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Abstract

TWIST1 is a transcription factor critical for development that
can promote prostate cancer metastasis. During embryonic devel-
opment, TWIST1 and HOXA9 are coexpressed in mouse prostate
and then silenced postnatally. Here we report that TWIST1 and
HOXA9 coexpression are reactivated in mouse and human pri-
mary prostate tumors and are further enriched in human metas-
tases, correlating with survival. TWIST1 formed a complex
with WDR5 and the IncRNA Hottip/HOTTIP, members of the
MLL/COMPASS-like H3K4 methylases, which regulate chroma-
tin in the Hox/HOX cluster during development. TWIST1 over-
expression led to coenrichment of TWIST1 and WDR5 as well as
increased H3K4me3 chromatin at the Hoxa9/HOXA9 promoter,

Introduction

Prostate cancer is the most commonly diagnosed cancer for
men, and leads to the second most cancer-related deaths in the
United States (1). Prostate cancer natural history disease progres-
sion suggests that the largest therapeutic gains could be made by
better understanding the progression of localized to metastatic
disease (2).
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which was dependent on WDR5. Expression of WDR5 and Hottip/
HOTTIP was also required for TWIST1-induced upregulation of
HOXA9 and aggressive cellular phenotypes such as invasion and
migration. Pharmacologic inhibition of HOXA9 prevented
TWIST1-induced aggressive prostate cancer cellular phenotypes in
vitro and metastasis in vivo. This study demonstrates a novel mech-
anism by which TWIST1 regulates chromatin and gene expression
by cooperating with the COMPASS-like complex to increase H3K4
trimethylation at target gene promoters. Our findings highlight a
TWIST1-HOXA9 embryonic prostate developmental program that
is reactivated during prostate cancer metastasis and is therapeuti-
cally targetable. Cancer Res; 77(12); 3181-93. ©2017 AACR.

Previous studies have implicated the epithelial-mesenchymal
transition (EMT) transcription factor, TWIST1, in human prostate
tumor pathogenesis correlating it with increased disease aggres-
siveness (3, 4). TWIST1 can induce prometastatic behaviors in
prostate cancer cells (5) that is, in part, mediated by the homeo-
box protein HOXA9 (6).

Homeobox transcription factors, like HOXA9, are crucial to
body plan organization during development, and are tightly
regulated both spatially and temporally (7). The expression
of genes in this cluster is regulated epigenetically that include
critical alterations in chromatin methylation (8). HOX gene
products also play a role in progression of cancer with HOXA9
and HOXB13 being the most commonly altered HOX genes in
solid tumors (9). While the contribution of HOXA9 overexpres-
sion in leukemia, specifically AML, has been firmly established
(10), the role of HOXA9 in prostate cancer progression has not
been well documented.

In normal tissue, the Hox/ HOX cluster of genes is regulated at
the chromatin level (11) by the complex of proteins associated
with SET1 (COMPASS)-like complex that involves several
mixed lineage leukemia (MLL) gene products (homolog of
yeast Setl), the scaffolding protein, WDR5, and the long
noncoding RNA (IncRNA), HOTTIP (12). COMPASS-like com-
plex activates gene expression by methylation of histone 3 on
lysine 4 (H3K4; ref. 13). Although, first discovered in leukemias
(14), KMT2 have since been found to be among the most
frequently mutated genes in human cancer (15). KMT2D/MLL2
mutations distinguish the transition from localized to lethal
metastatic castration-resistant prostate cancer (16). In addition,
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COMPASS-like H3K4 methyltransferase (HMT) complexes
physically associate with androgen receptor (AR) and have
been shown to be required for direct AR target gene expression
and prostate cancer growth (17).

In this study, we show that TWIST1 and HOXA9 were coover-
expressed in prostate cancer tumors and metastases. We demon-
strated an interaction between TWIST1 and members of the
COMPASS-like complex, WDRS5 and Hottip/ HOTTIP in regulation
of Hoxa9/HOXA9 expression. Finally, we showed pharmacologic
inhibition of HOXA9 could mitigate TWIST1-induced prometa-
static behaviors in vitro and metastasis in vivo.

Materials and Methods

Plasmids, antibodies, and reagents

PBABE-TWIST1-puro was used to construct the Twist1DQD
mutant as described previously (5, 18) using the QuikChange
Site-Directed Mutagenesis Kit (Stratagene) and confirmed by
sequencing. The following antibodies were wused: Twist
(Twist2Cla, sc-81417; Santa Cruz Biotechnology), E-cadherin
(ab53033; Abcam), vimentin (ab92547; Abcam), ZO-1 (5406;
Cell Signaling Technology), B-actin (A5316; Santa Cruz Biotech-
nology), WDR5 (ab56919; Abcam), H3K4me3 (ab8580; Abcam),
H3K27me3 (ab6002; Abcam), and horseradish peroxidase-con-
jugated secondary antibodies (Invitrogen).

