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lncRNA HOXD-AS1 Regulates Proliferation
and Chemo-Resistance of Castration-Resistant
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Castration-resistant prostate cancer (CRPC) that occurs after
the failure of androgen deprivation therapy is the leading cause
of deaths in prostate cancer patients. Thus, there is an obvious
and urgent need to fully understand the mechanism of CRPC
and discover novel therapeutic targets. Long noncoding
RNAs (lncRNAs) are crucial regulators in many human can-
cers, yet their potential roles and molecular mechanisms in
CRPC are poorly understood. In this study, we discovered
that an lncRNA HOXD-AS1 is highly expressed in CRPC cells
and correlated closely with Gleason score, T stage, lymph nodes
metastasis, and progression-free survival. Knockdown of
HOXD-AS1 inhibited the proliferation and chemo-resistance
of CRPC cells in vitro and in vivo. Furthermore, we identified
several cell cycle, chemo-resistance, and castration-resistance-
related genes, including PLK1, AURKA, CDC25C, FOXM1,
and UBE2C, that were activated transcriptionally by HOXD-
AS1. Further investigation revealed that HOXD-AS1 recruited
WDR5 to directly regulate the expression of target genes by
mediating histone H3 lysine 4 tri-methylation (H3K4me3).
In conclusion, our findings indicate that HOXD-AS1 promotes
proliferation, castration resistance, and chemo-resistance in
prostate cancer by recruiting WDR5. This sheds a new insight
into the regulation of CRPC by lncRNA and provides a poten-
tial approach for the treatment of CRPC.
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INTRODUCTION
Prostate cancer (PCa) is the most frequently diagnosed malignancy
and the second leading cause of male cancer-related death in the
United States.1 Androgen deprivation therapy (ADT) is the first-line
treatment for patients with advanced PCa. Despite initial remission,
nearly all patients inevitably progress to castration-resistant PCa
(CRPC).2,3 Paclitaxel-based chemotherapy or other systemic therapy
is proven to decrease prostate-specific antigen (PSA) levels and palliate
symptoms; however, the survival benefit is limited.4 Accumulating
evidence suggests that persistent androgen receptor (AR) pathway
signaling activation, alternative growth pathway activation (such as
phosphatidylinositol 3-kinase [PI3K]/Akt/mTOR pathway), aberrant
expression of anti-apoptotic proteins, and deregulation of cell-cycle-
related genes are involved in the development of CRPC.5,6 However,
many of the key elements in the transition from androgen-dependent
(AD) to androgen-independent (AI) cancer remain poorly under-
stood. Identification of genes involved in this transition might allow
the identification of novel therapeutic strategies for CRPC.

Long noncoding RNAs (lncRNAs) are RNAmolecules that are longer
than 200 nt but lack protein coding potential.7 Emerging evidence has
revealed that lncRNAs play key roles in physiological and patholog-
ical processes, including embryonic development, organ formation,
and tumorigenesis.7–9 Aberrant expression of lncRNAs has been
observed in many types of cancers and may play important roles in
regulating proliferation, chemo-resistance, and metastasis of cancer
cells.10–12 Transcriptome sequencing and microarray analysis of clin-
ical samples have discovered that numerous lncRNAs are deregulated
in PCa,13 some of which are involved in the initiation and progression
of PCa by acting as oncogenes or tumor suppressors. For example,
lncRNA SChLAP1 is overexpressed in PCa and promotes PCa aggres-
siveness by antagonizing the SWI/SNF chromatin modification com-
plex.14 A recent report has found that the lncRNAHOTAIR promotes
AR signaling in an androgen-independent manner.15 To date, how-
ever, the roles of lncRNAs in CRPC remain largely unexplored.
Thus, an improved understanding of lncRNAs in CRPC could help
to develop better therapeutic strategies.

LncRNA HOXD-AS1, also known as HAGLR, is an evolutionary
conserved non-protein coding transcript encoded by the HOXD
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gene cluster. HOXD-AS1 is upregulated upon retinoid acid stimula-
tion and might control the expression of angiogenesis and inflamma-
tion-associated genes in neuroblastoma.16 HOXD-AS1 overexpres-
sion is also noted in bladder cancer tissue and cell lines, correlated
with histological grade and TNM stage. Knockdown of HOXD-AS1
inhibits bladder cancer cell proliferation and migration in vitro.17

However, the function and mechanism of HOXD-AS1 in PCa remain
unknown.

Current studies have shown that many lncRNAs bind to chromatin
remodeling complexes, such as polycomb repressive complexes
(PRCs) and mixed-lineage leukemia 1 (MLL1) to modulate down-
stream gene expression, serving as scaffolds of the histone modifica-
tion complex.18 The WD repeat domain 5 (WDR5), a key subunit of
MLL1, has been proven to associate with numerous lncRNAs to pre-
serve the activation of chromatin.19 Furthermore, WDR5 is involved
in multiple stages of tumorgenesis.20 WDR5 promotes proliferation,
chemo-resistance, and self-renewal in bladder cancer cells by medi-
ating H3K4 tri-methylation.20 More importantly, WDR5 is overex-
pressed in PCa tissue and enhances PCa cells androgen signaling by
affecting phosphorylation and methylation on H3, thus maintaining
an active chromatin state of androgen-responsive genes; however, the
mechanism of howWDR5 is recruited to the target genes remains un-
clear.21 Thus, it would be interesting to investigate whether lncRNAs
recruit WDR5 to exert its effects in PCa.

To address this, we used a microarray and database analysis to iden-
tify a castration-resistant-related lncRNA termed HOXD-AS1. We
also investigated the function and mechanism of HOXD-AS1 in
PCa cells. Our findings strongly suggest that HOXD-AS1 participates
in PCa progression and is amulti-functional and promising therapeu-
tic target.

RESULTS
HOXD-AS1 Is Identified as a CRPC-Related lncRNA

To study the aberrantly expressed lncRNAs in CRPC cells, we first
constructed two LNCaP castration-resistant sublines that are
considered to best simulate the clinical progression of CRPC.22,23

First, we generated LNCaP-Bic by continuously exposing cells
to bicalutamide for more than 12 months. Second, LNCaP-AI
was established by sustained passaging in cultural medium supplied
with androgen-deprived serum (Figure S1A). The LNCaP-Bic
and LNCaP-AI cells were resistant to bicalutamide and could pro-
liferate persistently under androgen ablation conditions (Figure S1B
and S1C). Consistent with previous studies,22–24 the mRNA and
protein expression of AR, c-Myc, and bcl-2, and the mRNA expres-
sion of AR-V7 were significantly upregulated, whereas PSA was
downregulated in LNCaP-Bic and LNCaP-AI cells (Figure S1D
and S1E).

Next, we performed microarray analysis to identify differentially
expressed lncRNAs in the transition from androgen-dependent
to androgen-independent PCa cells. We identified 476 upregulated
lncRNAs and 439 downregulated lncRNAs in CRPC cell lines
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LNCaP-Bic and LNCaP-AI compared with the parental LNCaP cells
(Figure 1A). Furthermore, we used real-time qPCR to validate the
findings in our microarray data. Initially, we focused on upregulated
and downregulated lncRNAs with >5-fold changes (Figure 1B).
Interestingly, we found that certain lncRNAs that were reported
to play a role in PCa (NEAT1, GAS5, and MEG3) were upregulated
or downregulated.25–27 Additionally, we observed that the expres-
sion of HOXD-AS1 increased gradually with prolonged androgen
ablation (Figure 1C), and HOXD-AS1 was also overexpressed in
androgen-independent PC-3 cells compared with LNCaP cells
(Figure S1F). To identify the key lncRNA that modulates CRPC,
we analyzed D’Antonio et al.’s datasets28 and found that HOXD-
AS1 expression increased in LNCaP cells in a time course of
androgen ablation (Figure 1D). Similarly, the HOXD-AS1 level
also increased significantly in surgical castrated mice PCa xenografts
compared with normal mice29 (Figure 1E). Moreover, overexpres-
sion of HOXD-AS1 was identified in metastatic PCa specimens
compared with localized tumors in PCa patients30 (Figure 1F).
Collectively, these data suggest that HOXD-AS1 might be a pivotal
regulator in CRPC.

HOXD-AS1 Associates with PCa Clinical Characteristics and

Predicts Disease Prognosis

To investigate whether HOXD-AS1 was involved in clinical PCa
progression, we analyzed a large-scale RNA-sequencing (RNA-seq)
dataset and the corresponding clinical information from The Cancer
Genome Atlas (TCGA) and The Atlas of Noncoding RNAs in Cancer
(TANRIC).31,32 A total of 374 PCa profiles were included. We found
that the expression level of HOXD-AS1 did not change significantly
between benign tissues and PCa tissues (Figure S2). However, the
HOXD-AS1 level was significantly higher in patients with a Gleason
score of 7(4+3)–10 compared with 6–7(3+4), in T3-4 tumors
compared with T2 tumors, and tumors with positive lymph node
metastasis (Figures 1G–1I). We also found that the expression of
HOXD-AS1 was correlated with Gleason score, T stage, and lymph
node status (Table 1).

