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ABSTRACT

BPTF associated protein of 18 kDa (BAP18) has been
reported as a component of MLL1-WDR5 complex.
However, BAP18 is an uncharacterized protein. The
detailed biological functions of BAP18 and under-
lying mechanisms have not been defined. Andro-
gen receptor (AR), a member of transcription fac-
tor, plays an essential role in prostate cancer (PCa)
and castration-resistant prostate cancer (CRPC) pro-
gression. Here, we demonstrate that BAP18 is iden-
tified as a coactivator of AR in Drosophilar exper-
imental system and mammalian cells. BAP18 fa-
cilitates the recruitment of MLL1 subcomplex and
AR to androgen-response element (ARE) of AR tar-
get genes, subsequently increasing histone H3K4
trimethylation and H4K16 acetylation. Knockdown of
BAP18 attenuates cell growth and proliferation of
PCa cells. Moreover, BAP18 depletion results in inhi-
bition of xenograft tumor growth in mice even under
androgen-depletion conditions. In addition, our data
show that BAP18 expression in clinical PCa samples
is higher than that in benign prostatic hyperplasia
(BPH). Our data suggest that BAP18 as an epige-
netic modifier regulates AR-induced transactivation
and the function of BAP18 might be targeted in hu-
man PCa to promote tumor growth and progression
to castration-resistance.

INTRODUCTION

Androgen receptor (AR) is an important ligand-dependent
transcriptional factor, which is required for development
of localized prostate cancer (PCa) and progression to
castration-resistant prostate cancer (CRPC) (1–3). Despite

androgen-ablation therapies, CRPC invariably develops
due to aberrant reactivation of AR signaling through sev-
eral mechanisms, such as AR gene amplification, synthesis
of AR splice variants (AR-Vs) proteins, AR cofactor alter-
ation, post-transcriptional modulations to AR and selec-
tively up-regulation of a set of M-phase cell-cycle genes in-
cluding UBE2C by AR (4–7).

AR mainly contains four functional domains, which
are the NH2-terminal domain (NTD) carrying ligand-
independent activation function (AF-1), the DNA-binding
domain (DBD), hinge region and ligand-binding domain
(LBD) containing ligand-dependent activation function
(AF-2). Upon ligand binding, AR is translocated into the
nucleus and binds to DNA sequences at androgen re-
sponse elements (AREs), where it modulates the transcrip-
tion of AR target genes by recruiting the basic transcrip-
tion machinery as well as a series of co-regulators, including
coactivators/corepressors, chromatin remodeling and his-
tone modifying complexes (8–10). Chromatin remodelers
and histone modifications, such as acetylation, methylation,
ubiquitination and phosphorylation, have been demon-
strated to play crucial roles in modulation of gene transcrip-
tion (11–13). AR, regulation of AR by co-regulators, and its
downstream signaling play crucial roles in prostate cancer
development and progression (7,14–16). Substantial studies
are being invested to well understand the modulation of AR
in PCa/CRPC.

The MLL1, a homologue of trithorax (trxG) from
Drosophila, is a key component of SET1/MLL1 histone
methyltransferase (HMTase) complex, which possesses hi-
stone 3 lysine 4 (H3K4) methyltransferase activity. MLL1
has been implicated in regulation of Hox gene expression,
particularly in early hematopoiesis, and its disorder is asso-
ciated with abnormal hematopoiesis and acute leukemogen-
esis (17). MLL1 is also characterized as a subunit of MLL1-
WDR5 (MLL1-MOF) complex, which not only contains a
set of conserved subunits (e.g. WDR5, Ash2L, Menin), but
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includes MOF, a member of the MYST family that specif-
ically acetylates H4K16. This documents a functional con-
nection between the MLL HMT and the MOF HAT activ-
ities (18). Recently, it has been demonstrated that WDR5
as a subunit of MLL1-WDR5 complex plays a role in in-
tegrating histone phosphorylation and methylation during
androgen signaling and in prostate cancer (19). On the other
hand, it has been indicated that MLL1 complex including
ASH2L and Menin participates in enhancement of AR ac-
tion and acts as a potential therapeutic target in CRPC (20).
Taken together, these studies indicate that MLL complexes
have crucial roles in localized PCa and CRPC. However, the
biological functions of several uncharacterized proteins in
MLL complexes remain unclear.

BPTF associated protein of 18 kDa (BAP18) is encoded
by gene chromosome 17 open reading frame 49 (C17orf49).
BAP18 also named as MGC49942 is reported as a com-
ponent of chromatin complexes such as the MLL1-WDR5
complexes (18) and NURF/BPTF (21). BAP18 carries
a Swi3, Ada2, N-CoR, (TF)IIIB (SANT) domain, which
usually occurs in chromatin remodeling complex. SANT
domain has a central role in chromatin remodeling by func-
tion as a unique histone-interaction module that couples hi-
stone binding to enzyme catalysis (22,23). However, BAP18
is an uncharacterized protein, it still needs to further eluci-
date the detail molecular mechanism and functional analy-
sis of BAP18 in transcriptional regulation.