Cell lines and culture conditions

The cell lines used in this study, PC3, K562, MOLM-13, and
HEK293, were obtained from ATCC. Myc-CaP cell line was a kind
gift from Dr. John Isaacs (Johns Hopkins University, Baltimore,
MD). All cell lines were obtained between 2011 and 2014 and
authenticated using short tandem repeat analysis. All the cell lines
were expanded and frozen immediately after receipt. The cumu-
lative culture length of the cells was less than 6 months after
recovery. Early passage cells were used for all experiments and
routinely tested for mycoplasma. Cells were maintained as
described by ATCC.

Microarray data acquisition and analysis

Microarrays and bioinformatics analysis were performed pre-
viously (5). Details provided in Supplementary Methods. The
microarray data have been deposited to the Gene Expression
Omnibus (GSE500002).

Retroviral experiments

The shRNA constructs against mouse Hoxa9, human HOXA9,
mouse Wdr5, and human WDR5 were used according to the
manufacturer's instructions (OriGene). Cells were transduced
with pGFP-V-RS-based shRNA constructs as described above or
with scrambled control vector for two successive times over a 36-
hour period followed by selection with 1 mg/mL puromycin and
passaged once until 80% confluent.

TALEN genetic knockout

TALEN genetic editing to knock out WDR5 in PC3 cells was
accomplished using a TALEN-FastTALE kit (Allele Biotechnology)
according to the manufacturer's instructions.

Patient tissue acquisition
Samples for IHC were obtained from patients who died of
metastatic CRPC and who signed written informed consent for a
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rapid autopsy performed within 8 hours of death, under the aegis
of the Prostate Cancer Donor Program at the University of
Washington. The institutional review board at the University of
Washington (Seattle, WA) approved the study. Bone metastases
were formalin fixed, decalcified in 10% formic acid and embed-
ded in paraffin.

IHC, immunofluorescence, and Western blotting

IHC, immunofluorescence, and Western blotting were con-
ducted as described previously (19). Details are provided in
Supplementary Methods.

SYBR-Green quantitative RT-PCR and prostate
cancer cDNA arrays

The iTaq Universal SYBR Green Master Mix (Bio-Rad) was used
according to the manufacturer's instructions and as described
previously (6). Human normal prostate and prostate cancer qPCR
tissue arrays were purchased from OriGene.

Cell behavior assessment

For wound-healing migration assay, two-dimensional migra-
tion assays were conducted using a scratch/wound model as
described previously (6). For Matrigel invasion assay, invasion
potential was assessed using Chemicon cell invasion assay kit
(Millipore) as directed by the manufacturer. Soft agar colony
formation assays were performed as described previously (20).
Anoikis resistance was measured as described previously (21).
Cell stiffness assay, magnetic twisting cytometry (MTC) was
used to measure mechanical properties of the cytoskeleton as
described previously (22, 23). Details are given in Supplemen-
tary Methods.

Protein coimmunoprecipitation and RNA
immunoprecipitation

Protein coimmunoprecipitation and RNA immunoprecipita-
tion were performed as described previously (24). Details are
given in Supplementary Methods.

Chromatin immunoprecipitation and ChIP-re-ChIP

Chromatin immunoprecipitation (ChIP) was conducted using
a SimpleChIP Enzymatic IP Kit (Cell Signaling Technology)
according to the manufacturer's instructions. Details are given in
Supplementary Methods.

Experimental lung metastasis assay

Myc-CaP cells stably overexpressing TWIST1 were treated with
10 nmol/L HXR9 or CXR9 for 24 hours before tail vein injection.
One-hundred microliters of PBS containing 5 x 10° cells were
injected into athymic nude mice via the tail vein. After 4 weeks, the
mice were sacrificed, and necropsies were performed to score
surface lung tumors and extrathoracic metastases as described
previously (6).

Statistical analysis

Statistical analysis was carried out using GraphPad Prism v5.04
(GraphPad Software). Paired comparisons of the average were
tested using the Mann-Whitney test. Paired comparisons of the
frequency of an event were performed by contingency tables with
the Fisher exact test (*, P < 0.05; **, P < 0.01; and ***, P < 0.001;
throughout this study).
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Results

Bioinformatic analyses identified HOXA9 as a putative
downstream target responsible for TWIST1-induced
prometastatic behaviors

We reported on TWIST1 structure-function studies and the
effects of overexpression of mouse Twist] mutants on the induc-
tion of TWIST1-dependent aggressive cellular prometastatic phe-
notypes in vitro and in vivo (Fig. 1A; refs. 5, 6). Global gene
expression analyses were performed on Myc-CaP cells expressing
wild-type TWIST1, TWIST1-F191G, which does not induce a
metastatic phenotype, and TWIST1-DQD, which induces a more
pronounced metastatic phenotype (Fig. 1B). Subtractive gene
expression analysis identified genes whose expression was signif-
icantly altered in cells expressing wild-type TWIST1, but not in
cells expressing TWIST1-F191G, and genes whose expression was
significantly altered in cells expressing TWIST1-DQD but not in
cells expressing wild-type TWIST1 (Fig. 1C). Resultant gene sets
were associated with increasing intensity of TWIST1-induced EMT
phenotypes (Fig. 1D).

Gene-set enrichment analysis (GSEA) was performed on both
sets of genes, and in both cases, gene sets representing target genes
of constitutively active HOXA9 fusion proteins (25, 26) were
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Figure 1.

