005), we performed ChIP
assays for MOF recruitment, and H4K16 acetylation on AR target genes in PKN1 inhibitor
treated cells. As expected, MOF occupancy and H4K16 acetylation were enriched at AR
target genes in R1881 treated cells, but inhibition of PKN1 activity interfered with androgen
induced recruitment of MOF and H4K 16 acetylation on AR target genes (Figures 4E and
4F). These results are remarkably similar to our H3K4me2/3 findings and suggest that the
H3T11P modification, likely through WDR5 recruitment, is critical for deposition of
activating histone modifications on AR target genes.

WDRS5 is not necessary for recruitment of PKN1 and H3T11 phosphorylation

To test if there is a reciprocal relationship, we determined whether WDRS5 is necessary for
the recruitment of PKN1 and H3T11 phosphorylation at promoter/enhancer regions of AR
target genes. WDR5 recruitment was significantly diminished in WDRS5 knock-down cells
treated with R1881 (Figure 5A). Since WDRS5 is critical for SET1/MLL HMTase activity
(Wysocka et al., 2005), ligand enhanced levels of H3K4me2 and H3K4me3 were also
significantly down-regulated in WDR5 knock-down cells (Figures 5B and 5C). Importantly,
WDR5 knock-down had little or no effect on recruitment of AR and PKN1 as well as the
level of H3T11P in R1881-stimulated cells (Figures 5D-5F). These results indicate that
PKN1 is necessary for chromatin association of WDRS5 and H3K4 methylation, but WDR5
has no effect on ligand-stimulated AR and PKN1 recruitment, or H3T11 phosphorylation.
Overall, our data implicate PKN1-mediated H3T11 phosphorylation as an entry point for
WDRS5 and MLL1 complex recruitment and subsequent H3K4 methylation.

Genome-wide localization analysis of the H3T11P mark and WDR5

Having determined the co-occupancy of H3T11P marks and WDRS5 on select AR target
genes, we next wished to analyze their distributions throughout the genome. Using high
throughput deep sequencing of chromatin immunoprecipitated DNA (ChIP-Seq) from
LNCaP cells exposed to R1881 ligand or control solvent for 3 h, we generated genome-wide
maps for the H3T11P mark and WDR5 occupancy. This 3 h treatment time was selected
since it induced maximal binding based on our analysis of selected AR target genes (Figures
2B and 2C). Over 18 million clean reads were obtained for each chromatin IP from the
sequencing run. Sequencing reads were aligned to the human reference genome and peak
calling was performed. A Venn diagram depicting the number of occupied sites and the
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overlap of WDR5 and H3T11P genomic binding/location sites in untreated or R1881 treated
LNCaP cells is shown in Figure 6A. We found that while there were 2,612 H3T11P peaks,
and only 833 WDRS5 peaks in untreated cells, the number of peaks for both WDRS5 and
H3T11P increased significantly upon R1881 stimulation to 4,157 and 16,676 peaks,
respectively. Importantly almost 41% of all WDRS5 peaks colocalized with H3T11P peaks
upon androgen stimulation, while only 1% H3T11P and WDR5 peaks overlapped in control
cells. A plot of WDR5 and H3T11P ChlP-seq signal intensity relative to the center of
WDR5 peaks showed significant overlap and androgen-induced enrichment of the H3T11P
mark on WDR5-bound sites (Figure 6B).