In this study, we identified CG33695, a Drosophila ho-
mologue of BAP18, as a novel coactivator of AR using
an experimental system in Drosophila. In cultured mam-
malian cells, we demonstrated that BAP18 functionally in-
teracts with AR and enhances AR-induced transactivation.
Moreover, depletion of BAP18 decreases mRNA expression
of a subset of AR target genes, including FASN, FKBP5,
UBE2C, PSA. We further observed that BAP18 facilitates
the recruitment of several components of MLL1 complex
that lead to subsequent the enhancement of H3K4me3 and
H4K16ac levels at androgen-response elements (ARE) of
AR target genes. We also described that knockdown of
BAP18 expression markedly inhibits the proliferation of
prostate cancer cells and suppresses the growth of 22RV1
xenografts in castrated mice. Finally, we demonstrated that
BAP18 is highly expressed in human prostate cancer sam-
ples compared with that in benign prostate hyperplasia
(BPH). Taken together, these data describe the role of
BAP18 in modulation of AR action and its association
with MLL1 complex together with AR, and thus implicates
BAP18 in PCa proliferation and CRPC progression.

MATERIALS AND METHODS

Drosophila stocks and genetics

All Drosophila stocks were raised at 25◦C on corn-
meal sucrose-based media. Flies of similar age were used
for all comparisons. A modified position effect varie-
gation (PEV) carrying ARAF-1-mediated transactivation
(ARAF-1-PEV model) was generated as previous reported
(24–26). A Drosophila CG33695 cDNA clone was pro-
duced by OPEN biosystems (Clone ID BS16752). Human
C17orf49 cDNA coding sequence was amplified by PCR
using Human IMAGE cDNA Clones (Open Biosystems

& GE Dharmacon, Accession BC040036). UAS-c17orf49
and UAS-CG33695 constructs were generated by cloning
C17orf49 or CG33695 cDNAs inserted into pCaSpeR3 and
were sent to EMBL Drosophila Injection Service for gener-
ation of transgenic flies. A FLAG tag was inserted at the N
terminus of CG33695 cDNA in pCaSpeR3 constructs. Two
loss-of-function mutants of CG33695 (CG33695k07716/+

and CG33695DG06604/+) were ordered from Bloomington
Drosophila Stock Center. To examine the effect of CG33695
on ARAF-1-PEV experimental models, the male hemizy-
gous for mutants (gain or loss of function) were crossed
to ARAF-1-PEV female. The non-TM3 progeny possess-
ing the mutant allele and mosaic red eye were harvested for
determination the effects of mutants on ARAF-1-PEV.

Eye disc histology analysis and immunofluoresence of
polytene chromosomes have been included in Supplemen-
tary Data.

Cell culture

HEK293 cells were grown in Dulbercco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 50 units/ml penicillin and 50 units/ml strep-
tomycin at 37◦C under 5% CO2. 22Rv1 and LNCaP
cells were grown in Roswell Park Memorial Institute
(RPMI) medium 1640 supplemented with 10% FBS,
and penicillin/streptomycin. Before Dihydrotestosterone
(DHT) treatment, cells were cultured in phenol red-free
medium containing 10% dextran charcoal-stripped FBS
(CDFBS) for 48 h, and then treated with 10−8M DHT or
vehicle (EtOH).

Luciferase reporter assay

22Rv1 cells were co-transfected with AR (20 ng), ARE-tk-
luc (200 ng), a control Renilla luciferase plasmid (pRL) (2
ng) and GFP-BAP18, two truncated mutants of BAP18 in
the indicated amounts. At 4 h post-transfection, the cells
were rinsed and incubated in RPMI 1640 containing 5%
charcoal-stripped FBS and supplemented with EtOH or
10−8M DHT. After an additional 24 h, the cells were har-
vested and assayed for luciferase activities by use of a dual-
luciferase reporter assay system (Promega) as described pre-
viously (27). The similar luciferase assay experiments in cos-
7 cells as above were performed with the different reporter
plasmids (200 ng of MMTV-tk-luc, PSA-tk-luc or ARE-tk-
luc) and co-regulators (200 ng of BAP18, MLL1, Ash2L
or MOF) as indicated. A total of 2.5 �g of plasmid DNA
per well was used and the total amounts of the transfected
DNA were kept constant by adding pcDNA3 plasmid (28).
The expression plasmids carrying MLL1 or Ash2L were
obtained from ADDGENE company. FLAG-tagged MOF
expression plasmid was generously provided by Dr Ronald
C. Conaway (29).

RNA isolation, RT and quantitative real-time PCR (RT-
PCR)

Total RNA was isolated using Trizol (TAKARA). cD-
NAs were reverse transcribed from total RNA (2 �g) using
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PrimeScriptTM RT-PCR Kit (TAKARA). Realtime poly-
merase chain reaction was performed using the SYBR Pre-
mix Ex Taq kit (TAKARA) on a Mx3000P instrument (Ag-
ilent StrataGene). The sequences of the forward and reverse
primers were shown in Supplementary Table S1. Gene ex-
pression levels were calculated relative to GAPDH using
Stratagene Mx3000P software. The results were from a sin-
gle experiment that was representative of at least two inde-
pendent experiments.