Next, Kaplan-Meier survival analysis of 309 cases of TCGA PCa
patients showed significantly reduced progression-free survival in
PCa patients with increased HOXD-AS1 expression, as compared
with patients with low HOXD-AS1 expression (p = 0.034; Figure 1J).
To further evaluate the prognostic factors associated with progres-
sion-free survival in the 309 cases of TCGA PCa patients, we first car-
ried out univariate analysis using age, tumor stage, Gleason score,
lymph node status, and HOXD-AS1 expression as parameters.
HOXD-AS1 expression and tumor stage were associated significantly
with progression-free survival (p = 0.014 and 0.023, respectively;
Table 2). Furthermore, the variables associated with survival by uni-
variate analyses were adopted as covariates in the multivariate ana-
lyses, which revealed that high HOXD-AS1 expression in addition
to tumor stage was an independent predictor of shorter progres-
sion-free survival (p = 0.005 and 0.009, respectively; Table 2). These
findings clearly demonstrate the potential of HOXD-AS1 as a marker
of poor prognosis in PCa.



Figure 1. HOXD-AS1 Is Identified as a Castration-

Resistant Prostate-Cancer-Related lncRNA,

Associates with Prostate Cancer Clinical

Characteristics, and Predicts Disease Prognosis

(A) The differentially expressed lncRNAs in LNCaP versus

LNCaP-Bic and LNCaP-AI were detected using a micro-

array. (B) The results from microarray analysis were vali-

dated by real-time qPCR. The results are presented as the

means ± SD of values obtained in three independent

experiments. (C) The expression of HOXD-AS1 in LNCaP

cells treated with either bicalutamide or androgen ablation

at different points in time was detected by real-time qPCR.

The results are presented as the means ± SD of values

obtained in three independent experiments. (D) GEO

analysis of HOXD-AS1 expression in LNCaP cells under

androgen ablation. The whiskers indicate means ± SD

in the plots. (E) GEO analysis of HOXD-AS1 expression

in castrated mice xenografts. The whiskers indicate

median ± quartile in the plots. (F) GEO analysis of HOXD-

AS1 expression in metastatic PCa versus localized PCa.

The whiskers indicate medians ± quartile in the plots. (G)

The expression of HOXD-AS1 in Gleason score 6–7(3+4)

versus Gleason score 7(4+3)–10 PCa from TCGA data-

base. The whiskers indicate means ± SD in the plots. (H)

The expression of HOXD-AS1 in T2 versus T3-4 PCa.

The whiskers indicate means ± SD in the plots. (I) The

expression of HOXD-AS1 in N0 versus N1 PCa. The

whiskers indicate means ± SD in the plots. (J) The pro-

gression-free survival rates of the 309 PCa patients were

compared in the HOXD-AS1-low and HOXD-AS1-high

groups. �1.8 was used as cutoff value in the survival

analysis. The total number of patients was 374, 368, and

316 in each TCGA analysis, respectively. Patients with

unavailable profiles were excluded before each analysis.

See also Figure S2. *p < 0.05; **p < 0.01.
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Knockdown of HOXD-AS1 Inhibits PCa Cell Proliferation by

Inducing G2/M Cell Cycle Arrest

To further examine the functions of HOXD-AS1 in PCa progression,
we knocked down HOXD-AS1 expression in PCa cells using two
small interfering RNAs (siRNAs). Real-time qPCR showed that
HOXD-AS1 was remarkably downregulated in LNCaP, LNCaP-Bic,
LNCaP-AI, and PC-3 cells transfected with the HOXD-AS1 siRNAs
compared with those transfected with the control siRNA (Figure 2A).
HOXD-AS1 depletion not only decreased proliferation of LNCaP
and PC-3 cells in normal medium (Figure 2B), but also inhibited
the growth of androgen-sensitive LNCaP and castration-resistant
Mole
LNCaP-Bic and LNCaP-AI cells in androgen ab-
lated cultural medium (Figure 2C). Consistent
with the cell growth data, HOXD-AS1 knock-
down cells formed significantly fewer and
smaller colonies compared with the control cells
(Figure 2D).

Next, we performed flow cytometry assays to
determine whether HOXD-AS1 was involved in
the cell cycle regulation. Interestingly, HOXD-AS1 silencing increased
the cell population in the G2/M phase dramatically and reduced the
cell population in the G0/G1 phase in LNCaP, LNCaP-Bic, LNCaP-
AI, and PC-3 cells (Figure 2E; Figure S3). To further determine the
effect of HOXD-AS1 on the G2/M phase of PCa cells, we used phos-
pho-histone H3 as a marker of mitosis. Interestingly, HOXD-AS1
knockdown significantly decreased the proportion of mitotic cells
compared with the control group (Figure 2F). Moreover, treatment
with nocodazole, which synchronized PCa cells at M-phase, further
confirmed a decreased proportion of mitotic cells after HOXD-AS1
silencing (Figure S4). Collectively, our data indicate that knockdown
cular Therapy Vol. 25 No 8 August 2017 1961
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Table 1. Association between HOXD-AS1 Expression and the

Clinicopathological Features of TCGA Prostate Cancer Patients, n = 374

Characteristics Cases, n (%) c2 p Value

HOXD-AS1 expression Low High

Age, year (n = 368) 0.596 0.44

%60 58 (16) 105 (29)

>60 81 (22) 124 (33)

Gleason score (n = 374) 7.285 0.007a

6–7 (3+4) 76 (20) 91 (24)

7 (4+3)–10 66 (18) 141 (38)

Tumor stage (n = 368) 6.367 0.013a

T2 72 (20) 89 (24)

T3-4 66 (18) 141 (38)

Lymph nodes status (n = 316) 4.419 0.036a

Negative 102 (32) 168 (54)

Positive 10 (3) 36 (11)

ap < 0.05 was considered significant. Patients with no available clinical data were
excluded from analysis with respect to the comparison of HOXD-AS1 expression.
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of HOXD-AS1 inhibits PCa cell proliferation by inducing G2/M cell
cycle arrest, predominantly by blocking entry into mitosis.

Downregulation of HOXD-AS1Represses CastrationResistance

and Chemo-Resistance of PCa Cells

Bicalutamide is one of the most widely used ADT drugs in PCa. How-
ever, androgen-sensitive PCa eventually progresses into CRPC and no
longer responds to bicalutamide. We explored whether HOXD-AS1
regulated the resistance to bicalutamide in PCa cells using the methyl
thiazolyl tetrazolium (MTT) assay. Interestingly, HOXD-AS1 deple-
tion sensitized LNCaP, LNCaP-Bic, and LNCaP-AI to bicalutamide
treatment and produced a lower bicalutamide half inhibition concen-
tration (IC50) compared with that of the control cells (Figures 3A and
3B; Figure S5A), indicating that HOXD-AS1 contributes to the castra-
tion resistance of PCa.

Chemo-resistance to paclitaxel in PCa is correlated closely with
disease progression and prognosis.33 Therefore, we investigated the
role of HOXD-AS1 in chemo-resistance via MTT assays, flow cytom-
etry, and western blotting. As shown in Figures 3C and 3D and
Figure S5B, HOXD-AS1 knockdown diminished the resistance to
paclitaxel and decreased the paclitaxel IC50 in LNCaP, LNCaP-Bic,
LNCaP-AI, and PC-3 cells. We then quantified apoptosis by staining
cells with Annexin V and propidium iodide (PI). HOXD-AS1 knock-
down alone induced moderate levels of apoptosis, whereas the per-
centage of apoptotic cells increased significantly under paclitaxel
treatment in LNCaP, LNCaP-Bic, LNCaP-AI, and PC-3 cells (Fig-
ure 3E and 3F; Figure S5C). Furthermore, we detected the apoptosis
markers, such as cleaved PARP and caspase levels in LNCaP and
PC-3 cells. Cells transfected with HOXD-AS1 siRNAs displayed an
increased protein expression of cleaved PARP and cleaved caspase-3,
-7, and -9 under paclitaxel treatment (Figure 3G). These data
1962 Molecular Therapy Vol. 25 No 8 August 2017
described above suggest that HOXD-AS1 plays a critical role in
castration resistance and chemo-resistance of PCa.

Repression of HOXD-AS1 Suppresses Tumorigenicity and

Chemo-Resistance of PCa In Vivo

To further evaluate the effects of HOXD-AS1 on PCa cell tumorigen-
esis and chemo-resistance in vivo, we generated HOXD-AS1 stable
knockdown PC-3 cells by lentivirus (Figure 4A). HOXD-AS1 knock-
down PC-3 cells or control cells were then injected subcutaneously
into BALB/c male nude mice. One week after tumor cells inoculation,
the nude mice bearing PC-3-sh-Control or PC-3-sh-HOXD-AS1 xe-
nografts were selected randomly for treatment with paclitaxel or PBS
as reported previously.34,35 Tumor growth in the HOXD-AS1 knock-
down group was suppressed prominently compared with the control
group (Figures 4B–4D). The weight of tumors from the HOXD-AS1
knockdown group was significantly lower than those of the control
group (Figure 4C). Interestingly, the gap between the HOXD-AS1
knockdown and control groups was much more significant in the
group treated with paclitaxel, as compared with the group given PBS
(Figures 4B–4D). Moreover, the tumors derived from the HOXD-
AS1 knockdown group exhibited lower expression of proliferation
marker Ki67 and higher proportion of terminal deoxynucleotidyl
transferase (TdT) dUTP nick-end labeling (TUNEL)-positive cells
than the control group, and was especially significant under paclitaxel
treatment (Figures 4E and 4F). These results indicate that HOXD-AS1
depletion inhibits PCa cell growth and chemo-resistance in vivo.