TWISTT and MLL Complex Interact to Regulate Hoxa9 Chromatin

significantly overrepresented (Supplementary Table S3). This led
us to hypothesize that HOXA9 activation was downstream of
TWIST1 and was responsible for enforcing TWIST1-induced pro-
metastatic phenotypes (Fig. 1D).

TWIST1 and HOXAY are coexpressed in the developing
embryonic mouse prostate and reactivated in mouse prostate
tumors

Limited mRNA expression data suggest that the posterior Hox
cluster gene Hoxa9 is expressed transiently in the prostate follow-
ing rodent birth and then expression is suppressed in adulthood
(27). The role of TWIST1 and HOXA9 during prostate develop-
ment is unknown. We observed by qRT-PCR of bulk fetal prostate
tissue that Twist1 and Hoxa9 were both coexpressed with expres-
sion peaking during periods of early prostate bud invasion (E17.5
and E18.5, respectively), and then nadiring after birth at day P5
(Fig. 2A). The adult prostate is derived from both the embryonic
urogenital mesenchyme (UGM) and urogenital epithelium
(UGE). To define the cell types expressing and subcellular local-
ization of TWIST1 and HOXA9, we examined developmental
protein expression in the mouse developing prostate using IHC.
Concordant with the temporal mRNA expression, TWIST1 and
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TWIST1

HOXA9 showed predominantly nuclear peak individual expres-
sion and coexpression during E17.5 in cells from the developing
UGM, with highest coexpression among cells along the UGM~
UGE interface (Fig. 2B). In agreement with the mRNA expression
data, we observed a steady decrease in TWIST1 expression at PO
and P5 with no observable TWIST1 expression at time-points
thereafter (Supplementary Fig. S1). Overall, this observation
suggests that HOXA9 may be a target of TWIST1 during mam-
malian prostate development.

TWIST1 expression is often aberrantly reactivated in human
cancers including prostate cancer (3, 6, 28), but data on expres-
sion of HOXA9 in prostate cancer is lacking. We did not observe
appreciable IHC staining for either TWIST1 or HOXAY in prostate
epithelial cells in tumors from the TRAMP (29), Hi-Myc (30), or
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UGS and PO, P5 developing prostate
(n = 3-6 embryos-pups/time point/
gene, Pearson correlation coefficient
(R? = 0.82). Normalized to expression
level at P35.B, TWIST1and HOXA9 IHC
on serial sections of E17.5 UGS from
wild-type mice in cells at the
urogenital mesenchyme (UGM)-
urogenital epithelium (UGE) interface.

TWIST1

UGE UGMi UGMe X i
UGM,;, section of the UGM closest to
the UGE interface; UGMe, section of
HOXA9 the UGM toward the edge. Graphs
80 represent percentage positive cells
| o 60 (n = 4 embryos). *, P < 0.05;
B -2 = **, P<0.01.C, TWIST1 and HOXA9 IHC
18 40 on adjacent serial sections of prostate
: 20 tissue from probasin (PB)-Cre;
Y [ ) - Apc™@/foX mice with prostate
UGE UGMi  UGMe neoplasia (n = 2). Arrows, TWIST

and HOXA9 coexpression in the
same cell types.

Pten™/~ (31) transgenic mouse models of prostate cancer or the
adult wild-type prostate (Supplementary Fig. S2 and S5B). How-
ever, in the PB-Cre+;Apd"™* mouse model of prostate cancer
(32), we observed cooverexpression of TWIST1 and HOXA9 in
neoplastic prostate epithelial cells (Fig. 2C). Thus, we found that
coexpression of TWIST1 and HOXA9 could be reactivated in at
least one model of prostate epithelial tumorigenesis.

TWIST1 and HOXA9 are cooverexpressed in human prostate
cancer and correlated with poor patient survival

Analysis of publicly available prostate cancer patient gene
expression data through Oncomine (www.oncomine.org)
showed that HOXA9 trended toward overexpression overall in
several different studies (Fig. 3A; n = 700 prostate cancers versus
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n = 313 normal prostate, P = 0.095) similar to TWIST1 (6).
TWIST1 and HOXA9 were shown to be trending toward coover-
expression in primary prostate cancer, 13% and 21%, respectively
(n = 131, P = 0.12). Interestingly, coamplification/overexpres-
sion cases were significantly enriched when examining metastases
[42% alteration for TWIST1 and 32% for HOXA9, n = 19, P =
0.024 Fisher exact test; MKSCC Prostate Adenocarcinoma dataset
(33)] using the cBio portal (Fig. 3B; refs. 34, 35). We validated that
HOXA9 was overexpressed in primary prostate cancer (Fig. 3C, n=
91, P<0.001) and that TWIST1 and HOXA9 were both found to
be overexpressed in primary prostate cancer compared with
normal prostate in another independent patient dataset (Origene
TissueScan qPCR array; Fig. 3C and D). In addition, samples with
high TWIST1 expression were disproportionately likely to have
high HOXA9 expression (Fig. 3E). In a third independent patient
dataset, we found that TWIST1 and HOXA9 were coamplified in
metastatic prostate cancer and HOXA9 amplification alone or