Next, we analyzed the peak distribution profiles of the H3T11P mark and WDRS5 relative to
the positions of nearby genes. Unexpectedly, we found that upon hormone treatment there
was a significant increase (from 2% to 23%) in H3T11P marks near promoters and 5'UTRS
of annotated genes (Figure 6C). While the peak distribution pattern of WDRS did not change
substantially upon hormone treatment, the number of sites occupied by WDRS5 increased
remarkably (Figure 6D). Since the distribution of H3T11P marks on promoter and 5'UTRs
of annotated genes showed a dramatic increase upon hormone treatment, we focused on
analyzing these H3T11P marks overlapping with WDRS5 near the promoter/5'UTR regions.
Interestingly, we found that while there was only one colocalized peak in untreated cells,
hormone treatment induced a remarkable 1,001 sites of H3T11P and WDRS5 colocalization
on annotated promoters/5'UTRs. Remarkably, 32% of all promoter/5'UTR H3T11P mark
colocalized with WDR5 while 40% of all promoter/5'UTR-bound WDR5 localized with
H3T11P marks in hormone treated cells (Figure 6E). Recently the mRNA-seq of R1881
treated LNCaP cells was reported (Tewari et al., 2012). Interestingly, only 339 genes were
shown to be differentially expressed, out of which 202 genes were overexpressed upon
hormone treatment (Tewari et al., 2012). Using this published data set in our analysis, we
found that there was a substantial increase (from less than 1% to 21%) of H3T11P mark-
WDR5 overlaps on these androgen responsive genes (Figure 6F). Similar results were
obtained when all 339 androgen responsive genes (Figure S6A) or 164 genes (Figure S6B)
that were shown to be common among 3 different gene expression studies (He et al., 2012;
Massie et al., 2011; Tewari et al., 2012) were analyzed. Interestingly, while H3T11P marks
and WDRS5 binding were also observed on androgen repressed genes (137 genes total), their
colocalization is less than what was observed for AR-activated genes (Figure S6C). Based
on our ChIP-seq data, we selected two additional androgen responsive genes for
confirmation by conventional ChIP-gPCR. WDR5 and H3T11P were enriched on the IGF2R
and RPL13A androgen-responsive gene promoters, sites also occupied by AR (based on
previously published AR ChlP-seq data (Yu et al., 2010)) (Figure 6G and Figure S6D).
Additionally, WDR5 was hyper-recruited and H3T11P marks were enhanced on the
promoters of these two genes as determined by ChIP-gPCR (Figure 6H and Figure S6E).
Accordingly, knock-down of WDR5 attenuated expression of these two androgen responsive
genes (Figure 61 and Figures S6F and S6G). Together these ChlP-seq data are in agreement
with previous gene specific studies and establish a functional interaction between H3T11P
marks and WDR5 localization at a genome wide level.
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WDR5 promotes prostate cancer cell proliferation and is overexpressed in human prostate

cancers

Having demonstrated that WDRS5 is enriched at the promoter/enhancer regions of AR target
genes in R1881 treated cells and is necessary for AR function; we next investigated whether
WDRS5 plays a role in R1881 stimulated LNCaP cell proliferation. In the absence of
androgen, LNCaP cells proliferated very slowly; however, proliferation was significantly
stimulated by R1881 treatment (Figures 7A and 7B). Both BrdU and alamarBlue assays
indicated markedly decreased proliferation rates in R1881 treated cells upon WDR5
depletion when compared to control knock-down cells (Figures 7A and 7B, respectively).
As expected, WDRS5 overexpression in LNCaP cells only slightly enhanced proliferation of
cells under hormone treated condition (Figure S7A), and WDR5 knock-down had minimal
effect on growth of the AR negative RWPE-1 (normal prostate epithelial cell line) and PC-3
(prostate cancer cells) (Figures S7B and S7C). These results demonstrate a growth
promoting role of WDRS5 in hormone stimulated proliferation of prostate cancer cells.

The strict requirements for WDR5 in hormone-stimulated LNCaP cell proliferation and the
previously reported enhanced H3T11P staining in human prostate cancers (Metzger et al.,
2008) prompted us to ask if WDRS5 expression is also increased in human prostate cancers.
We, therefore, examined WDRS5 expression in a large cohort of human prostate cancer
samples using immunohistochemical analysis of tissue microarrays. We found that normal
prostate acina epithelial cells had very low immunoreactivity for WDRS5. In contrast,
prostate cancer cells had strong and diffuse immunoreactivity for WDR5 (Figure 7C). In
prostate cancer cells, WDRS5 protein was detected in both the nucleus and the cytoplasm.
Semi-quantitative analysis showed that prostate cancer had significantly higher
immunoreactivity for WDRS5 than normal epithelial cells of the prostatic acini (p< 0.001)
(Figures 7C and 7D). Further analysis revealed that nuclear and cytoplasmic WDR5
expression was significantly higher in all stages (and Gleason scores of 3-5) of prostate
cancer when compared to normal tissues (Figures 7D-7F). In prostate cancer, WDR5
expression did not correlate with different tumor grades and stages, indicating WDR5
overexpression is an early genetic event for prostate cancer development (Figures 7E and
7F). Collectively, these data strongly suggest that WDR5 plays an important role in prostate
cancer cell proliferation and its upregulation may contribute to prostate tumorigenesis.