The Target Genes of HOXD-AS1 Are Identified in PCa Cells

The subcellular localization of lncRNA is associated closely with its
biological function. We conducted cellular fractionation assays and
found that HOXD-AS1 was enriched in the nuclear fraction in LNCaP
and PC3 cells (Figure 5A). Similarly, RNA fluorescence in situ hybrid-
ization (RNA-FISH) in PC-3 cells further confirmed that HOXD-AS1
was distributedmainly in the nucleus (Figure 5B). LncRNAs located in
the nucleus are usually associated with transcriptional regulation.8,10

To investigate the mechanism of HOXD-AS1 in PCa, we performed
a microarray analysis to identify the target genes of HOXD-AS1 in
LNCaP cells. Interestingly, in agreement with our functional assays,
we found that several genes involved in the cell cycle, chemo-resis-
tance, and castration resistance changed significantly. Fifty-two upre-
gulated genes and 47 downregulated genes were found in the HOXD-
AS1 knockdown groups comparedwith the control group (Figure 5C).
Gene ontology (GO) analysis revealed that the genes regulated by
HOXD-AS1 were enriched in mitotic nuclear division, cell division,
DNA replication transcription, and DNA repair (Figure 5D). We
then validated the expression of these genes in LNCaP, LNCaP-Bic,
LNCaP-AI, and PC-3 cells transfected with control or HOXD-AS1
siRNA by real-time qPCR. The mRNA expression of PKL1, AURKA,
FOXM1, CDC25C, UBE2C, CCNA2, and CCNB1, which facilitate
mitosis,36,37 G2/M cell cycle transition,38 microtube stabilization,39

and AR signaling,40 were downregulated significantly. In contrast,
themRNAexpression ofATF3, CAMK2N1, and SESN1,which inhibit
the growth of cancer cells,41–43 were increased in HOXD-AS1 silenced
cells (Figures 5E and 5F; Figures S6A and S6B). Furthermore,



Table 2. Univariate and Multivariate Analyses of Factors Associated with Progression-Free Survival in 309 PCa Patients in TCGA

Variable

Univariate Multivariate

HRa 95% CI p Value HRa 95% CI p Value

Age, years (>60/%60) 0.912 0.496–1.677 0.768 NA

Gleason score [7(4+3)–10 / 6–7(3+4)] 0.853 0.624–1.167 0.321 NA

Tumor stage (T3-4/T2) 0.453 0.241–0.853 0.014b 0.399 0.211–0.754 0.005b

Nodal metastasis (N1/N0) 0.809 0.528–1.241 0.331 NA

HOXD-AS1 (high/low) 2.453 1.131–5.318 0.023b 2.827 1.297–6.161 0.009b

Univariate and multivariate analyses were performed. Cox proportional hazards regression model was used. Variables associated with survival by univariate analyses were adopted as
covariates in multivariate analyses.
aHR > 1, risk for death increased; HR < 1, risk for death reduced.
bSignificant p values.
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consistent with their mRNA level, we found that the protein expres-
sion of PKL1, AURKA, FOXM1, CDC25C, UBE2C, CCNA2, and
CCNB1 were repressed significantly upon HOXD-AS1 knockdown
(Figure 5G). Collectively, these data suggest thatHOXD-AS1 regulates
PCa bymodulating the expression of a series of cell cycle, chemo-resis-
tance, and castration-resistance-related genes.

HOXD-AS1 Binds to WDR5 and Activates Gene Expression by

Mediating H3 Lysine 4 Tri-methylation at the Promoter Region of

Target Genes

A recent study of RNA immunoprecipitation-sequencing (RIP-seq)
analysis has suggested that many lncRNAs bind to WDR5, which is
essential for WDR5 to “turn on” genetic transcription.19 Considering
that HOXD-AS1 is located mainly in the nucleus, and more genes
were downregulated than upregulated after HOXD-AS1 knockdown,
we conducted an RIP assay in PC-3 cells to investigate whether
HOXD-AS1 bound to WDR5. We found 13.5 times enrichment of
HOXD-AS1 and 16.2 times enrichment of lncRNA HOTTIP using
an anti-WDR5 antibody compared with using IgG (Figure 6A).
LncRNAHOTTIP is a provenWDR5-binding lncRNA.18 No obvious
enrichment was observed for the non-specific control U6. Further-
more, we also conducted a chromatin isolation by RNA purification
(ChIRP) experiment in PC-3 cells to provide direct evidence that
HOXD-AS1 associated with WDR5. Consistent with our RIP results,
we found that WDR5 protein was enriched by HOXD-AS1 probes,
but not the negative control LacZ probes, as detected by western blot-
ting (Figure 6B). These results indicate that HOXD-AS1 interacts
with the WDR5 protein.

Next, we explored whether WDR5 regulated the target genes
of HOXD-AS1. WDR5 siRNAs were transfected into LNCaP and
PC-3 cells, and real-time qPCR was conducted to examine the tran-
scriptional changes of PKL1, AURKA, FOXM1, CDC25C, UBE2C,
CCNA2, and CCNB1. The expression of these genes was inhibited
(Figure 6C), similarly to the HOXD-AS1-silenced PCa cells. More-
over, we inhibited the expression of HOXD-AS1 and WDR5 sepa-
rately or together in LNCaP and PC-3 cells. Western blotting showed
that the protein levels of PLK1, AURKA, CDC25C, and CCNB1
decreased significantly in the HOXD-AS1 and WDR5 combined
knockdown group compared with knockdown of either of them
alone. However, only a moderate decrease was observed for
FOXM1, UBE2C, and CCNA2. In addition, WDR5 silencing signifi-
cantly reduced the histone 3 lysine4 tri-methylation (Figure 6D). To
identify whether the biological function of HOXD-AS1 was depen-
dent on WDR5 in PCa cells, we overexpressed HOXD-AS1 and
then downregulated WDR5 in androgen-dependent LNCaP cells
(Figures S8A and S8B). Surprisingly, we found that enforced expres-
sion of HOXD-AS1 enhanced the proliferation, castration resistance,
and chemo-resistance in LNCaP cells, whereas knockdown of WDR5
abolished the effect of HOXD-AS1 (Figures S8C–S8G). Taken
together, these results suggest that HOXD-AS1 exerts its regulatory
function in a WDR5-dependent manner.

To provide direct evidence that HOXD-AS1 associated with the pro-
moter regions of its target genes, we performed a ChIRP experiment
and detected the enrichment of specific regulatory regions by real-
time qPCR.We observed obvious enrichment of the regulatory region
of PLK1, AURKA, CDC25C, FOXM1, UBE2C, CCNA2, and CCNB1
using HOXD-AS1 probes, but no enrichment of GAPDH, WNT1,
and BIRC5, as compared with LacZ probes. TERC and its down-
stream gene WNT-1 served as positive control for RNA and
DNA enrichment (Figures 6E and 6F). To further confirm that
HOXD-AS1 activated the transcription of target genes directly by
binding WDR5 and mediating histone H3 lysine 4 tri-methylation
(H3K4me3), we performed a chromatin immunoprecipitation
(ChIP) assay in control or HOXD-AS1 knockdown cells. HOXD-AS1
knockdown resulted in decreased location of WDR5, H3K4me3, and
RNA polymerase-II levels in the promoter regions of PKL1, AURKA,
FOXM1, CDC25C, UBE2C, CCNA2, and CCNB1, but not in the
negative control and BIRC5, suggesting that downregulation of these
genes was regulated directly by HOXD-AS1 (Figure 6G). Taken
together, these data indicate that HOXD-AS1 activates the transcrip-
tion of target genes directly in PCa by recruiting WDR5 to mediate
H3K4me3 at their promoter region.