RNA-seq analysis, Differentially Expressed Genes and
Bioinformatics Analysis

The detailed description of this section has been included in
Supplementary Data.

siRNA transfection, lentiviral production and infection

siRNA control (siCtrl) and siRNA duplexes against the
gene encoding BAP18 (siC17orf49, to make the mean-
ing of BAP18 keep consistent, siBAP18 has been used in
all text instead of siC17orf49) were transfected using jet-
PRIME transfection reagent (Polyplus) following the man-
ufacturer’s instructions. Cells were analyzed 48 h after
transfection to allow degradation of targeted mRNA. For
lentiviral production and infection, control shRNA (shCtrl)
lentivirus and shRNA against BAP18 (shBAP18) lentivirus
targeting the same sequence as siBAP18#1 as above were
purchased from Shanghai GeneChem Company. The se-
quences were listed in Supplementary Table S2.

Chromatin Immunoprecipitation (ChIP)

ChIP assays were performed according to previously de-
scribed protocols (25). 22Rv1 cells were transfected with
FLAG-BAP18 using jetPRIME transfection reagent (Poly-
plus) or infected with shBAP18, and then cultured for 2
days in phenol red-free RPMI 1640 supplemented with
10% charcoal-dextran-stripped FBS. At ∼90% confluency,
cells were treated with 10−8M DHT or EtOH for 12 h
and harvested for ChIP. Immunoprecipitation of sonicated
chromatin solutions was conducted by overnight incuba-
tion at 4◦C with anti-AR (Thermo), anti-BAP18, anti-
MLL1, anti-hMOF, anti-Ash2L, anti-H3K27me3 (Ab-
cam), anti-H3K4me3 (Abcam) or anti-H4K16ac (Milli-
pore) antibody. Cross-linking was reversed at 65◦C, and
DNA fragments were extracted with phenol-chloroform
and precipitated with ethanol. The purified DNA was
dissolved in TE buffer and analyzed by regular PCR.
Primer sequences of PSA-ARE I/II were as follows: for-
ward 5′-GCCAAGACATCTATTTCAGGAGC-3′, and re-
verse 5′-CCCACACCCAGAGCTGTGGAAGG-3′. DNA
fragments was analyzed by real-time PCR (RT-PCR) with
SYBR Green dye. Results were expressed as percentage of
input chromatin and were derived from a single experiment
that is representative of at least two independent experi-
ments.

ChIP Re-ChIP

ChIP Re-ChIP analysis was performed in 22Rv1 cells as
described previously (28). Protein–DNA complexes eluted

from the first Immunoprecipitation (IP) were incubated
with 10 mM DTT at 37◦C for 30 min and diluted 1:50 in
dilution buffer (1% Triton X-100, 2 mM EDTA, 150 mM
NaCl, 20 mM Tris-HCl at pH 8.1) followed by Re-ChIP
with the antibodies as indicated.

Cell growth, morphology and colony formation assay

22Rv1 cells were incubated for varying time periods, then
harvested and stained with trypan blue, and viable cells were
counted using a hematocytometer and plotted as a function
of time. Different cells were visualized under a microscope
to examine their morphologies. Single-cell suspensions were
plated out at 100 cells per 3.5 cm dish in triplicate. Cells were
then incubated for 7 days with or without DHT. Eventually,
the medium was aspirated and dishes were fixed in methanol
and stained with 3% Giemsa for 20 min, then rinsed and air-
dried.

Xenograft tumor growth

All animal experiments were performed by the Institutional
Animal Care and Use Committee of the China Medical
University. 22Rv1 cells stably expressing shCtrl or shBAP18
were suspended in 100 �l medium with half Metrigel (BD
Biosciences) and were injected (5.0 × 106 cells/mouse) sub-
cutaneously into 5-week-old NOD/SCID mice (Vital River
Laboratories). Mice were monitored every other day for
tumor development. Tumor size was measured using an
electronic caliper, and the tumor volume was determined
with the formula: V = (�/6) × (L × W)3/2, where V, vol-
ume (mm3); L, biggest diameter (mm); W, smallest diameter
(mm) (30). Eight weeks after inoculation, mice were killed in
keeping with the policy of the humane treatment of tumor-
bearing animals. Animal work was carried out in compli-
ance with the ethical regulations approved by the Animal
Ethics Committee of China Medical University.

Patients

Human prostate cancer tissues and benign prostatic hyper-
plasia tissues were obtained from 11 patients undergoing
radical prostatectomy at the First Hospital of China Medi-
cal University. All samples were obtained with patients’ in-
formed consents.

Immunohistochemistry

Sections of prostate tissue specimens were prepared from
clinical prostatectomy specimens in the First Hospital of
China Medical University. The procedure was performed
as previously described (28,31). Tissue sections of formalin-
fixed, paraffin embedded tissue blocks were dewaxed in xy-
lene, rehydrated in decreasing concentrations of ethanol,
and blocked for endogenous peroxidase activity using 3%
hydrogen peroxide. Antigen retrieval was carried out in
citrate buffer (pH 6.0) at 130◦C for 2 min. Then, non-
specific antibody binding was blocked by incubating with
goat serum for 15 min at room temperature. Slides were
incubated with anti-BAP18 (1:100) overnight at 4◦C. Af-
ter washing, slides were incubated with biotinylated goat
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anti-rabbit/mouse immunoglobulin, followed by incuba-
tion with avidin DH-biotinylated horseradish peroxidase
complex (UltraSensitiveTM SP(Mouse/Rabbit)IHC Kit,
Maixin Bio). The sections were developed with the di-
aminobenzidine substrate kit (Maixin Bio) and counter-
stained with hematoxylin. Images were taken with an Olym-
pus microscope. This study was approved by the Ethics
Committee of the Medical Faculty of the China Medical
University.