DISCUSSION

In this work, we identified WDRS5 as a potential transducer protein of phospho-H3T11 mark
and demonstrated the importance of this interaction for MLL1 complex and MOF
recruitment and subsequent histone H3K4 methylation and H4K16 acetylation. At the
genome-wide level, we found significant colocalization of WDR5 and H3T11P in androgen-
treated cells. Finally, we demonstrated that WDRS is critical for cell proliferation and is
upregulated in human prostate cancers. Thus, this work identifies WDR5 as a key mediator
of H3T11P chromatin mark in the context of androgen-dependent transcriptional regulation
and prostate cancer.

H3T11 phosphorylation by PKN1 has been reported to accelerate demethylation of H3K9
via KDM4C and KDM1A histone lysine demethylases (Metzger et al., 2008). Additionally,
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PKM2-mediated H3T11 phosphorylation releases HDAC3 from chromatin, enabling
subsequent histone acetylation (YYang et al., 2012). In all cases, the current literature
suggests that H3T11P functions in the context of prevention of removal of activating mark
or promotion of repressing marks. Our findings now suggest H3T11P also serves as a signal
for recruitment of positively activating histone modifying activities including MLL1
complex and MOF. Interestingly, it was previously shown that MLL1 complex coordinates
with MOF in activating target gene expression through H3K4 methylation and H4K16
acetylation, and MOF plays a role in WDRS5 recruitment and H3K4 methylation in stem
cells (Dou et al., 2005; Li et al., 2012). Based on our studies, it is tempting to propose a
stepwise mechanism in which PKN1 recruitment and H3T11P precede WDRS5 chromatin
occupancy and H3K4 methylation and H4K16 acetylation during gene activation in
androgen-stimulated cells (Figure 7G). However, it is also possible that stable WDR5
recruitment and retention to the transcription complex is simply dependent on PKN1.
However, genome-wide colocalization studies under PKN1 knock-down or inhibition will
be necessary to determine the mature of this proposed mechanism. Nonetheless, our results
together with those from Metzger et al. (Metzger et al., 2008) show that H3T11P plays an
anchoring role in recruitment of proteins and enzymatic complexes that establish activating
marks on and remove repressing marks from AR target genes.

We wonder whether WDRS5, by virtue of its ability to associate with H3T11P and
H3K4me2, facilitates a better substrate presentation to the enzymatic subunit of the MLL1
complex, for histone H3K4 trimethylation leading to gene activation. Interestingly, in the
crystal structure of WDRS5 bound to histone peptides, histone H3 arginine 2, and threonine 3
residues, make extensive contacts with WDR5 (Couture et al., 2006; Han et al., 2006;
Ruthenburg et al., 2006). While H3K4 does not show any direct interaction with WDR5
residues, it was suggested that WDRS interaction with histone H3 allows proper presentation
of H3K4 for methylation by MLL1 complex (Ruthenburg et al., 2006). Unfortunately, none
of the peptides used in the crystal structure analyses included threonine 11, making it
difficult to test our current predictions. Although in vitro ITC data show a modest twofold
increase in affinity of WDR5 for H3T11P, our numerous assays in intact cells demonstrate
the physiologic relevance of the interaction. These in vitro and in vivo results when analyzed
in a biological context suggest that H3T11 phosphorylation has a modulatory or facilitatory
role in WDR5 binding to histones and targeting to transcriptional regulatory regions. While
phosphorylation of histone H3 threonine 3 has negative effect on WDRS5 binding (Couture et
al., 2006) and H3T6P did not have any appreciable effect on WDR5 binding, H3S10P
peptides retained WDRS5. Because H3S10P has not been studied in the context of androgen
signaling, we did not pursue any further characterization of this interaction. We, however,
note that since H3S10P has been linked to activation of immediate early genes (Banerjee
and Chakravarti, 2011; Duncan et al., 2006; Macdonald et al., 2005; Soloaga et al., 2003;
Zippo et al., 2007), it is possible that H3S10P-WDRS5 interaction may have a role in
activation of these immediate early genes. Finally, a previous report also showed that the
WDRS histone binding motif is also the MLL interaction motif (Song and Kingston, 2008).
Therefore, it appears that WDR5 may contact multiple partners, and multiple sites some of
which may still be undiscovered, through an elaborate binding profile to regulate
transcription. Consistent with this, a recent report showed that WDRS in addition to binding
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to histone tail (a.a 1-10) also independently interact with histone H3 residues 10-31 (Kim et
al., 2013).