DISCUSSION
In the current study, we demonstrated the function andmechanism of
HOXD-AS1 in CRPC.We used a microarray to identify dysfunctional
Molecular Therapy Vol. 25 No 8 August 2017 1963
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Figure 2. Knockdown of HOXD-AS1 Inhibits Prostate

Cancer Cell Proliferation by Inducing G2/M Cell

Cycle Arrest

(A) Efficiency of HOXD-AS1 knockdown in LNCaP,

LNCaP-Bic, LNCaP-AI, and PC-3 cells by two siRNAs was

verified by real-time qPCR. (B) Influence of HOXD-AS1

knockdown on viability of LNCaP and PC-3 cells in normal

cultural medium measured by the MTT assay. The results

are presented as the means ± SD of values obtained in

three independent experiments. (C) The effect of HOXD-

AS1 knockdown on LNCaP, LNCaP-Bic, and LNCaP-AI

cells in androgen-deprived cultural medium. The results

are presented as the means ± SD of values obtained in

three independent experiments. (D) Effect of HOXD-AS1

knockdown on colony formation was measured in LNCaP

and PC-3 cells. Scale bar, 600 mm. The histogram showed

the mean ± SD of colonies from three independent ex-

periments. (E) LNCaP and PC-3 cells were transfected

with HOXD-AS1 siRNAs or control siRNA for 48 hr, and the

cell cycles were analyzed by flow cytometry. (F) HOXD-

AS1 silencing LNCaP and PC-3 cells were incubated with

phospho-histone H3 antibody and analyzed by flow cy-

tometry. Percentages (%) of cell populations at different

stages of cell cycles are listed within the panels. All his-

tograms show the percentage (%) of cell populations from

three independent experiments. See also Figures S3 and

S4. *p < 0.05; **p < 0.01.
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lncRNAs in the transition from androgen-dependent to androgen-
independent PCa. The lncRNAs NEAT1, GAS5, and MEG3 were
upregulated or downregulated in our microarray. Overexpression of
lncRNANEAT1 is associatedwith PCaprogression and confers castra-
tion resistance in PCa cells.25 Meanwhile, lncRNA GAS5 and lncRNA
MEG3 are found downregulated in PCa tissue, suppressing prolifera-
1964 Molecular Therapy Vol. 25 No 8 August 2017
tion and inducing apoptosis in PCa cells.26,27

These findings confirmed the reliability of our
cell model andmicroarray analysis. Furthermore,
re-analysis of GEO datasets and 374 TCGA PCa
profiles provided solid evidence that HOXD-
AS1 is overexpressed in CRPC cell lines and
in vivo castration tumormodels. Clinical correla-
tion analysis revealed overexpression of HOXD-
AS1 correlated closely with higher Gleason score,
T stage, lymph node metastasis, and poor prog-
nosis in PCa patients. Similarly, HOXD-AS1 cor-
relates with tumor size, grade, and TNM stage in
bladder cancer.17 Taken together, HOXD-AS1 is
involved in the PCa progression, especially the
transition to a castration-defiant state.

LncRNAs participate in multiple biological pro-
cesses crucial for PCa development, including
proliferation,44 metastasis,45 and AR signaling.46

Here, we found that knockdown of HOXD-AS1
inhibited PCa cell proliferation in vitro and tu-
mor growth in vivo by inducing the G2 to M phase cell cycle arrest.
Consistent with our results, a recent study has found that knockdown
of HOXD-AS1 inhibits bladder cancer proliferation in vitro17; how-
ever, the in vivo function of HOXD-AS1 and the underlying mecha-
nism is not defined. Through a microarray analysis and real-time
qPCR we identified several cell cycle modulators that were regulated



Figure 3. Downregulation of HOXD-AS1 Represses

Castration Resistance and Chemo-Resistance of

Prostate Cancer Cells

(A) The viability of LNCaP and LNCaP-Bic cells transfected

with HOXD-AS1 siRNAs or control siRNA, treated with

bicalutamide for 120 hr and analyzed by MTT assay. (B)

Calculation of IC50 of bicalutamide in LNCaP, LNCaP-Bic,

and LNCaP-AI, four-parameter logistic curve (best-fit so-

lution, nonlinear regression dynamic fitting), and normality

tests are used (GraphPad Prism 5). (C) The viability of

LNCaP and PC-3 cells transfected with HOXD-AS1

siRNAs or control siRNA, treated with paclitaxel for 48 hr

and analyzed by MTT assay. (D) Calculation of IC50 of

paclitaxel in LNCaP, LNCaP-Bic, LNCaP-AI, and PC-3

cells. (E and F) The LNCaP (E) and PC-3 (F) cells trans-

fected with control or HOXD-AS1 siRNAs were treated

with 5 nM paclitaxel for 48 hr. The percentage of apoptotic

cells was analyzed by flow cytometer. The histogram

showed the percentage (%) of late and early apoptotic

cells from three independent experiments. (G) HOXD-

AS1-depleted LNCaP and PC-3 cells were treated with

either DMSO or 5 nM paclitaxel for 48 hr, and the

expression of cleaved PARP and cleaved caspase-3, -7,

and -9 were detected by western blotting. See also Fig-

ure S5. *p < 0.05; **p < 0.01.
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by HOXD-AS1, including PLK1, AURKA, FOXM1, CDC25C,
UBE2C, CCNA2, and CCNB1. These proteins are key regulators
involved in various steps in G2 and M phase, such as mitosis entry,38

spindle assembly,36,47 proper sister-chromatin segregation,36 and
mitosis progression.36–38,47,48 These results suggest that HOXD-AS1
regulates PCa cell cycle by modulating a series of G2 and M phase-
related genes.
Mole
Resistance to androgen deprivation is a conun-
drum in the clinical treatment of PCa. Persis-
tent androgen signaling accounts for the most
important mechanism in CRPC.5,6 In our study,
we found that the resistance to bicalutamide
was impaired significantly in PCa cells after
HOXD-AS1 depletion. Importantly, the target
genes of HOXD-AS1, PLK1, AURKA, and
UBE2C are also overexpressed in CRPC and
promote CRPC development.40,49–52 A recent
study has revealed that PLK1 provides growth
signaling for PCa cells under androgen depriva-
tion by activating the PI3K/AKT/mTOR
pathway.49 It has also been reported that
PLK1 promotes AR signaling by increasing
intra-tumoral androgen biosynthesis.40,49 More-
over, AURKA promotes neuroendocrine differ-
entiation of PCa (NEPC) cells,50,51 which leads
to therapeutic resistance and a more aggressive
phenotype of PCa.53 Mechanistically, AURKA
facilitates neuroendocrine differentiation via
stabilizing N-MYC and regulating the expres-
sion of the AR splicing variant AR-V7.51,54 The transcription of
UBE2C is selectively activated by AR and AR-V7 in CRPC,55,56

and UBE2C depletion inhibits the proliferation of CRPC cells.56

Overexpression of CDC25C is found in PCa and correlated with
disease progression.57 Knockdown of CHK2 sensitizes PCa cells to
androgen stimulation in a CDC25C-dependent manner.58 It has
been discovered that FOXM1 and CENPF drive PCa malignant
cular Therapy Vol. 25 No 8 August 2017 1965

http://www.moleculartherapy.org


Figure 4. Downregulation of HOXD-AS1 Suppresses

Tumorigenicity and Chemo-Resistance of Prostate

Cancer Cells In Vivo

(A) Construction of HOXD-AS1 stable knockdown PC-3

cells. The results are presented as the means ± SD of

values obtained in three independent experiments. (B) The

volume of tumors was measured every 3 days. The arrows

indicate the time of PBS or paclitaxel administration. The

results are presented as the means ± SD of values (n = 5).

(C) The weight of tumors was measured after the tumors

were surgically dissected. The results are presented as the

means ± SD of values (n = 5). (D) Images of surgically

dissected tumors of each group. (E) The expression of

Ki67 in the tumor was examined by IHC. (F) The apoptosis

in the tumor was detected by TUNEL assay. The scale

bars in IHC and TUNEL images represent 50 mm. The

histograms showed the score of IHC and proportion of

TUNEL-positive cells in each group. The percentage in the

histograms indicates the decreased or increased per-

centage in the PTX group compared with the PBS group.

*p < 0.05; **p < 0.01.
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progression by synergistically regulating the PI3K signaling.59 Taken
together, our results indicate that HOXD-AS1 promotes the castra-
tion resistance of PCa cells through regulating the expression of
PLK1, AURKA, CDC25C, and UBE2C.

Paclitaxel is the first-line drug inCRPC chemo-therapy, and resistance
to paclitaxel is closely associated with the aberrant expression of anti-
apoptotic proteins in PCa cells.60,61 In the current study, we discovered
1966 Molecular Therapy Vol. 25 No 8 August 2017
that knockdown of HOXD-AS1 sensitized PCa
cells to paclitaxel in vitro and in vivo. Similarly,
downregulation of HOXD-AS1 increases the
apoptosis of bladder cancer cells, but the detail
mechanism remains uncovered.17 In our study,
we identified several chemo-resistance-related
genes including PLK1, AURKA, CDC25C, and
FOXM1 that were activated by HOXD-AS1.
Recent studies have revealed that downre-
gulation of PLK1 and CDC25C enhances the
chemo-sensitivity of paclitaxel in PCa and breast
cancer.39,62,63 Moreover, AURKA overexpres-
sion confers resistance of paclitaxel by impairing
the cell cycle checkpoint,64 whereas FOXM1con-
tributes to the chemo-resistance of paclitaxel
in nasopharyngeal carcinoma and breast cancer
cells.65,66 Collectively, these findings support
that HOXD-AS1 promotes the chemo-therapy
resistance in PCa cells by regulating PLK1,
AURKA, CDC25C, and FOXM1, and might
represent a multi-functional target for drug
development to PCa.

LncRNAs bind to chromatin modification
complexes and serve as molecular scaffolds to
mediate gene activation or repression.18,67 WDR5, a component of
the MLL1 complex, interacts frequently with lncRNAs and promotes
gene expression by mediating H3K4me3.18,19 Here, we found that
HOXD-AS1 was enriched in the nucleus and binds to WDR5. Coin-
cidentally, WDR5 knockdown also repressed the expression of
HOXD-AS1 target genes. Additionally, a combined knockdown
of HOXD-AS1 and WDR5 augmented the inhibition of HOXD-
AS1-regulated genes, whereas the in vitro effect of enforced



Figure 5. The Target Genes of HOXD-AS1 Are

Identified in Prostate Cancer Cells

(A) Nuclear fraction experiment and real-time qPCR de-

tected the abundance of HOXD-AS1 in the nucleus and

cytoplasm. GAPDH is the positive control for cytoplasm,

and MALAT1 and U6 are the positive control for nucleus.