Statistics

All statistical analysis was performed using the Statistical
Product and Service Solutions (SPSS) (19.0) statistical soft-
ware program. Student’s two-tailed t-test was used for the
determination of statistical relevance between groups. For
analysis of clinical specimens, Mann–Whitney U test was
used. P-values of *P < 0.05; **P < 0.01; and ***P < 0.001
were considered statistically significant.

RESULTS

Identification of CG33695 as a coactivator of AR in
Drosophila experimental system

Numerous studies have shown that co-regulators of AR
play a significant role in AR-mediated transactivation,
and exert their crucial biological functions (4,32). Us-
ing a ARAF-1 associated PEV (ARAF-1-PEV model) in
Drosophila experimental system, we have previously iso-
lated several known proteins and clarified their novel func-
tions as AR co-regulators involved in modulating AR ac-
tions via the different molecular mechanisms (24,28). In this
system, the activation function-1 domain of AR (ARAF-
1) carrying 1–720aa of AR is expressed driven by GMR-
Gal4 driver in the Drosophila eye. A reporter plasmid,
which contains a gene encoding the green fluorescent pro-
tein (GFP) controlled by eight androgen response elements
(AREs), was inserted into a pericentric region (80C2, C3L)
(24,25,28). ARAF-1-induced transacivation can be assessed
by the intensity of GFP expression in ARAF-1 PEV sys-
tem. Interestingly, in this study, we isolated and identified
an uncharacterized protein, CG33695 involved in regulat-
ing ARAF-1-induced transcriptional activity in Drosophila.
Our results demonstrated that two loss-of-function mu-
tants of CG33695 (CG33695K07716, CG33695DG06604) indi-
vidually decreased ARAF-1-mediated transactivation on
GFP reporter expression system, indicating that CG33695
is a coactivator of AR in fly. To confirm this result, we con-
structed expression plasmids for CG33695 (UAS-CG33695)
and C17orf49 (UAS-C17orf49), which is the human ho-
mologue of CG33695 to generate the transgenic flies. As
shown in Figure 1A, we observed that ectopic expression
of CG33695 or C17orf49 enhances GFP transactivation by
ARAF-1 in the eye discs (Figure 1A).

We further examine the localization of CG33695 on
polytene chromosome using immunostaining. Our results
demonstrated that CG33695 accumulated on many sites
of euchromatic regions on polytene chromosomes, and
CG33695 partially co-localized with dCBP, which was used
as a positive control of AR coactivator in the euchromatic

area (Figure 1B–E), suggesting that CG33695 may partici-
pate in active transcription on euchromatic region.

Using the National Center for Biotechnology Informa-
tion database, multiple sequence alignments of the four
species demonstrated that BAP18 among the four species
displayed an overall high degree of homology in length and
sequence (Figure 1F). BAP18s from the four species con-
tain a conserved SANT domain, which occurs in chromatin
associated proteins or transcriptional cofactors. Taken to-
gether, these results suggest that CG33695 acts as a coacti-
vator of AR, and mainly accumulates in active transcription
regions in Drosophila.