PKN1 dependent and H3T11P-mediated WDRS5 recruitment may act to link MLL1 complex
to activated nuclear receptors in order to increase target gene expression via histone H3K4
methylation. This process, thus, ensures that androgen-dependent PKN1 recruitment is
integrated into a functional and positive transcriptional outcome. In this context, our
genome-wide binding studies shed important and novel information. First, we observed a
significant enrichment of H3T11P near the promoters of annotated genes suggesting, for the
first time, that H3 threonine 11 phosphorylation may be a common property for genes that
utilize this mark. Second, we found that a large number of androgen responsive genes are
co-occupied by H3T11P and WDRS5 suggesting a functional link between this histone
modification and WDR5. Third, we found that almost half of WDRS5 peaks colocalized with
H3T11P peaks. However, our results also identified H3T11P peaks and WDR5 peaks that
did not overlap. These results raise the possibility that H3T11P chromatin signaling involves
mechanisms that are both dependent and independent of WDRS5. Similarly, mechanisms not
involving H3T11P may also contribute to WDR5 chromatin targeting. Future studies will
determine whether the WDR5-H3T11P interaction is a general mechanism of transcriptional
activation mediated by other members of the nuclear receptor superfamily and other
activated transcriptional signaling pathways.

We observed a robust effect of WDRS5 knock-down on androgen-stimulated prostate cancer
cell proliferation. Moreover, the remarkable differences in WDRS5 expression that we
detected between normal and prostate cancer tissue samples strongly implies that WDR5
overexpression may play a role in prostate cancer initiation. Previously, the Schille
laboratory showed a significant increase in H3T11P and H3K4 methylation marks in human
prostate cancers (Metzger et al., 2010; Metzger et al., 2008). We suggest that
hyperexpression of WDRS5 is necessary to propagate an increased H3T11P signal in prostate
cancers. In prostate cancers, enhanced interaction between WDR5 and H3T11P leads to
recruitment of the MLL1 complex to chromatin, resulting in hypermethylation of H3K4.
Activation of this signaling cascade promotes AR dependent genes activation and enhanced
or abnormal proliferation of cells and prostate tumorigenesis (Figure 7G). Consistent with
this hypothesis, WDR5 and MOF have recently been reported as critical factors in the
maintenance of ES cell pluripotency and self-renewal by increasing H3K4 methylation and
H4K16 acetylation in ESCs (Ang et al., 2011; Li et al., 2012). Furthermore, the SET/MLL
complex is essential for survival and proliferation during early embryogenesis (Tyagi et al.,
2007). Our results indicate that the expression of WDR5 may be a key initiating event in
prostate tumorigenesis. It remains to be seen whether upregulation of WDRS5 expression and
H3T11P and H3K4me levels are common signatures of other hormone sensitive human
cancers.