The results are presented as the means ± SD of values

obtained in three independent experiments. (B) The sub-

cellular distribution of HOXD-AS1 was visualized by RNA

fluorescence in situ hybridization (FISH) in PC3 cells. 18S

was the positive control for cytoplasm, and U6 was the

positive control for the nucleus. The scale bar represents

10 mm. (C) A heatmap represents mRNA expression levels

in the LNCaP cells transfected with control or HOXD-AS1

siRNA for 48 hr. Each column represents the indicated

sample, and each row indicates one mRNA. Red and

green colors indicate high and low expression, respec-

tively. (D) Gene ontology (GO) analysis was performed to

identify the enrichment of the biological process. (E and F)

The downregulated (E) and upregulated (F) genes in the

microarray were verified in LNCaP and PC-3 cells by real-

time qPCR. The results are presented as the means ± SD

of values obtained in three independent experiments. (E)

The expression of HOXD-AS1 target genes was detected

by western blotting. GAPDH were used as internal con-

trols. See also Figures S6 and S7. *p < 0.05; **p < 0.01.
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HOXD-AS1 expression could be abrogated by WDR5 silencing. This
observation further supported that HOXD-AS1 binds to WDR5 to
regulate its target genes. Chromatin-interacting lncRNAs recognize
target genes by forming the RNA-DNA triplex.68 To provide that
HOXD-AS1 interacted directly with target genes and bound to
WDR5, we conducted ChIRP and found that HOXD-AS1 was
associated with the regulatory region of target genes and WDR5.
More importantly, ChIP assay confirmed that HOXD-AS1 regulated
Mole
downstream gene activation by interacting with
WDR5, which in turn mediated H3K4me3 at
the promoters of target genes. Thus, our results
demonstrate that HOXD-AS1 interacts directly
with the promoter region of target genes and
mediates H3K4me3 to activate transcription
via binding to WDR5.

Overcoming castration resistance has always
been the Gordian knot in PCa treatment. Fortu-
nately, research during recent decades has
brought us to the dawn of curing CRPC, because
numerous biological targets have been discov-
ered. Compared with protein coding genes and
miRNAs, lncRNAs are emerging as novel thera-
peutic targets in cancer treatment.10 Delivering
antisense oligonucleotides targeting MALAT1
has prevented lung cancer metastasis success-
fully in vivo.69 Additionally, enforced expression
of GAS5 inhibits glioma growth and prolongs
survival in vivo by targeting miR-222.70 In this paper, we observed
that knockdown of HOXD-AS1 impeded proliferation and chemo-
resistance of PCa significantly both in vitro and in vivo. Further
exploration identified genes that are directly activated by HOXD-
AS1, including PLK1, AURKA, FOXM1, CDC25C, and UBE2C. These
genes have been identified as crucial regulators in CRPC and might
represent cancer target. PLK1 and AURKA inhibitors are available
and show inspiring in vitro effect in PCa.49,71 Collectively, these
cular Therapy Vol. 25 No 8 August 2017 1967
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Figure 6. HOXD-AS1 Binds to WDR5 and Activates

Gene Expression by Mediating H3 Lysine 4 Tri-

methylation at the Promoter Region of Target Genes

(A) Real-time qPCR analysis of HOXD-AS1 and lncRNA

HOTTIP in RNA immunoprecipitation assay of PC-3 cells

using anti-WDR5, RNA enrichment was determined rela-

tive to the non-immune IgG control. U6was used as a non-

specific control. The results are presented as the means ±

SD of values obtained in three independent experiments.

(B) WDR5 was detected from the retrieved ChIRP protein

of PC-3 cells by western blotting. Actin was detected as a

non-specific control; LacZ was used as a negative control

probe set. (C) HOXD-AS1 target genes were detected by

real-time qPCR in WDR5 knockdown LNCaP and PC-3

cells. The results are presented as the means ± SD of

values obtained in three independent experiments. (D)

The effect of combined knockdown of HOXD-AS1 and

WDR5 on the HOXD-AS1 target genes, as compared with

silencing each of HOXD-AS1 or WDR5, or control siRNA,

as assessed by western blotting. GAPDH were used as

internal controls, and H3 was used as a control for

H3K4me3. (E) ChIRP experiment was conducted using

PC-3 cells. TERC and HOXD-AS1 were detected by

ChIRP-real time qPCR. The TERC probe set was used as a

ChIRP positive control; GAPDH was detected as a non-

specific control. The values are normalized to the input and

presented as the means ± SD. (F) The promoters of target

genes of TERC and HOXD-AS1 were detected by ChIRP

real-time qPCR. WNT-1 was used as a positive control

of the TERC probe set; GAPDH promoter was detected

as a non-specific control. WNT-1 was detected as a non-

specific control of the HOXD-AS1 probe set. The values

are normalized to the input and presented as the means ±

SD. (G) ChIP analysis of IgG, WDR5, H3K4me3, and RNA

polymerase-II status of candidate HOXD-AS1 target genes

in PC-3 cells after knockdown assay. The values are

normalized to input and presented as the means ± SD.

See also Figure S8. *p < 0.05; **p < 0.01.
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results indicate that HOXD-AS1 has great potential as a multi-potent
therapeutic target.

In summary, we showed that HOXD-AS1 promotes proliferation and
chemo-resistance of CRPC by recruiting WDR5. The in vivo and
in vitro results demonstrated that HOXD-AS1-based gene therapy
improved the CRPC therapeutic efficacy. Therefore, HOXD-AS1 is
1968 Molecular Therapy Vol. 25 No 8 August 2017
a novel and promising therapeutic target for
the management of CRPC.

MATERIALS AND METHODS
Cell Culture

The cell lines used in this study included the hu-
man PCa cells LNCaP and PC-3 (ATCC), and
the CRPC-like cell LNCaP-Bic and LNCaP-AI.
LNCaP cells were cultured in RPMI-1640
(GIBCO), PC-3 cells were cultured in F-12Kme-
dia (GIBCO), supplemented with 10% FBS (fetal
bovine serum; Shanghai ExCell Biology), and LNCaP-AI cells were
cultured in phenol red free RPMI-1640 containing 10% charcoal strip-
ped FBS (GIBCO), whereas LNCaP-Bic were cultured with 20 mM bi-
calutamide (Sigma). All media were supplemented with 1% penicillin/
streptomycin. LNCaP cells were cultured in phenol red free medium
with charcoal stripped FBS for at least 2 days before any experiment.
Cells were grown in a humidified atmosphere of 5% CO2 at 37�C.
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Construction of Castration-Resistant LNCaP Sublines

LNCaP cells were purchased from ATCC. To construct LNCaP-Bic
cells, we cultured LNCaP cells in phenol red free RPMI-1640 contain-
ing 10% FBS. Bicalutamide was supplemented at a starting con-
centration of 5 mM, with a weekly increment of 50% concentration,
ultimately being maintained at 20 mM. To construct LNCaP-AI cells,
we cultured LNCaP cells in phenol red free RPMI-1640 containing
10% charcoal stripped FBS (cs-FBS). Both sublines were passaged
every 5 days at an �1:2–1:4 ratio for 12 months, and the cultural
medium was refreshed thrice per week. The LNCaP cells began to
undergo obvious growth inhibition 1 week after androgen ablation
and the inhibition continued for�6–7 months; then the proliferation
accelerated gradually until reaching a comparable rate of normal
LNCaP cells. Because LNCaP and its sublines were very loosely
attached to the cultural flasks, the flasks should be handled carefully
and avoid unnecessary turbulence; the cells should be kept without
any disturbance for at least 48 hr after each passaging.

Microarray Analysis

Total RNA was extracted using TRIzol reagent and was further puri-
fied using QIAGEN RNeasy Mini Kit according to the manufacturer’s
instructions. The LncRNA+ mRNA Human Gene Expression Micro-
array V4.0 (CapitalBio) was used to investigate the differential ex-
pressed lncRNAs in LNCaP and its sublines. For detection of the
expression of genes after HOXD-AS1 knockdown, the PrimeView
Human Gene Expression Array (Affymetrix) was used in this study,
and the analysis was performed by CapitalBio Corporation according
to the manufacturer’s instructions. The arrays were scanned on a
GeneChip Scanner 3000, and the data were analyzed using GeneChip
Operating software (GCOS 1.4). All primary data in microarray anal-
ysis have been uploaded to the Gene Expression Omnibus (GEO):
GSE93929 and GSE93928.

The TCGA Data Mining

Patients’ clinical profiles in the TCGA prostate adenocarcinoma
cohort31 are available at TCGA https://cancergenome.nih.gov/. The
expression of HOXD-AS1 in PCa was obtained from TANRIC32

(http://ibl.mdanderson.org/tanric/_design/basic/query.html). The
characteristics and clinicopathological features of the patients are
listed in in Table S1. The TCGA prostate adenocarcinoma cohort
comprising 374 patients was used for the analysis. Patients with no
available clinical data were excluded from analysis in respective com-
parison of HOXD-AS1 expression. For the survival, univariate, and
multivariate analyses, 309 cases with complete follow-up information
were included; the rest were excluded.