BAP18 physically interacts with AR in vivo

To study the effect of human homologue of CG33695
(BAP18) on AR-induced transactivation in human, we gen-
erated expression plasmid encoding FLAG-tagged BAP18,
GFP-tagged BAP18 full length (BAP18-FL) and BAP18
truncated mutants carrying N terminal fragment (BAP18-
N) or C terminus (BAP18-C) (Figure 2A), and per-
formed a series of experiments in mammalian cells. We
first test the interaction between BAP18 and AR by co-
immunoprecipitation (Co-IP) experiments, HEK293 cells
were co-transfected with AR and FLAG-tagged BAP18 ex-
pression plasmids. Precipitated proteins were detected by
Western blotting using the antibodies as indicated. Our re-
sults showed that AR was precipitated with FLAG-tagged
BAP18, and the interaction between AR and BAP18 was
stronger in the presence of AR ligand (DHT) (Figure 2B).
Then the similar Co-IP experiments were performed in
PCa 22Rv1 cells, the results were in agreement with that in
HEK293 cells, indicating that AR associates with BAP18
in 22Rv1 cells (Figure 2C). We then sought to identify
the interaction domains in BAP18, to this end, HEK293
cells were co-transfected with expression plasmids encod-
ing AR, GFP-tagged BAP18-FL and its truncated mutants
(BAP18-N, BAP18-C) for co-IP (Figure 2D). The results
demonstrated that AR individually interacts with BAP18
full length (FL), BAP18-N comprising 1–86aa or BAP18-C
comprising 87–172aa, indicating that BAP18-N or BAP18-
C mediates AR association with BAP18. To examine what
is the role of SANT domain in MLL1 complex interac-
tion, co-IP experiments using BAP18-FL and BAP18-C
with SANT domain deletion were performed. As shown in
Supplementary Figure S4, our data showed that there is
no obvious difference between the interaction of BAP18-
FL-MLL1 complex and BAP18-C-MLL1 complex, indi-
cating that N-terminus carrying SANT domain may not
be required for the association of BAP18 and MLL1 com-
plex. These results suggest that N-terminus of BAP18 is re-
quired for its function in regulating AR action, but it is
not required for AR and MLL1 complex interaction. More-
over, the results of immunofluoresence experiments showed
that BAP18 was located in the nucleus with or without the
treatment of DHT, and BAP18 were distributed together
with AR in the nucleus with the treatment of DHT (Fig-
ure 2E). In addition, we examined the association of BAP18
and endogenous AR in PCa 22Rv1 cells, the data showed
that BAP18 and AR were distributed in 22Rv1 cells in the
presence or absence of DHT. Interestingly, BAP18-N was
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Figure 1. BAP18 enhances AR-induced transactivation in Drosophila. (A) Expression ARAF-1 in third instar eye imaginal discs driven by GMR-GAL4
driver and carrying an ARE-GFP reporter in pericentric heterochromatin were crossed with lines harboring gain of function (UAS-C17orf49, UAS-FLAG-
CG33695) or CG33695 loss of function (BL10680, BL21629) mutants as indicated. The effect of BAP18 over-expression and mutations on ARAF-1 induced
transactivation was evaluated by levels of GFP expression (upper panels). GMR-GAL4 expressed ARAF-1 was detected with anti-AR (N-20) antibody
(middle panels) and merged images are shown in the lower panel. Quantification of GFP expression revealed by color intensity is shown at the bottom. *P
< 0.05, ***P < 0.001. Scale bars, 50 �m. (B–E) Polytene chromosomes from the third instar larvae of flies carrying UAS-FLAG-CG33695 and GMR-GAL4
expression plasmids were dissected. The location of CG33695 on chromosomes was examined with anti-FLAG antibody (B and B′). Polytene were stained
with anti-dCBP (C and C′) and with DAPI to visualize DNA (D and D′). E and E′, merged images. (F) Multiple-sequence alignments of the BAP18
from different species. The amino acid sequences of BAP18 in various species were extracted from the NCBI website. Multiple sequence alignments were
performed using Vector NTI software (Life Technologies). Residues identical in all four species are highlighted in yellow; residues conserved are highlighted
in blue; residues that are conserved but not identical are highlighted in green. Residues identical in the four species are highlighted in yellow; residues
identical in Homo sapiens and Mus musculus are highlighted in blue; residues that are conserved but not identical are highlighted in green. Drosophila
melanogaster CG33695 and Human sapiens BAP18 share 58% similarity. Human sapiens and Macaca mulatta BAP18 share 99%, while Human sapiens and
Mus musculus BAP18 share 95% similarity. The red frame indicates the SANT domain. EMBL/RefSeq accession numbers are as follows: Homo sapiens
(NP 777553.1), Macaca mulatta (AFE65909.1), Mus musculus (NP 665701.1) and Drosophila melanogaster (NP 001027248.1).
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Figure 2. BAP18 interacts with AR in vivo. (A) Schematic diagram of full-length BAP18 and BAP18 truncation mutants used in this study. Numbers
indicate amino acid position. (B) Co-immunoprecipitation (Co-IP) assay showing the interaction between BAP18 and AR in vivo. HEK293 cells were
transfected with FLAG-BAP18 and AR expression plasmids with or without DHT (10−8 M). After 48 h, cell lysates were immunoprecipitated with anti-
FLAG antibody or with IgG as a control. Precipitated proteins were examined by Western blotting using antibodies against FLAG or AR. Input represents
5% of the total cell extract used for each immunoprecipitation. (C) BAP18 interacts with AR and N-terminal AR variants in 22Rv1 cells. Cell lysates of
22Rv1 cells under the same transfection condition were subjected to Co-IP probed with FLAG antibody or IgG. (D) HEK293 cells were co-transfected with
GFP-BAP18 or a series of GFP-BAP18 mutation expression plasmids and AR as indicated with or without DHT (10−8 M) for 48 h. IP performed using
anti-GFP and whole-cell extracts (input) were analyzed by immunoblotting using the indicated antibodies. (E) HEK293 cells were co-transfected with
FLAG-BAP18 expression plasmids and AR and treated with or without DHT (10−8 M). Then cells were stained with TOPRO3 to visualize the nucleus
(blue), anti-FLAG (red), anti-AR (green). The localization of the two proteins was analyzed by a fluorescence microscope. Scale bars, 50 �m. (F) 22Rv1
cells were transfected with plasmids expressing for GFP-BAP18 or two truncated mutants and treated with or without DHT (10−8 M). The endogenous
AR were immunostained with anti-AR (red), whereas BAP18 and two truncates localizations were detected by direct GFP fluorescence. Blue is the DAPI
stain of the nucleus. Scale bars, 10 �m.
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Figure 3. BAP18 enhances AR-induced transactivation and knockdown BAP18 inhibits AR target gene expression. (A–B) The transcriptional activity of
AR was increased by overexpression of BAP18 both in 22Rv1 and LNCaP cells. Cells were transfected with full length BAP18 or its truncated mutants as



Nucleic Acids Research, 2016, Vol. 44, No. 17 8119

partially localized in the cytoplasm, while BAP18-C was
still distributed in the nucleus, suggesting that the nuclear
localization signals (NLSs) were mainly located in the C-
terminus of BAP18 (Figure 2F). Collectively, these data in-
dicated that BAP18 physically associates with AR in mam-
malian cells.