In summary, we have uncovered a mechanism involving a successive series of signaling
events by PKN1-H3T11P-WDR5-H3K4me3 that lead to AR target gene activation. PKN1
dependent MOF recruitment possibly via WDR5 and subsequent H4K 16 acetylation, also
highlights a role for H3T11P in recruitment of positively acting histone modifying activities
to target promoters. Our findings demonstrate a key role for WDRS5 in cell proliferation, and
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we wonder whether WDR5 expression could be used as a prognostic marker for detecting
initial stages of prostate cancer and whether low molecular weight compound blocking
H3T11P-WDRS interaction may have therapeutic potential in prostate cancers.

EXPRIMENTAL PROCEDURES

Cell culture and treatment

LNCaP cells were hormone-starved for 2 days and treated with 10 nM R1881 or 10 nM
DHT for 16 h (for expression assay), or for 3 h (for ChIP assays). For assay involving PKN1
inhibitor, cells were cultivated for 30 min in the presence or absence of 10 pM PKN1
inhibitor, Ro318220 prior to R1881 addition.

Histone peptide pull down assays and protein identification by MS

HeLa S3 nuclear extracts were incubated with biotinylated and modified or unmodified
histone H3 peptides. The bound proteins were eluted and sequenced by MALDI-TOF
MS/MS analysis (Alphalyse, California, USA).

Protein interaction assay

In vitro transcribed and translated [3°S]-labeled WDRS5 (for protein interaction assay) or
purified GST-WDRS5 (for GST-pull down assay), or LNCaP nuclear extracts (for
endogenous protein interaction assay) were incubated with biotinylated histone H3 peptides.
The pulled-down proteins were analyzed by phosphoimager or immunoblot.

Nuclear/nucleosomal protein preparation

Nuclear protein extraction was performed as previously described, with minor modifications
(Parker et al., 2012).

ChlIP assays and sequential ChIP

ChIP assay was performed essentially as previously described, with minor modifications
(Parker et al., 2012). For sequential ChIP (ChIP-reChlP), first-round ChlPs were performed
as previously described (Parker et al., 2012) except that following the final wash, and beads
were resuspended in elution buffer. WDR5 and H3T11P ChlIP eluates were again subjected
to ChIP (reChlP) with anti-H3T11P or anti-WDRS5 antibodies, respectively. Determination
of relative enrichment was performed by gPCR. The primer sequences are provided in Table
S2.

ChlIP-sequencing and data analysis

Barcoded sequencing libraries were generated using KAPA Library Preparation Kits (Kapa
Biosystems, Massachusetts, USA) according to the manufacturer's protocol, beginning with
2 ng of ChIP DNA or input chromatin-derived DNA from LNCaP cells. Analysis was
performed as described previously (Barish et al., 2012), with slight modifications.
Sequencing data files were aligned to the hg18 human reference genome using Bowtie
(version 0.12.9) and standard parameters. Peak calling and analysis was performed using
HOMER, the methods of which are freely available at http://biowhat.ucsd.edu/homer/. Only
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unique sequencing tags were considered for analysis. Results were visualized by preparing
custom tracks for the UCSC browser. Peaks were identified using a false discovery rate of <
0.1%, and input chromatin-derived DNAs from ethanol or R1881-treated cells were used as
controls. Identified peaks were annotated to the nearest transcription start site. Colocalizaton
between WDR5 and H3T11P was determined using a 500 base pair window between the
centers of identified peaks. ChlIP fragment depth was calculated by extending sequencing
tags by their estimated ChIP fragment lengths.

BrdU and AlamarBlue Cell proliferation assay

Control and WDR5 knock-down LNCaP cells were seeded at 5,000 per well in 48-well
tissue culture plates. After 24 h treatment of ethanol or R1881, cells were incubated in a
medium containing BrdU or alamarBlue for 2 h and fluorescence was measured. This
represents day 1 of the assay. This process was repeated every 24 h for 4 consecutive days.

Immunohistochemistry and TMASs

TMAS contained 8 normal prostate tissue, and 71 prostate cancer samples. TMA slides were
immunohistochemical stained and were blindly evaluated by a pathologist using a semi-
quantitative dual-scoring system as described previously (Wei et al., 2006).