RNAi

siRNA oligos targeting HOXD-AS1 (50-GAAAGAAGGACCAAAGU
AATT-30, 50-GCCCUUUCUGACCUGCUUATT-30), WDR5 (50-GC
UCAGAGGAUAACCUUGUTT-30, 50-CCCAGUCCAACCUUAU
UGUTT-30), and negative control siRNAs were purchased from
GenePharma. siRNA transfections were performed with 75 nM
siRNA and Lipofectamine RNAiMAX (Life Technologies) as
described previously.72
Stable HOXD-AS1 Knockdown Cell Lines

The pLKO.1 TRC cloning vector (Addgene plasmid 10878) was
used to generate a short hairpin RNA (shRNA) against HOXD-
AS1 (50-GAAAGAAGGACCAAAGTAATG-30) or negative control
(50-CCTAAGGTTAAGTCGCCCTCG-30). Lentivirus production
and infection were conducted as described previously.73

Cell Proliferation Assay

The MTT (MTS, Promega) colorimetric assay was used to detect cell
viability. Cells transfected with control or HOXD-AS1 siRNA were
seeded in 96-well plates at a density of 2 � 103 cells/well. Then the
absorbance was measured at a wavelength of 490 nm for 5 days using
a SpectraMax M5 (Molecular Devices).

For the colony formation assay, the cells were seeded in a 96-well plate
at a density of 500 cells/well after siRNA transfection. Approximately
7 days later, the clones were washed with 1� PBS and stained with
crystal violet for approximately 20 min. The clones were then imaged
and quantified.

For the cell cycle analysis, 48 hr after transfection, the cells were har-
vested and fixed in 70% ice-cold ethanol, followed by RNase A treat-
ment, and stained with 50 mg/mL PI. For the analysis ofM-phase cells,
fixed cells were collected and treated with 0.5% Triton PBS, then incu-
bated with anti-phospho-H3 antibody (Cell Signaling Technology)
at 1:50 dilution. All analyses were conducted on a FACSCalibur BD
flow cytometer. The data were collected and processed using the
BD FACSuite analysis software.

Chemosensitivity Assay

The cells transfected with control or HOXD-AS1 siRNAs were treated
with 0, 10, 20, 40, 60, 100 mM of bicalutamide (Sigma) for 120 hr or 0,
5, 10, 20, 50, 100 nM of paclitaxel (Selleck) for 48 hrs. Cell viability
was measured using the MTT assay. The cell viability was
measured using the same method as MTT assay. For calculation
of IC50, data were fitted in GraphPad Prism 5 (GraphPad Soft-
ware), and dose-response curve was plotted using the equation
log(inhibitor) versus response-variable slope. This is also called a
four-parameter dose-response curve: Y = bottom + (top-bottom)/
(1+10^ [(log IC50-X) *HillSlope]).20

Apoptosis Analysis

The cells transfected with control or HOXD-AS1 siRNAs were treated
with 0.1% DMSO or 5 nM paclitaxel (in DMSO) for 48 hr. The cells
were then collected, washed with PBS, and the cell apoptosis was
analyzed with Annexin V-fluorescein isothiocyanate (FITC) and PI
(Biotool) staining in a FACSCalibur BD flow cytometer.

The TUNEL assay was conducted by using the In Situ Cell Death
Detection Kit (Roche), following the manufacturer’s instructions.

RNA Isolation and Real-Time qPCR

Total RNA was extracted from cells using TRIzol reagent (TaKaRa
Biotechnology) according to the manufacturer’s protocol. Total
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RNA was reverse transcribed with a PrimerScript RT-PCR kit
(Takara Biotechnology). Real-time qPCR was conducted using a stan-
dard SYBR Green PCR kit (Roche) protocol with a CFX real-time
instrument (Bio-Rad). The relative expression was calculated using
the 2�DDCt method.74 The transcription level of GAPDH was used
as an internal control. All specific primers are listed in Table S2.

Western Blotting

Western blotting was performed as previously described.20 Primary
antibodies specific to cleaved PARP, cleaved caspase-9, cleaved
caspase-7, cleaved caspase-3, AURKA, CDC25C, FOXM1, CCNA2,
CCNB1, H3, PSA, c-Myc, BCL-2, GAPDH (1:1,000; Cell Signaling
Technology), PLK1, UBE2C,WDR5, H3K4me3, SESN1 (1:1,000; Ab-
cam), AR (1:200; Santa Cruz), and CAMK2N1 (1:1,000; Proteintech)
were used. The blots were then incubated with goat anti-rabbit or anti-
mouse secondary antibody (Cell Signaling Technology) and visualized
using enhanced chemiluminescence. The full images of all western
blots were provided at the end of the Supplemental Information.

Mouse Xenograft Experiments

All of the animal care and experimental procedures were approved by
the Institutional Animal Care andUseCommittee of SunYat-senUni-
versity. The animal experiments were carried out in accordance with
institutional guidelines. Male BALB/c nude mice (4–5 weeks old)
were purchased from the Experimental Animal Center of Sun Yat-
sen University and housed in specific pathogen-free (SPF) barrier
facilities. A total of 3 � 106 cells mixed with an equal volume of
Matrigel (Corning) were injected subcutaneously on the right side of
the dorsum and five mice were used. After 1 week of tumor cells inoc-
ulation, the nude mice bearing PC-3-sh-control or PC-3-sh-HOXD-
AS1 xenografts were selected randomly for treatment with paclitaxel
(10 mg/kg) or PBS control administered thrice per week by intraper-
itoneal injection during weeks 2 and 4 as previously reported.34,35 The
size of the tumorwasmeasured every 3 days. Thirty days post-implan-
tation, themice were euthanized and tumors were dissected surgically.
The tumor specimens were fixed in 4% paraformaldehyde.

IHC Staining and Scoring Analyses

This experiment and immunohistochemistry (IHC) score calcula-
tions were conducted as described previously.73 Anti-Ki67 antibodies
(1:500; Zhongshan Bio-Tech) were used to detect the expression
of Ki67 in mouse tumors. Images were visualized using a Nikon
ECLIPSE Ti microscope system and processed with Nikon software.

RNA FISH

The FISH kit was purchased from Ribo Bio (Guangzhou), and the
experiment is performed according to themanufacturer’s instructions
and visualized by a confocal microscope (Zeiss). In brief, the cells
were seeded and fixed with 4% paraformaldehyde, and treated with
0.5% Triton in PBS followed by pre-hybridization. They were then
hybridized at 5 mM probe concentration overnight. The CY3-labeled
U6, 18S, probes were provided by the Ribo Bio (Guangzhou), and the
HOXD-AS1 probe was synthesized by Sangon HOXD-AS1 probe
50-CGCATCTCTATTTGGTTTGA-30.
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Nuclear Fraction

The cellular fraction was isolated as described previously.67 In brief,
107 cells were harvested, resuspended in 1 mL of ice-cold RNase-
free PBS, 1 mL of buffer C1 (1.28M sucrose, 40 mM Tris-HCl
[pH 7.5], 20mM MgCl2, 4% Triton X-100), and 3 mL of RNase-free
water, and incubated for 15 min on ice. Then cells were centrifuged
for 15 min at 2,500 rpm; the supernatant containing cytoplasmic con-
stituent and the nuclear pellet were kept for RNA extraction.

RNA Immunoprecipitation

RNA immunoprecipitation (RIP) was performed using the EZ-Ma-
gna RIP kit (Millipore) according to the manufacturer’s instructions
and described previously.67 In brief, 107 cells were lysed with RIP lysis
buffer with one freeze-thaw cycle. Cell extracts were coimmunopreci-
pitated with anti-WDR5 (Abcam), and the retrieved RNA was sub-
jected to real-time qPCR analysis. Normal rabbit IgG was used as a
negative control. For real-time qPCR analysis, HOTTIP was used as
a positive control, and U6 was used as a non-specific control.

ChIP

Cells were transfected with an equal portion of mixed HOXD-AS1
siRNAs or control siRNA for 48 hr. ChIP was conducted using an
EZ-Magna ChIP A/G kit (Millipore) according to the manufacturer’s
instructions and the previously reported detailed protocol.20,73 Anti-
WDR5 and anti-H3K4me3 were purchased from Abcam. Normal
mouse IgG was used as a negative control, and anti-RNA polymer-
ase-II (pol-II; Millipore) was used as a positive control antibody.
Primers for ChIP-qPCR were listed in Table S3.

Chromatin Isolation by RNA Purification

A Magna ChIRP RNA Interactome Kit was purchased from Milli-
pore (Millipore), and the experiment was conducted according to
the manufacturer’s instructions. In brief, 30 end Biotin-TEG modi-
fied-DNA probes against HOXD-AS1 and TERC were synthesized
by Sangon. The sequences of the probes are available in Table S4.
A total of 2 � 107 PC-3 cells was cross-linked for each hybrid reac-
tion. Then the cell lysate was sonicated to shear the chromatin to
�100–500 bp fragments. The sonicated cell lysates were hybridized
with a mixture of biotinylated DNA probes for 4 hr at 37�C. Then
the binding complexes were recovered using streptavidin-conjugated
magnet beads. Finally, DNA, RNA, and protein were eluted and
purified from the beads for real-time qPCR or western blotting
analyses. The LacZ probe set was provided along with the kit to serve
as a negative control probe. The primers used for real-time qPCR are
listed in Table S5.