TWISTT and MLL Complex Interact to Regulate Hoxa9 Chromatin

when considered with TWIST1 amplification was correlated with
worse overall patient survival (Michigan Prostate Adenocarcino-
ma dataset, Fig. 3F; Supplementary Fig. S3.; n = 61, both P <
0.024). Finally, using prostate cancer samples from a prospec-
tively collected rapid autopsy series, we showed by IHC that
TWIST1 and HOXA9 were colocalized in the nucleus of tumor
cells in prostate cancer primary tumors (n = 3) and bone metas-
tases (n = 6 patients, Fig. 3G and H; Supplementary Fig. S4A and
S4B). Collectively, multiple independent human prostate cancer
cohorts showed that TWIST1 and HOXA?9 are dysregulated togeth-
er at the genetic level and also cooverexpressed at the protein level
in a subset of prostate cancer, particularly metastatic samples that
are correlated with poor patient survival.

We have previously shown that HOXA9 was partially required
for TWIST1-induced prometastatic behaviors in vitro (6). We
found that stable overexpression of human HOXA9 alone in
Myc-CaP and PC3 cells (Supplementary Fig. S6A and S6B)
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TWIST1and HOXA9 are cooverexpressed in metastatic prostate cancer and correlate with poor survival. A, HOXA9 trended toward overexpression in several sets of
prostate adenocarcinoma gene expression data analyzed using Oncomine (n = 15 independent microarray datasets equaling 700 primary prostate cancer samples
and 313 normal prostates; P = 0.095). B, TWISTT and HOXA9 trended toward coamplification/overexpression in a subset of primary tumors from patients

with prostate adenocarcinoma using the cBio portal (MKSCC Prostate Adenocarcinoma dataset, n = 131 patient samples; P = 0.12). C and D, HOXA9 and TWIST
expression in a commercially available cDNA array of prostate cancer tissue samples compared with normal prostate tissue (n = 91 prostate cancer patient samples;
Mann-Whitney t test, **, P<0.01and ***, P< 0.001). E, TWISTT and HOXA9 cooverexpression is enriched in prostate adenocarcinoma metastases (Fisher exact test,
n =19, P = 0.024). F, Amplification of HOXA9 is associated with shorter survival in patients with prostate adenocarcinoma, analyzed from cBio (Michigan
Prostate Adenocarcinoma dataset, n = 61 patients, P < 0.024, log-rank test). G and H, Representative example of TWIST1, HOXA9, and IgG/pan-cytokeratin on
adjacent serial sections of a primary and bone metastasis from prostate adenocarcinoma patients. Arrows highlight TWIST and HOXA9 coexpression in the
nuclei of tumor cells.
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enforced a partial EMT, increased migratory potential (Supple-
mentary Fig. S6C and S6D, all comparisons P<0.01), invasiveness
(Supplementary Fig. S6E and S6F, P < 0.05), anoikis resistance
(Supplementary Fig. S6G and S6H, P < 0.05), and radiation
resistance (Supplementary Fig. S6K and S6L, P < 0.05). These
data suggest that HOXA9 alone is sufficient to induce many
prometastatic behaviors in vitro and is partially required for
TWIST1-induced prometastatic behaviors (6).

TWIST1 interacts with members of the MLL/COMPASS-like
complex

Hoxa9 expression is activated during development by MLL/
COMPASS-like-dependent methylation of promoter histones. It
was recently shown that TWIST1 can lead to changes in the
epigenetic landscape involving DNA as well as histone modifica-
tions (36). One possibility is that TWIST1 may modulate expres-
sion of Hoxa9 epigenetically through interaction with a COM-
PASS-like complex. In the MSKCC Prostate Adenocarcinoma
dataset (34, 35), TWIST1 was cooverexpressed with a gene encod-
ing a member of the COMPASS-like HMT complex, KMT2D
(MLL2/ALR/MLL4) in prostate cancer metastases (Fig. 4A, n =
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19, P = 0.049 by Fisher exact test). TWIST1 has been shown to
bind WDR5 under conditions of hypoxia-induced EMT (37). To
test whether TWIST1 bound WDR5 in prostate cancer cells and
under normoxic conditions, we performed coimmunoprecipita-
tion experiments on extracts from HEK293 embryonic kidney
cells, Myc-CaP and PC3 prostate cancer cells that stably over-
expressed TWIST1 and also in K562 leukemia cells that have
intrinsically high TWIST1 expression. Anti-TWIST1 antibody
pulled down WDRS5 in all cell lines, but PC3 (data not shown),
and we also observed the reciprocal interaction when cell lysates
were coimmunoprecipitated with anti-WDR5 antibody and
probed for TWIST1 (Fig. 4B). These results indicate TWIST1 and
WDRS5 interact with each other in cancer cells under normoxic
conditions and this interaction may be in the context of the larger
COMPASS-like HMT complex.