Statistical analysis

Data are expressed as the means and standard deviations (SDs) of three independent
experiments. Statistical significance (P<0.05) was evaluated by the Student's 2-tailed t-test.

Deposition of ChlP-seq data

The raw ChlIP-seq data-set is being submitted to Gene Expression Omnibus.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. WDRS interacts with threonine 11 phosphorylated histone H3
(A) Unmodified histone H3 and H3T11P peptide binding proteins were purified from HelLa

S3 nuclear extracts. Differentially bound proteins were detected with silver staining and
identified by MALDI-TOF MS/MS analysis. One of the bound proteins was identified as
WDR5. (B) pCMX-WDRS5 was in vitro transcribed and translated and incubated with
indicated histone H3 peptides conjugated with biotin. Streptavidin-pulled-down proteins
were analyzed by phosphorimager. (C) Biotinylated histone H3 peptides containing
indicated modifications were incubated with purified GST-WDR5. Streptavidin-pulled-
down proteins were immunoblotted with anti-GST antibody. (D) LNCaP nuclear extracts
were incubated with indicated biotinylated histone H3 peptides. Pulled-down proteins were
analyzed by immunoblotting using indicated antibodies. Peptide loading controls were
detected using anti-streptavidin antibody. (E) pPCMXWDR5, pCMX-RBBP5 or pCMX-
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ASH2L was in vitro transcribed and translated and incubated with biotinylated histone H3 or
H3T11P peptides. Pulled-down proteins were analyzed by phosphorimager. (F) LNCaP
soluble nuclear/nucleosomal extracts expressing FLAG-tagged WDR5 were
immunoprecipitated with indicated antibodies, and the immunoprecipitates were
immunoblotted wirh H3T11P, FLAG (WDR5), and histone H3 antibodies. See also Figure
S1.
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Figure 2. WDRS5 regulates androgen signaling and co-associates with H3T11P on AR target

genes

(A) Control (shNS) or WDR5 knock-down LNCaP cells were grown in the presence or
absence of R1881 and mRNA levels of AR target genes and WDR5 were analyzed by qRT-
PCR. (B-E) Schematic diagram of amplicons flanking AREs in the promoter/enhancer
regions of KLK3, KLK2, and TMPRSS2 genes (upper panel). ChlP assays at the AR target
genes in R1881-treated or untreated LNCaP cells were conducted using anti-H3T11P (B),
anti-WDRS5 (C) or control 1gG antibodies and examined by qPCR. (D) Sequential ChIP
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assays of androgen-stimulated LNCaP cells at AR target genes. WDR5 ChlIP followed by
H3T11P or control IgG re-ChIP. (E) ChIP assays at the AR target genes using anti-MOF or
control antibodies in with or without R1881 LNCaP cells. Values represent the mean +
standard deviation of duplicated qPCRs from a representative experiment. Experiments were
performed three times with similar results. *p < 0.05; **p < 0.01; ***p< 0.001. See also
Figures S2 and S3 and Tables S1 and S2.
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Figure 3. PKN1 regulates the recruitment of WDR5 and MLL1 complex to AR target genes
(A-C) Control (shNS) or PKN1 knock-down LNCaP cells were cultivated in the presence or

absence of R1881. (D-F) LNCaP cells were grown in the presence or absence of the PKN1
inhibitor Ro318220 prior to and during R1881 stimulation. (A and D) ChIP was performed
using indicated antibodies. The precipitated chromatin was amplified by gPCR using
primers flanking ARE in the promoter region of the KLK3 gene. (B, C, E, and F) ChIP
assays were performed with the WDRS5 (B and E), and MLL1 (C and F) antibodies at AR
target genes. Values represent the mean + standard deviation of duplicated gPCRs from a
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representative experiment. Experiments were performed three times with similar results. *p
< 0.05; **p < 0.01; ***p< 0.001. See also Figures S4 and S5.
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Figure 4. PKN1 promotes H3K4 methylation and H4K16 acetylation on AR target genes
(A and B) ChIP was performed using the H3K4me2 (A) or H3K4me3 (B) antibodies using