Statistical Analyses

Data are presented as the mean ± SD of three independent experi-
ments. Two-tailed Student’s t tests and one-way analysis of variance
were used to evaluate the data. Cumulative survival time was calcu-
lated using the Kaplan-Meier method and analyzed by the log rank
test. A multivariate Cox proportional hazards model was used to es-
timate the adjusted hazard ratios (HRs) and 95% confidence intervals
(CIs) and to identify independent prognostic factors. All statistical
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analyses were performed with SPSS 19.0. Differences were considered
statistically significant at p < 0.05 and p < 0.01.
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Supplemental Figure Legends 
 
Figure S1. Construction of castration resistant LNCaP sublines. (A) The morphology of LNCaP, 
LNCaP-bic and LNCaP-AI cells. The scale bar is equal to 100µm. (B) The viability of LNCaP, LNCaP-bic 
and LNCaP-AI cells treated with different concentration of bicalutamide measured by MTT. The results are 
presented as the means ± SD of values obtained in three independent experiments. (C) The proliferation of 
LNCaP, LNCaP-bic and LNCaP-AI in androgen deprived cultural medium measured by MTT. The results 
are presented as the means ± SD of values obtained in three independent experiments. (D and E) The 
castration resistance related genes were detected by real time qPCR and Western blotting. The results are 
presented as the means ± SD of values obtained in three independent experiments. (F) The expression of 
HOXD-AS1 in LNCaP, LNCaP-Bic, LNCaP-AI and PC-3 cells was detected by real time qPCR. The 
results are presented as the means ± SD of values obtained in three independent experiments. *p < 0.05, 
**p < 0.01. 
 
Figure S2. The expression of HOXD-AS1 between benign prostate and prostate cancer from TCGA. The 
whiskers indicate mean ± SD in the plot.  
 
Figure S3. Knockdown of HOXD-AS1 inhibits castration resistant prostate cancer cell proliferation by 
inducing G2/M cell cycle arrest. LNCaP-Bic and LNCaP-AI cells were transfected with HOXD-AS1 
siRNAs or control siRNA for 48h and the cell cycles were analyzed by flow cytometry. All histograms 
show the percentage (%) of cell populations in each phase from three independent experiments. *p < 0.05, 
**p < 0.01. 
 
Figure S4. The influence of knockdown HOXD-AS1 on prostate cancer cells synchronized at M-phase. (A) 
LNCaP and PC-3 cells were transfected with HOXD-AS1 siRNAs or control siRNA for 48h, then treated 
with 50ng/ml nocodazole for 16h and the cell cycles were measured by flow cytometry. (B) LNCaP and 
PC-3 cells were transfected with HOXD-AS1 siRNAs or control siRNA for 48h, then treated with 50ng/ml 
nocodazole for 16h, the proportion of M-phase cells were measured by flow cytometry. (C) The histogram 
showed the percentage (%) of cells in different phase from three independent experiments. *p < 0.05, **p < 
0.01. 
 
Figure S5. Downregulation of HOXD-AS1 represses castration-resistance and chemo-resistance of prostate 
cancer cells. (A) The viability of LNCaP-AI cells transfected with HOXD-AS1 siRNAs or control siRNA, 
treated with bicalutamide for 120h and analyzed by MTT assay. The results are presented as the means ± 
SD of values obtained in three independent experiments. (B) The viability of LNCaP-Bic and LNCaP-AI 
cells transfected with HOXD-AS1 siRNAs or control siRNA, treated with paclitaxel for 48h and analyzed 
by MTT assay. The results are presented as the means ± SD of values obtained in three independent 
experiments. (C) The LNCaP-Bic and LNCaP-AI cells transfected with control or HOXD-AS1 siRNAs 
were treated with 5 nM paclitaxel for 48h. The percentage of apoptotic cells was analyzed by flow 
cytometer. *p < 0.05, **p < 0.01. 
 



	

Figure S6. (A and B) The differentially expressed genes in the microarray were verified in LNCaP-Bic and 
LNCaP-AI cells by real time qPCR. The results are presented as the means ± SD of values obtained in three 
independent experiments. 
 
Figure S7. The expression of SENS1 and CAMK2N1 after HOXD-AS1 knockdown in LNCaP and PC-3 
cells was detected by western blotting. GAPDH was used as internal control.  
 
Figure S8. The in vitro effect of combined overexpression of HOXD-AS1 and knockdown of WDR5 in 
LNCaP cells. (A) The efficiency of combined overexpression of HOXD-AS1 and knockdown of WDR5 
was detected by real time qPCR. The results are presented as the means ± SD of values obtained in three 
independent experiments. (B) The efficiency of combined overexpression of HOXD-AS1 and knockdown 
of WDR5 was detected by western blotting. (C) The influence of enforced expression of HOXD-AS1 
combined with knockdown of WDR5 on viability of LNCaP cells in normal medium and androgen ablated 
medium, as measured by MTT. The results are presented as the means ± SD of values obtained in three 
independent experiments. (D) The influence of enforced expression of HOXD-AS1 combined with 
knockdown of WDR5 on colony formation ability of LNCaP cells. The scale bar is equal to 600µm. The 
histogram showed the the mean± SD of clonies from three independent experiments. (E) The effect of 
overexpression of HOXD-AS1 combined with knockdown of WDR5 on sensitivity of bicalutamide and 
paclitaxel in LNCaP cells. The results are presented as the means ± SD of values obtained in three 
independent experiments. (F) Calculation of IC50 of bicalutamide and paclitaxel of LNCaP cells 
co-transfected with HOXD-AS1 vector and WDR5 siRNA. (G) The LNCaP cells co-transfected with 
HOXD-AS1 expression vector and WDR5 siRNA were treated with 5 nM paclitaxel for 48h. The 
percentage of apoptotic cells was analyzed by flow cytometer. The histogram showed the percentage (%) of 
late and early apoptotic cells from three independent experiments. 
 
  



	

Tables 
 
Table S1. Characteristics of patients from the TCGA Prostate adenocarcinoma (PRAD) cohort. 
 PCa profiles (%) Tumor tissues for survival analysis (%) 
Patients(N) 374 309 
Age(Year)   
Median(range) 61.23(42-78) 61.27(42-78) 
Mean±SD 60.98±6.72 60.92±6.78 
  

Gleason Score  374 309 
6 26(7) 22(7) 
7 230(61.5) 187(60.4) 
8 43(11.5) 37(12) 
9 
10 

72(19.2) 
3(0.8) 

61(20) 
2(0.6) 

T stage  368 309 
T2 161(43.7) 136(44) 
T3 202(54.9) 169(54.7) 
T4 5(1.4) 4(1.3) 
Lymph nodes status 
N(%) 

 
316 

 
309 

Negative 270(85.4) 270(87.4) 
Positive 46(14.6) 39(12.6) 
Patients with not available clinical data were excluded for further analysis. 
 
Table S2. The primers used in real time qPCR are listed as follows. 

Primer Name Sequence 5’-3’ 
HOXD-AS1 Forward ACCTGCCTCTACTACTGCAAA 

HOXD-AS1 Reverse GCAAAGACAATATAAGGGCCC 

NEAT1 Forward TTCTAAATTGAGCCTCCGGTC 
NEAT1 Reverse CTGCAAGCTCCATCTACAAGG 
GAS5 Forward GCTTAAGTGCCTGCATTCCG 
GAS5 Reverse TTGCCATTAACCGATGTCGAG 

MEG3 Forward TTCACCTACCTCACAGGGCTG 
MEG3 Reverse TTATTGAGAGCACAGTGGGGT 

CDKN1A Forward AGCGATGGAACTTCGACTTTG 
CDKN1A Reverse GGGAAGGTAGAGCTTGGGCAG 

ELF3 Forward ATCCCACTGATGGCAAGCTCT 
ELF3 Reverse CGAGACAGTCCCAGTACTCTT 

SESN1 Forward CTCTTGCCTCATTCACATTCG 



	

SESN1 Reverse GTAATGTCACAGATGCAGTAG 
CAMK2N1 Forward TGCAGGACACCAACAACTTCT 
CAMK2N1 Reverse TCAATAACAACCCGCTTGCTC 

ATF3 Forward CATCACAAAAGCCGAGGTAGC 
ATF3 Reverse AGGCACTCCGTCTTCTCCTTC 
PLK1 Forward CCGCCCAACCATTAACGAGCT 

PLK1 Reverse ACCTTGGTGGAATGGTCAGGC 
PTTG1 Forward GGAGTGCCTCTCATGATCCTT 
PTTG1 Reverse AGGAGACTGCAACAGATTGGA 

AURKA Forward CAAATGCCCTGTCTTACTGTC 
AURKA Reverse ATGGAGCATGTACTGACCACC 
CDC25C Forward TTTCTGAAGAAGCCCATCGTC 
CDC25C Reverse ACCTGTCCTCTTCACGCAGAC 