We investigated how TWIST1 influences another component
of the MLL/COMPASS-like complex that regulates the Hox
cluster during development, Hottip, an IncRNA that directly
binds to the complex and directs it to sites in the Hox cluster
(24). We found that HOXA9 overexpression in Myc-CaP
and PC3 cells led to an increase in Hottip/ HOTTIP expression
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TWIST1 interacts with the components of the MLL/COMPASS-like complex WDR5 and Hottip/HOTTIP. A, Gene encoding MLL2, KMT2D, showed significant
cooverexpression with TWISTT in the MKSCC Prostate Adenocarcinoma dataset in prostate cancer metastases (Fisher exact test,n =19, P = 0.049). B, TWIST1 and
WDR5 pulldown by immunoprecipitation in HEK-293, Myc-CaP-TWIST]1, and in K-562 cells compared with IgG control. C and D, Expression of Hottip/HOTTIP
in Myc-CaP-HOXA9 and PC3-HOXA9 cells compared with vector control (n = 3-4; Mann-Whitney t test, **, P < 0.01; £SEM). Coimmunoprecipitation of HOTTIP
with TWIST1 in K562 (E), but not in MOLM-13 cells (n > 2; Mann-Whitney ¢ test, **, P < 0.01; £SEM; F). Coimmunoprecipitation of hottip/HOTTIP with TWIST1
in Myc-CaP-TWISTI1 cells (G) and PC3-TWIST1 cells (H) compared with isogenic vector control cells (n > 3; Mann-Whitney t test, *, P < 0.05; +SEM).
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(Fig. 4C and D). To determine whether the TWIST1-WDR5
complex also contained Hottip/HOTTIP, we performed RNA
immunoprecipitation (RIP) experiments using anti-TWIST1
antibody. In K562 leukemia cells, which have high endogenous
TWIST1 expression, HOTTIP coprecipitated with TWIST1 (Fig.
4E, P < 0.01), but there was no detectable enrichment in
MOLM-13 cells (Fig. 4F, P > 0.05), which do not express
TWIST1. When we performed RIP experiments using anti-
TWIST1 antibody in lysates of Myc-CaP and PC3 cells over-
expressing TWIST1, we found significant enrichment of Hottip/
HOTTIP (Fig. 4G and H, P < 0.05) as compared with vector
controls. Overall, our results show that TWIST1 can interact
with multiple members of the COMPASS-like HMT complex
including the invariant component, WDR5, and the IncRNA,
Hottip/HOTTIP. This physical interaction is highly suggestive
that TWIST1-dependent upregulation of Hoxa9 expression may
be mediated by increasing the amount of activating H3K4
histone methylation at the Hoxa9/HOXA9 promoter region.

Myc-CaP-TWIST1 PC3-TWIST1

O

=
o

-

.

-
=

o o
o G

Relative HOXA9 mRNA
*
*
*

o o
=} o
*
*
*

Relative Hoxa9 mRNA >
o

\of \g Q > v 2 \af Ao \Z
& & & & & & & & S & &
& &S & & & & £ EAER MR
IR & & A S &
N DR S €
B E H K
5 05 _ 05
% 04 [ g . ‘E 0.4 5 04
g, o s 04— 2 = s
;0.3 xx S 03 S 03 * " §_ 03{ —
g 02 £ 02 *xk KK E 02 g 02 d *
= - ©
g HRET N 1 s
- i g ool = 00 B
¥ \a \Z \ > Q ’ 0.0 ’
£ & & & & & ¢ IO
& S & & I N
& ¢ & SV AR & &
C F N K | r RS L Oé <
600 _ & s & S
g *k *ok £ g ] 5 08
° 400 % 40 5 04 € 0.6
by a © 03 2" *
2 200 g T s * * 2 *
3 3 20 202 g ™
0 T 0 £ g
SR > & © RS o
6(8- ‘gﬁ Q_é é\\,‘b Q/‘\ @e Ny evy' evg? Ny ev.?’ év.@
& o o RIS & & g @ LS
& L O F R R P\ PN
O O & & e £
N N ¥ NS Y L

Figure 5.

TWISTT and MLL Complex Interact to Regulate Hoxa9 Chromatin

Members of the MLL/COMPASS-like complex are required
for TWIST1-mediated upregulation of Hoxa9 and
induction of a metastatic phenotype

The active enzyme in the complex can be any one of several
members of the MLL family (38), so genetic inhibition of any
given member of the family may not have observable effects
secondary to this redundancy. Therefore, we performed genetic
knockdown of the invariant protein component WDR5 and the
IncRNA Hottip/ HOTTIP.