BAP18 up-regulates AR-mediated transactivation in mam-
malian cells

To explore whether BAP18 is able to enhance AR action in
mammalian cells, we first performed luciferase assay in PCa
22Rv1 cells and LNCaP cells. The cells were co-transfected
with pGL3-ARE-tk-luc reporter vector together with AR
expression plasmid alone, or together with the expression
plasmids encoding BAP18 full length (BAP18-FL) or its
truncated mutants (BAP18-N and BAP18-C) with or with-
out the treatment of DHT (Figure 3A and B). Our results
demonstrated that BAP18-FL significantly enhanced AR-
mediated transactivation in the presence of DHT, while
BAP18-N or BAP18-C has no obvious effect on it. These
results suggest that BAP18 co-activates AR-mediated trans-
activation in a ligand-dependent manner, and the entire
BAP18 is required for its coactivator function. Then, we fur-
ther examined the effects of BAP18 on the transactivation
mediated by artificially truncated AR, including ARAF-1
containing ligand-independent domain and ARAF-2 com-
prising ligand-dependent domain. The results showed that
BAP18 significantly increased ARAF-1-induced transacti-
vation in the absence of DHT, which is a little stronger than
that on AR full length with the treatment of DHT. How-
ever, we have not detected the obvious effect of BAP18 on
ARAF-2 even in the presence of DHT (Figure 3C lane 1–
8). To confirm these results, we turn to examine the effect
of BAP18 on AR variant (AR-V7) with pGL3-ARE-tk-luc,
MMTV-tk-luc or PSA-tk-luc reporters. AR-V7 is lack of C-
terminal ligand-binding domain and constitutively active to
be resistant to traditional androgen deprivation therapy in
PCa. Our results demonstrated that BAP18 dominantly up-
regulated AR-V7-mediated transcriptional activity in the
absence of DHT (Figure 3C lane 9–10, Figure 3D–E). These
results indicated that BAP18 functions as a coactivator of
AR in mammalian cells, and specifically enhances truncated
ARAF-1 or N-terminal variant of AR (AR-V7) action in
the absence of DHT.

We next examined whether BAP18 is required for regulat-
ing the endogenous AR target genes. To this end, we turn to

LNCaP cells, in which AR is constitutively expressed, and
22Rv1 cells harboring coexpression of AR full length and
AR variants (AR-Vs) and analyze the expression of AR
target genes with the depletion of BAP18. Three kinds of
siRNAs against BAP18 (siBAP18 #1, #2, #3) were individ-
ually transfected into 22Rv1 cells and an 80% reduction of
BAP18 expression was detected for each of them by Western
blotting (Figure 3F). We thus selected siBAP18#1 to pro-
duce shRNA retrovirus against BAP18 (shBAP18) in 22Rv1
cells and LNCaP cells, as shown in Figure 3G, an 80% re-
duction of BAP18 expression by shBAP18 in 22Rv1 and a
75% reduction of BAP18 in LNCaP cells were confirmed by
Western blotting experiments (Figure 3G). BAP18 mRNA
level (C17orf49) reduced by shBAP18 was examined by q-
PCR experiments (see Supplementary Figure S1A–B).

To systematically investigate the epigenome-wide impact
of BAP18 on global AR-mediated gene regulation, we con-
tucted knockdown experiments to perform mRNA expres-
sion analysis coupled with high throughout sequencing
(RNA-seq analysis). From the gene expression data, we
identified 609 differentially expressed genes (DEGs) after
treatment with synthetic androgen (DHT) in 22Rv1 cells.
These genes were then partially regulated by siRNA against
the gene encoding BAP18 (Figure 3H). The DEGs were
listed in Supplementary Table S3. Knockdown of BAP18
obviously modulated the expression of genes induced by
DHT treatment, suggesting that BAP18 is genomically in-
volved in modulation of AR-driven transcription. To as-
sess whether the modulation function of BAP18 on vari-
ous genes in the presence of DHT is similar with that in the
absence of DHT, we compared the RNA-seq analysis data
obtained from 22Rv1 cells carrying shBAP18 treated with
or without DHT and observed partial overlap in AR target
gene regulation (Figure 3I). Venn diagram showed that ex-
pression of 107 and 100 AR-driven genes was modulated
by shBAP18 in the absence or presence of DHT, respec-
tively. The number of androgen-induced genes with altered
expression was 32 in shBAP18 cells in both presence and
absence of DHT. The overlap between all three circles indi-
cates that these genes activated by AR and AR variants may
be regulated by BAP18 (Figure 3J). We then examined cel-
lular processes in which these diferentially expressed genes
are mainly involved by performing the enrichment analy-
sis of KEGG pathway (Figure 3K, Supplementary Figure
S2). The results demonstrated that the DEGs are mainly in-
volved in cellular processes, human diseases, as well as or-
ganismal systems.