NEK2 Forward AGGATTACCATCGACCTTCTG 
NEK2 Reverse GCTCTCCTAATTGTCGCCCTC 

CCNA2 Forward GAAGAAACAGCCAGACATCAC 
CCNA2 Reverse GTAGTTCACAGCCAAATGCAG 
UBE2C Forward ACTCAAGATTCTAGCAAGCCC 

UBE2C Reverse GCATGTGTGTTCAAGGGACTA 
FOXM1 Forward GAGGACCTTTTAAGACACCCA 
FOXM1 Reverse GGCTGAAATCCAGTCCCCCTA 
BIRC5 Forward CTTTCTCAAGGACCACCGCAT 
BIRC5 Reverse CAAGTCTGGCTCGTTCTCAGT 

CCNB1 Forward TTGGAGAGGTTGATGTCGAGC 
CCNB1 Reverse AGAAGGAGGAAAGTGCACCAT 

U6 Forward CTCGCTTCGGCAGCACATATAC 
U6 Reverse AACGCTTCACGAATTTGCGTGTC 

MALAT1 Forward GACGGAGGTTGAGATGAAGC 
MALAT1 Reverse ATTCGGGGCTCTGTAGTCCT 
HOTTIP Forward ATCAAGGTTGGCCGCTGACTC 

HOTTIP Reverse TGGTCTGTTGGTTAGCACCTG 
AR Forward TGAGCAGAGTGCCCTATCCCA 
AR Reverse CTGGGGTGGAAAGTAATAGTC 

AR-V7 Forward CCATCTTGTCGTCTTCGGAAATGTTA 
AR-V7 Reverse TTTGAATGAGGCAAGTCAGCCTTTCT 

PSA Forward GTATCACGTCATGGGGCAGTG 
PSA Reverse GTTGGCCACGATGGTGTCCTT 

C-MYC Forward AATAGAGCTGCTTCGCCTAGA 
C-MYC Reverse GAGGTGGTTCATACTGAGCAAG 
GPADH Forward CAAGGCTGAGAACGGGAAG 



	

GPADH Reverse TGAAGACGCCAGTGGACTC 
 
Table S3. The primers used in ChIP-real time qPCR are listed as follows. 

Primer Name Sequence 5’-3’ 
PLK1-P Forward TGGGTCCGGGTTTAAAGGCTG 
PLK1-P Reverse GCTCCTCCCCGAATTCAAACG 

AURKA-P Forward CAAGGCGTCGGGTTTGTTGTC 

AURKA-P Reverse AAGTCTTCCAAGAGCTCAGCC 
CDC25C-P Forward AAAGAGGGAAGGAGGGAGGGA 
CDC25C-P Reverse CTACTCTCCTCAGGGACTCGT 
FOXM1-P Forward AGCCCGGAATGCCGAGACAA 
FOXM1-P Reverse GGCACCGGAGCTTTCAGTTTG 
UBE2C-P Forward GGCAGCATCATCTACCAATCG 
UBE2C-P Reverse TGATCCAGCCAATGAGACGCT 
CCNA2-P Forward CCCCAGCCAGTTTGTTTCTCC 
CCNA2-P Reverse CCGCGACTATTGAAATGGACC 
CCNB1-P Forward CGCCCTGGAAACGCATTCTCT 
CCNB1-P Reverse AGAAGAGCCAGCCTAGCCTCA 
BIRC5-P Forward TGTTGGGATTACAGGCGTGAG 

BIRC5-P Reverse TGTGCCGGGAGTTGTAGTCCT 
Negative control F GTAATCAGGAAACTGCATAC 
Negative control R CTCAAGACTCAATAGTGATC 

 
 
Table S4. The probes used for ChIRP are listed as follows. 

Probe Name Sequence 5’-3’ 
HOXD-AS1-probe1 CTGCCCTACAAATACCATAT 
HOXD-AS1- probe2 CCTTCTTTCAGAAACTTGGC 
HOXD-AS1- probe3 GCTGCTAACATTGCTGAACA 
HOXD-AS1- probe4 AGAATGGCCAGCTGCAAAAC 
HOXD-AS1- probe5 CCGAGTCTCAGAAGCAGAAA 
HOXD-AS1- probe6 CCGAGACTTCTAATAGCTCG 
HOXD-AS1- probe7 TGCATCCATAGGCAGAATTT 

HOXD-AS1- probe8 CGCATCTCTATTTGGTTTGA 
HOXD-AS1- probe9 GCCTTCTTTCTAGACACAAT 

HOXD-AS1- probe10 ATTGGTTCTCGGGATACTTG 
TERC-probe-1 AGGGTTAGACAAAAAATGGCCA 
TERC-probe-2 AATGAACGGTGGAAGGCGGCAG 
TERC-probe-3 GTTCGGGGGCTGGGCAGGCGAC 
TERC-probe-4 GAGAGACCCGCGGCTGACAGAG 



	

TERC-probe-5 ACGTCCCACAGCTCAGGGAATC 
 
 
Table S5. The primers used for ChIRP-real time qPCR are listed as follows. 

Primer Name Sequence 5’-3’ 
PLK1-chirp-F TGGGTCCGGGTTTAAAGGCTG 
PLK1-chirp-R GCTCCTCCCCGAATTCAAACG 

AURKA-chirp-F ACGGCTGAGCTCTTGGAAGAC 

AURKA-chirp-R CTCGTCCGCCACTGAGATATC 
CDC25C-chirp-F AAAGAGGGAAGGAGGGAGGGA 
CDC25C-chirp-R CTACTCTCCTCAGGGACTCGT 
FOXM1-chirp-F TTCGGAGCTACGGCCTAACG 
FOXM1-chirp-R CTGGGACTCCATTGCTGCAT 
UBE2C-chirp-F GGCAGCATCATCTACCAATCG 
UBE2C-chirp-R TGATCCAGCCAATGAGACGCT 
CCNA2-chirp-F CCCCAGCCAGTTTGTTTCTCC 
CCNA2-chirp-R CCGCGACTATTGAAATGGACC 
CCNB1-chirp-F CGCCCTGGAAACGCATTCTCT 
CCNB1-chirp-R AGAAGAGCCAGCCTAGCCTCA 
BIRC5-chirp-F TGTTGGGATTACAGGCGTGAG 

BIRC5-chirp-R TGTGCCGGGAGTTGTAGTCCT 
GAPDH-RNA-F CAAGGCTGAGAACGGGAAG 
GAPDH-RNA-R TGAAGACGCCAGTGGACTC 
GAPDH-DNA-F GTTTCCAGGAGTGCCTTTGTG 
GAPDH-DNA-R ATTAGGGCAGACAATCCCGGC 

TERC-RNA-F CGCTGTTTTTCTCGCTGACT 
TERC-RNA-R GCTCTAGAATGAACGGTGGAA 

WNT-1-F AGGGCTGGAATTTCAAAGGT 
WNT-1-R TTCTCCTCAGGATGTACCCG 

 
 
Supplemental Material and Method 
HOXD-AS1 cloning and vector transfection 
The HOXD-AS1 was amplified by PCR using primer F- GTTTGTGCCGCGCGCCCGCCAGACC and R- 
TGACACTTTGAAAAAAATATTTTAT. And then cloned into pCDNA3.1(+) vector. Co-transfection of 
vector and WDR5 siRNA was performed by using Lipofectamine 3000 (Life Technologies, Waltham, MA, 
USA) according to the manufacture’s protocol. 
 
 
 



	

The full-length blots of manuscript are presented. 
Figure 3G 
 

 

 
 
 
 



	

Figure 3G 

 

 
 
 
 
 
 



	

Figure 5G 

 
 
 
 



	

Figure 6B 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	

Figure 6D 

 



	

Figure 6D 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	

Figure S1E 
 

 
 
 
 
 
 
 
 
 
 
 
 



	

Figure S7 

 
 
Figure S8B 

 
 
 


	lncRNA HOXD-AS1 Regulates Proliferation and Chemo-Resistance of Castration-Resistant Prostate Cancer via Recruiting WDR5
	Introduction
	Results
	HOXD-AS1 Is Identified as a CRPC-Related lncRNA
	HOXD-AS1 Associates with PCa Clinical Characteristics and Predicts Disease Prognosis
	Knockdown of HOXD-AS1 Inhibits PCa Cell Proliferation by Inducing G2/M Cell Cycle Arrest
	Downregulation of HOXD-AS1 Represses Castration Resistance and Chemo-Resistance of PCa Cells
	Repression of HOXD-AS1 Suppresses Tumorigenicity and Chemo-Resistance of PCa In Vivo
	The Target Genes of HOXD-AS1 Are Identified in PCa Cells
	HOXD-AS1 Binds to WDR5 and Activates Gene Expression by Mediating H3 Lysine 4 Tri-methylation at the Promoter Region of Tar ...

	Discussion
	Materials and Methods
	Cell Culture
	Construction of Castration-Resistant LNCaP Sublines
	Microarray Analysis
	The TCGA Data Mining
	RNAi
	Stable HOXD-AS1 Knockdown Cell Lines
	Cell Proliferation Assay
	Chemosensitivity Assay
	Apoptosis Analysis
	RNA Isolation and Real-Time qPCR
	Western Blotting
	Mouse Xenograft Experiments
	IHC Staining and Scoring Analyses
	RNA FISH
	Nuclear Fraction
	RNA Immunoprecipitation
	ChIP
	Chromatin Isolation by RNA Purification
	Statistical Analyses

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