We showed that shRNA-mediated knockdown of Wdr5 (Sup-
plementary Fig. S7A) in Myc-CaP-TWIST1 cells led to a decrease
in Hoxa9 expression (Fig. 5A). Moreover, decreased Wdr5 led to
decreased migration potential (Fig. 5B; Supplementary Fig.
S7B), invasiveness (Fig. 5C), resistance to radiation (Supple-
mentary Fig. S7D), and anoikis resistance (Supplementary Fig.
S7E) as compared with scrambled shRNA control cells. We used
single-cell biophysical technique to measure cytoskeletal stiff-
ness, magnetic twisting cytometry (MTC), and observed that
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WDR5 and Hottip/HOTTIP are required for TWIST1-mediated expression of HOXA9 and induction of prometastatic cellular phenotypes. A, Wdr5 shRNA knockdown
in Myc-CaP-TWIST1 cells reduced Hoxa9 expression as shown by gPCR. Myc-CaP-TWIST1 cells with stable knockdown of Wdr5 showed decreased migration
(B) and invasion (C) through Matrigel compared with scrambled shRNA control. D, WDR5 knockout by TALEN in PC3-TWIST]1 cells decreased HOXA9 expression.
PC3-TWIST1 WDR5 knockout cells had decreased cell migration (E) and invasion (F) through Matrigel cells compared with scrambled shRNA control. Knockdown
of Hottip/HOTTIP by siRNA in Myc-CaP-TWIST1 (G) or PC3-TWIST1 cells (J), respectively, led to decreased Hoxa9/HOXA9 mRNA. Hottip (H) or HOTTIP
knockdown (K) led to decreased cell migration and invasion through Matrigel in Myc-CaP-TWIST1 and PC3-TWIST1 cells, respectively, compared to scrambled
control (I and L). All were n > 3; Mann-Whitney t test, *, P < 0.05; **, P < 0.01; ***, P < 0.001; £SEM.
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shRNA knockdown of Wdr5 decreased TWIST1-induced cellular
stiffness (Supplementary Fig. S7F). We did not observe
increased anchorage-independent growth as assayed by soft-
agar clonogenicity (Supplementary Fig. S7C) upon shRNA
knockdown of Wdr5 in Myc-CaP-TWIST1 cells. Transcription
activator-like effector nuclease (TALEN)-mediated knockout of
WDR5 in PC3-TWIST1 cells (Supplementary Fig. S7G) led to a
decreased HOXA9 expression (Fig. 5D). In addition, loss of
WDR5 resulted in decreased migration potential (Fig. 5E;
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Supplementary Fig. S7H), invasiveness (Fig. 5F), and resistance
to radiation (Supplementary Fig. S7]), but not in soft-agar
clonogenicity (Supplementary Fig. S7I) or anoikis resistance
(Supplementary Fig. S7K).

In parallel with our results from WDR5 knockdown/knock-
out, siRNA-mediated knockdown of Hottip (Supplementary Fig.
S8A), and HOTTIP (Supplementary Fig. S8E) in TWIST1-over-
expressing Myc-CaP and PC3 cells, respectively, resulted in
decreased expression of Hoxa9/HOXA9 (Fig. 5G and J).
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Furthermore, knockdown of Hottip/HOTTIP in Myc-CaP and
PC3 cells overexpressing TWIST1, also led to a decrease in
migration potential (Fig. 5H and K; and Supplementary Fig.
S8B, and S8F) and invasiveness (Fig. 5I and L) but not to an
increase in MTC-determined cell stiffness (Supplementary Fig.
S8C and S8G) or anoikis resistance (Supplementary Fig. S8D
and S8H). All together, these results showed that members of
the MLL/COMPASS-like complex, WDR5 and Hottip/HOTTIP,
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are partially required for HOXA9 expression downstream of
TWIST1 and the consequent induction of several prometastatic
cellular behaviors.

Expression of TWIST1 alters chromatin methylation at the
Hoxa9/HOXA9 promoter region

TWIST1 and WDR5 bound directly to the Hoxa9/HOXA9
promoter as shown by chromatin immunoprecipitation (ChIP)
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using anti-TWIST1 and anti-WDR5 antibodies coupled with
qPCR (ChIP-qPCR) in Myc-CaP and PC3 cells overexpressing
TWIST1. Primers flanked E-box sequences, putative TWIST1-
binding sites, in the mouse Hoxa9 (Fig. 6A) as well as the
human HOXA9 promoter region (Fig. 6B). Enrichment of
DNA fragments bound by TWIST1 in Myc-CaP and PC3 cells
overexpressing TWIST1 are mapped to the Hoxa9/HOXA9 pro-
moter region as shown in Fig. 6A and B and Supplementary Fig.
S9B. WDR5 ChIP showed that WDR5 bound to the same
regions of the Hoxa9/HOXA9 promoter in Myc-CaP and PC3
cells stably overexpressing TWIST1 (Supplementary Fig. S9A
and S9C).

TWIST1 and WDR5 bound together in a complex at the
Hoxa9/HOXA9 promoter as shown by primary ChIP followed
by secondary immunoprecipitation (re-ChIP) on TWIST1-over-
expressing Myc-CaP and PC3 cells. In the ChIP re-ChIP tech-
nique, the soluble chromatin fractions derived from cross-
linking are divided into two aliquots. The first aliquot was
immunoprecipitated with anti-TWIST1 antibody, washed, and
the bound antibody-DNA complex was immunoprecipitated
with anti-WDRS5 antibody (TWIST1> WDR5). The second ali-
quot was treated identically, except that it was first precipitated
with anti-WDR5 antibody followed by re-ChIP with anti-
TWIST1 antibody (WDR5>TWIST1). The precipitated DNA was
then amplified using primers flanking E-boxes in the mouse
Hoxa9 and human HOXA9 promoter regions, respectively, as
described above. The ChIP re-ChIP experiments showed enrich-
ment of sequences in the Hoxa9/HOXA9 promoter bound by
endogenous WDR5 with TWIST1 immunoprecipitates and of
TWIST1 bound to WDRS precipitates in both Myc-CaP and PC3
cells (Fig. 6C and D). This binding was specific as re-ChIP
experiments using a nonspecific antibody control did not
immunoprecipitate TWIST1 and WDR5 at the same sites on
the Hoxa9/HOXA9 promoter in prostate cancer cells overex-
pressing TWIST1.