control (shNS) or PKN1 knock-down LNCaP cells grown with or without R1881. (C-F)
LNCaP cells were grown in the presence or absence of the PKN1 inhibitor Ro318220 prior
to and during R1881 stimulation. ChIP assays were performed with the indicated antibodies
at AR target genes. Values represent the mean + standard deviation of duplicated qPCRs
from a representative experiment. Experiments were performed three times with similar
results. *p < 0.05; **p < 0.01; ***p< 0.001. See also Figure S5 and Tables S1 and S2.
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Figure 5. WDRS5 is not required for PKN1 recruitment and H3T11 phosphorylation
(A-F) Control (shNS) or WDR5 knock-down LNCaP cells were cultivated in the presence or

absence of R1881, and analyzed by ChlIP using anti-WDR5 (A), H3K4me2 (B), H3K4me3
(C), AR (D), PKN1 (E), or H3T11P (F) antibodies at AR target genes. VValues represent the
mean + standard deviation of duplicated gPCRs from a representative experiment.
Experiments were performed three times with similar results. *p < 0.05; **p < 0.01; ***p<
0.001.
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Figure 6. The genome-wide distribution profiles of WDR5 and H3T11P in hormone treated
LNCaP cells

(A) Area-proportional Venn diagram showing the overlap between WDR5 peaks and areas
of H3T11P enrichment in untreated or R1881 treated LNCaP cells based on ChlIP-
sequencing. (B) Plots of WDR5 and H3T11P ChlP-seq signal intensity relative to the center
of WDR5/H3T11P co-occupied sites in untreated or R1881 treated LNCaP cells. (C and D)
Pie charts illustrating genomic locations of H3T11P (C) and WDRS5 (D) binding sites in the
untreated or hormone treated LNCaP cells. (E) Overlap between WDR5 and H3T11P
occupancy sites at promoter/5'UTRs identified before and after hormone treatment. (F) Bar
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graph represents the overlap between ChlP-seq data for WDR5 and H3T11P peaks
compared to genes significantly induced by R1881 treatment (based on RNAseq data from
(Tewari et al., 2012)). (G) ChlP-sequencing tracks in unstimulated or androgen stimulated
LNCaP cells along the IGF2R locus reveals overlapping AR (data from (Yu et al., 2010))
and WDR5 occupancy as well as H3T11P enrichment in the presence of androgen. (H)
Recruitment of WDR5 and H3T11P mark at IGF2R promoter in R1881 treated LNCaP cells
analyzed by ChIP-gPCR. (1) Expression analysis by qRT-PCR of IGF2R gene in control and
WDRS5 knock-down LNCaP cells grown in the presence or absence of R1881. See also
Figure S6 and Table S2.
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Figure 7. WDRS is essential for androgen stimulated cell proliferation and is hyperexpressed in

prostate cancer

(A and B) Control (shNS) or WDR5 knock-down LNCaP cells were grown in presence or
absence of AR agonist (R1881). After indicated number of days, BrdU (A) or alamarBlue
(B) assays were conducted. Values are represented as mean + standard deviation.
Experiments were performed three times with similar results. ***p< 0.001. (C) Normal
(upper panels n=8) or prostate cancer samples (middle and bottom panels, n=71) were
analyzed by immunohistochemical staining using anti-WDR5 antibody at 1:350 dilution.
40X magnifications are shown. (D) Semi-quantitative analysis of WDR5 staining in
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individual TMA samples. ***p< 0.001. (E) Semi-quantitative analysis of staining of WDR5
expression in normal and tumor stage of 1l (n=34), 11l (n=9), and IV (n=26) in TMA
samples. ***p< 0.001. (F) Semi-quantitative analysis of WDR5-stained TMA samples by
normal and Gleason scores of 3 (n=33), 4 (n=23), and 5 (n=9). ***p< 0.001. (G) A
proposed model highlighting H3T11P-WDRS5 interaction in AR target gene regulation,
histone modifications, prostate cancer cell proliferation and prostate cancer. See text for
details. See also Figure S7.
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