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
indicated in the absence or presence of ligand (DHT). BAP18 enhances AR mediated transactivation, and both of N- terminus and C-terminus are required
for its function. The expression levels of BAP18 truncated mutations were detected by Western blotting. (C) BAP18 enhances AR, ARAF-1 or AR-V7
mediated transactivation. The plasmids expressing the full-length or truncated AR were transfected into cos-7 cells with or without FLAG-BAP18, and the
cells were treated with or without DHT (10−8M). After 24 h of DHT, cell lysates were subjected to luciferase assay. Relative luciferase units shown are the
mean value at least three times. (D) BAP18 enhances AR or AR-V7-induced tranasactivation on MMTV-tk-luc reporter. Cos-7 cells were co-transfected
with MMTV-tk-luc and pRL-TK together with the indicated expression plasmids with or without DHT (10−8M). (E) BAP18 enhances AR or AR-V7-
induced tranasactivation on PSA-tk-luc reporter. The similar luciferase assays were performed as above with PSA-tk-luc in cos-7 cells. (F) 22Rv1 cells were
harvested 48 h after transfection with three different siRNAs (#1, #2 and #3) targeting BAP18 or control siRNA (siCtrl). The expression of BAP18 was
measured by Western blotting with anti-BAP18 antibodies. (G) 22Rv1 and LNCaP cells were infected with shRNA Lentivirus against BAP18 (shBAP18)
or shRNA Lentivirus control (shCtrl). Western blotting analysis data are shown. (H) RNA-seq analysis profile of shBAP18 or shCtrl after treatment with
or without DHT in 22Rv1 cells. Heat map displays the altered expression of DHT-induced genes upon BAP18 knockdown. Fold change is indicated at
right. (I) Heat map representation of BAP18 knockdown on the expression of various genes in the absence or presence of DHT. Bold letters, widely studied
AR target genes. (J) Venn diagram showing DHT-regulated genes in shCtrl and shBAP18 cells in the presence of DHT or vehicle. (K) Biological processes
of DHT-induced transcripts in shCtrl and shBAP18 cells as revealed by KEGG pathway analysis.
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Next, using quantitative PCR (qPCR), we assessed the
role of BAP18 in AR signaling. Similar to what we ob-
served in luciferase assay and RNA-seq analysis, BAP18
depletion resulted in a significant (P < 0.05 or P < 0.01)
decrease in the DHT-mediated expression of 12 AR target
genes, including PSA, HPGD, ELOVL5, ITGAV, KLK2,
KLK4, ALDH1A3, FKBP5, UBE2C, SLC45A3, FASN and
VCL in 22Rv1 cells (Figure 4A). While knockdown of
BAP18 decreased the induction folds of PSA, HPGD,
ELOVL5, ITGAV, KLK2, KLK4, ALDH1A3, FKBP5,
UBE2C, SLC45A3, FASN, GTSE1, UGT2B17 and VCL ex-
pression by DHT in LNCaP cells (Figure 4B). Taken to-
gether, our results indicate that BAP18 co-activates AR or
AR variant-mediated transactivation and knockdown of
BAP18 reduced a subset of endogenous AR target genes
transcription in vivo.

BAP18 facilitates the recruitment of MLL1 associated pro-
teins to the promoters of AR target genes

It has been shown that MLL1 complex, which is involved
in the methylation of histone H3 at lysine 4 and the acety-
lation of histone H4 at lysine 16, is implicated in epigenetic
transcriptional activation (18). MLL1 associated complex
has also been proved to participate in modulating AR sig-
naling (19,33). Having established that BAP18/MGC49942
is an uncharacterized component of MLL1 complex (18),
and BAP18 is involved in up-regulation of AR action in
this study. However, the molecular mechanisms and bio-
logical functions of BAP18 are largely unknown. We thus
tested whether BAP18 was recruited to AREs of its target
genes together with MLL1 associated proteins, and how the
depletion of BAP18 influenced the level of histone modifi-
cations on the promoter region of AR target genes. ChIP
assays were performed in 22Rv1 cells with ectopic expres-
sion of BAP18 in the presence or absence of ligand (DHT)
using the antibodies as indicated. The results showed that
BAP18 or AR was recruited to the promoter region of PSA
gene (PSA-ARE I/II) upon DHT induction. Interestingly,
the recruitment of AR to PSA-ARE I/II was also promoted
by ectopic expression of BAP18. Meanwhile, the methyla-
tion levels of histone H3K4me3 and acetylation of histone
H4K16ac on PSA-ARE I/II region were significantly en-
hanced by BAP18, but methylation of histone H3K27me3
was not remarkably influenced by BAP18 (Figure 4C and
Supplementary Figure S3A). In order to confirm these re-
sults, we performed the similar ChIP assays with knock-
down of BAP18, in agreement with the above results, our
data showed that the recruitment of AR was diminished by
knockdown expression of BAP18, the levels of H3K4me3
and H4K16ac were decreased by shBAP18 in the presence
of DHT. Moreover, as shown in Figure 4D, our results
demonstrated that knockdown of BAP18 prominently at-
tenuated the recruitment of MLL1 associated proteins, in-
cluding MLL1, Ash2L and MOF to PSA-ARE I/II region
with or without DHT stimulation (Figure 4D and Sup-
plementary Figure S3B). Furthermore, to assess whether
BAP18 is recruited to the promoter of AR target gene to-
gether with AR, MLL1, or MOF, ChIP re-ChIP experi-
ments were performed. ChIP assays were first performed
with antibodies against AR or BAP18 in the soluble chro-

matin isolated from 22Rv1 cells in the absence or presence of
DHT, the precipitates from ChIP were subjected to re-ChIP
with antibody against the second protein as indicated. The
results showed that BAP18 occupied androgen response ele-
ment is simultaneously bound by AR, MLL1 or MOF (Fig-
ure 5A). Collectively, these results suggest that BAP18 can
be recruited to the promoter of AR target genes, and facil-
itates the recruitment of MLL1 associated proteins or AR
itself to the promoters of AR target genes.