We next investigated the mechanism by which the TWIST1-
WDR5 complex activated Hoxa9/HOXA9 expression. We found
that the epigenetic activation marker, H3K4me3, was enriched
in the E-box regions of the Hoxa9/HOXA9 promoter in Myc-
CaP and PC3 cells overexpressing TWIST1 by H3K4me3 ChIP
(Fig. 6E and G). Interestingly, we also saw enrichment of the
repressive histone modification, trimethylation of lysine 27 of
histone 3 (H3K27me3), in the Hoxa9/HOXA9 promoter region
of TWIST1 stably overexpressing Myc-CaP and PC3 cells (Fig.
6F and H). When we used shRNA-mediated knockdown of
Wdr5 or TALEN-mediated knockout of WDR5, we observed
abrogated enrichment of the H3K4me3 activation marker in
TWIST1-overexpressing Myc-CaP and PC3 cells at the Hoxa9/
HOXA9 promoter region (Fig. 61 and K). We did not, however,
observe abrogated enrichment of the repressive H3K27me3
marker in the Hoxa9/HOXA9 promoter region in these same
cells with reduced or absent WDR5 (Fig. 6] and L). These results
showed that TWIST1 binding to the Hoxa9/HOXA9 promoter
led to increased H3K4 and H3K27 trimethylation and that
WDR5 was required for TWIST1-induced H3K4me3 (activa-
tion) but not H3K27me3 (repression) modification of the
Hoxa9/HOXA9 promoter region. In summary, our data indi-
cated that TWIST1 and WDR5 bind as a complex to the E-box
consensus sequences of the Hoxa9/HOXA9 promoter and pro-
moted HOXA9 expression that was associated with enrichment
of bivalent H3 chromatin markers.
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Chemical inhibition of HOXA9 activity mitigates the
prometastatic effects of TWIST1 expression

To determine whether this TWIST1-HOXA9 axis could be a
potential clinical target, we investigated whether chemical inhi-
bition of HOXA9 or its downstream effectors would decrease the
intensity of these prometastatic cellular phenotypes. The effects of
two chemical inhibitors of HOXA9 activity were tested. UNC0646
is a small-molecule inhibitor of the methyltransferase G9a that
has been shown to inhibit HOXA9 activity in leukemia cells (39),
and HXR9 is a peptide inhibitor of HOXA9 that interferes with the
interaction of HOXA9 with its cofactor PBX and has been shown
to retard the growth of human meningioma (40).

ICsq values for each inhibitor were determined for several cell
lines including those stably overexpressing TWIST1 (Supplemen-
tary Fig. S10), but, in general, we did not see an effect of either
agent on cell viability. Treatment of Myc-CaP-TWIST1 and PC3-
TWIST1 cells with 250 pmol/L UNC0646 led to decreased migra-
tion (Supplementary Fig. S11A and S11C) and invasion (Sup-
plementary Fig. S11B and S11D) compared with vehicle control.
Similarly, treatment of Myc-CaP and PC3 cells stably overexpres-
sing TWIST1 with 10 nmol/L HXR9 led to decreased migration
(Fig. 7A and B) and invasion (Fig. 7C and D) compared with a
scrambled peptide control CXR9. Importantly, these inhibitory
effects of UNC0646 and HXR9 were only observed in Myc-CaP
and PC3 cells overexpressing TWIST1 and not in isogenic vector
control cell lines. These contrasting effects on vector control versus
TWIST1-overexpressing cells suggested that HOXA9 inhibition is
very specific for TWIST1 overexpression.

To investigate the functional consequences of HOXA9 inhibi-
tion in TWIST1-overexpressing cells in vivo, we injected Myc-CaP
cells incubated with HXR9 or the control peptide, CXR9 into the
tail veins of athymic nude mice. We have previously shown that
TWIST1 overexpression significantly increased the ability of tail
vein-injected Myc-CaP cells to colonize the lungs and form
macroscopic metastases as well as extrathoracic metastases in
distant subcutaneous tissues, abdominal organs, and distant
lymph nodes (6). Thus, TWIST1 allows cells injected into the
venous circulation to not only colonize the lungs, but also
undergo the full metastatic pathway to produce extrathoracic
metastases. We found that TWIST1-overexpressing Myc-CaP cells
lost the potential to form macroscopic lung tumors in vivo when
treated with HXR9 (7/19 mice) as compared with control peptide,
CXR0, treated cells (15/20 mice; Fig. 7E, P = 0.018 by Fisher exact
one-sided test). This trend was also observed with the extrathor-
acic metastases when Myc-CaP-TWIST1 cells were treated with
HXR9 (2/19 mice) as compared with control CXR9 (8/20 mice)
treated cells (Fig. 7F, P = 0.04 by Fisher exact one-sided test).
These results showed that HOXA9 promoted TWIST1-induced
metastasis of prostate cancer cells in vivo and that pharmacologic
HOXA9 inhibition could be a strategy to target TWIST1-induced
prostate cancer metastasis.

Discussion

Prostate cancer coopts embryonic developmental programs
especially during neoplastic transformation and metastasis as
indicated by a significant overlap in differentially expressed genes
during prostate development and prostate cancer progression
(41). In this study, we show that HOXA9 expression correlates
with TWIST1 expression during mouse prostate development.
This expression was silenced postnatally in mice; however,
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coexpression of TWIST1 and HOXA9 in mouse and human
prostate cancer suggests that this developmental mechanism is
reactivated during prostate cancer progression. Extending our
previous study, which showed that TWIST1 can upregulate
HOXA9 expression and that HOXA9 was partially required for
TWIST1-mediated EMT phenotypes (6), here we demonstrate that
HOXA9 is sufficient for the induction of prometastatic pheno-
types alone in prostate cancer cells. Importantly, we show that
chemical inhibition of HOXA9 mitigates TWIST1 induction of
these prometastatic cellular phenotypes in vitro and metastasis in
vivo implicating HOXA9 as a potential therapeutic target in
aggressive and metastatic prostate cancers.

We identify a novel role for TWIST1 in epigenetic regulation
of the Hoxa9/HOXA9 locus via interaction with at least two
members of the COMPASS-like complex, WDR5 and Hottip/
HOTTIP (Fig. 7G). In corroboration with a previous study from
another group (37), we show that TWIST1 binds to WDR5, an
invariant component of the COMPASS-like complexes. Impor-
tantly, we demonstrated the novel finding that TWIST1 also
binds to the IncRNA Hottip/ HOTTIP that recruits and directs the
COMPASS-like complex to the Hox/HOX cluster (24). Further-
more, both WDR5 and Hottip/ HOTTIP are required to observe
the full potential of TWIST1-induced HOXA9 expression and
acquisition of prometastatic properties in prostate cancer cells.
Overexpression of HOTTIP and subsequent HOX gene expres-
sion has been associated with poor prognosis and increased
aggressiveness in other cancers (42-44). The common over-
expression of the WDR5-HOTTIP complex across multiple
types of cancer suggests that it is a key pathway in cancer
progression and targeting this pathway successfully may have
the potential to benefit many cancer patients. Our new findings
also extend the catalog of protein targets for aggressive TWIST1
and MLL/COMPASS-driven prostate cancer to include HOXA9.
TWIST1 and HOXA9 were important for metastatic phenotypes
in both AR-dependent and AR-independent models, suggesting
that this TWIST1-COMPASS-like-HOXA9 axis can function
independently of the AR axis.

TWIST1 as a transcription factor directly activates and represses
the transcription of target genes, but there is evidence to suggest
that TWIST1 also has broad epigenetic effects. TWIST1 can interact
with SET8, leading to H4K20 monomethylation and target gene
expression (45). TWIST1 led to a 2-fold genome-wide increase in
the number of TWIST1 target genes with bivalent chromatin
configurations (36) rendering gene promoters poised for activa-
tion (46) and facilitating increased cellular plasticity that is
characteristic of EMT (36). Herein, we have uncovered a mech-
anistic role for TWIST1 in directly targeting the COMPASS-like
HMT complex to the Hoxa9/HOXA9 promoter, resulting in alter-
ation of chromatin methylation patterns in prostate cancer cells.
Overexpression of TWIST1 led to an increase in both H3K4 and
H3K27 trimethlyation at the Hoxa9/HOXA9 promoter region,
consistent with a bivalent chromatin configuration. Intriguingly,
knockdown of WDRS5 in the presence of TWIST1 abrogates the
increase in H3K4 trimethylation, but not H3K27 trimethylation.
These observations are consistent with TWIST1 cooperating with
WDR5 and the whole COMPASS-like complex to increase H3K4
trimethylation at the Hoxa9/HOXA9 promoter region and thereby
upregulate Hoxa9/HOXA9 expression. However, the presence of
concurrent increased H3K27 trimethylation indicates the possible
presence of additional chromatin-regulatory mechanisms inter-
acting with TWIST1, such as the Polycomb-repressive complexes.
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In conclusion, this study demonstrates a novel mechanisticrole
of TWIST1 in promoting prostate cancer aggressiveness not only
by direct transcriptional activation of Hoxa9/HOXA9 but also by
epigenetic reprogramming of the Hoxa9/HOXA9 locus. In addi-
tion to its documented functions as a direct transcriptional
activator and repressor, TWIST1 cooperates with the COM-
PASS-like HMT complex to directly increase H3K4me3 in the
promoter region of Hoxa9/HOXA9. TWIST1 and HOXA9 appear
to direct an embryonic developmental program for prostate
organogenesis that is reactivated during prostate cancer metasta-
sis. Importantly, therapeutic targeting of HOXA9 is sufficient to
abrogate TWIST1-induced prostate cancer metastasis. Our find-
ings are consistent with the concept that targeting epithelial
plasticity programs in advanced prostate cancer is an area that
should be studied more preclinically (47) with an eye toward
future clinical translation.
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