Having demonstrated the recruitment of BAP18 and
MLL1 associated proteins to AR-bound chromatin re-
gions, we then set out to investigate whether BAP18 is able
to interact with MLL1 associated proteins together with
AR in PCa cells. As expected, the results of co-IP exper-
iments demonstrated that AR interacts with BAP18 and
MLL1 associated proteins, including MLL1, Ash2L, MOF
and Menin with or without DHT treatment. Interestingly,
knockdown of BAP18 did not alter the interactions be-
tween MLL1, Ash2L and Menin with AR in the presence
or absence of DHT. Whereas when BAP18 was depleted
by shBAP18, the association of MOF with AR was de-
creased, indicated that BAP18 may act as a scaffolding pro-
tein for facilitating the association between MOF and AR
(Figure 5B). In LNCaP cells, in agreement with that in
22Rv1 cells, the results showed that BAP18 associated with
AR and MLL1 complex, moreover, depletion of BAP18
attenuated the association between AR and MOF (Fig-
ure 5C–D). In addition, luciferase assays were performed
to examine the effects of subunits of MLL1 complex on
AR action, our results demonstrated that BAP18, MLL1
or Ash2L enhanced AR-induced transactivation in cells.
BAP18/MLL1 or BAP18/Ash2L additively enhanced AR-
dependent transactivation. Unexpectedly we did not ob-
serve the obviously effect of MOF itself on modulation of
AR action (Figure 5E). Taken together, our results suggest
that BAP18 and MLL1 complex may function together with
AR to regulate AR-mediated transactivation.

BAP18 is required for tumor growth and proliferation in
prostate cancer

AR signaling plays a critical role in prostate cancer and the
progression of CRPC (33,34). Having demonstrated that
BAP18 is involved in modulation of AR-induced transac-
tivation, and knockdown of BAP18 results in a significant
decrease in the expression of AR target genes, such as PSA,
KLK4, UBE2C, SLC45A3 and FASN, which were tightly
associated with prostate cancer growth or CRPC progres-
sion. We then set out to investigate the biological role of
BAP18 in PCa cells, we examined the effect of BAP18 on the
growth and proliferation of PCa cells with shRNA against
BAP18 in 22Rv1 cells. Growth curves analysis at 0, 2, 4, 6
and 8 days showed that depletion of BAP18 attenuated cell
proliferation in the presence or absence of DHT (Figure
6A). Consistently, colony formation experiments demon-
strated that knockdown of BAP18 formed lower number of
colonies than that of control in a DHT-independent manner
(Figure 6B). In addition, microscopic observation also in-
dicated that BAP18 knockdown suppressed the cell growth
in 22Rv1 or LNCaP cells (Supplementary Figure S5A–B).
We then ask whether the function of BAP18 on cell growth
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Figure 4. BAP18 facilitates the recruitment of MLL1 subcomplex to the promoters of AR target genes. (A–B) Real-time PCR (RT-PCR) analysis showing
the effect of BAP18 knockdown on activation of 17 AR target genes. 22Rv1 or LNCaP cells with knocking down BAP18 expression by shBAP18 as
indicated were harvest after treatment with or without DHT (10−8M) for 24 h. Total RNA was analyzed by Real-time quantitative PCR (RT-qPCR).
Levels of all mRNAs were normalized to that of GAPDH mRNA. Statistical significance of differences between experimental groups was assessed t-test.
Error bars represent mean ± SD. *P < 0.05; **P < 0.01; and ***P < 0.001. (C) 22Rv1 cells were transfected with FLAG-BAP18 for 40 h and treated with
DHT (10−8M) for an additional 8 h and subjected to ChIP assay using antibodies specific to AR, BAP18, MOF, H4K16ac, H3K4me3 and H3K27me3.
The immunoprecipitated DNA fragments were PCR amplified using primers flanking the promoter region of PSA gene (PSA-ARE I/II). (D) ChIP assay
were performed using indicated antibodies in 22Rv1 cells with knocking down BAP18 expression by shBAP18 with or without DHT (10−8M) and analyzed
by qPCR. The data are representative of more than two independent experiments.
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Figure 5. BAP18 interacts with MLL1 subcomplex. (A) BAP18, AR, MLL1 and MOF are recruited together to cis-regulatory elements of PSA in the
absence or presence of DHT. ChIP/re-ChIP experiments were performed using specific antibodies against BAP18, AR, MLL1, MOF or IgG as indicated.
DNA eluted from unprecipitated chromatin was used as input. Chromatin samples were analyzed by gel electrophoresis. (B) 22Rv1 cells were treated
with shBAP18 or shCtrl, and immunoprecipitated using anti-AR antibodies or IgG. Precipitated protein complex were analyzed by Western blotting with
antibodies as indicated. Input represents 5% of the total cell extract used for each immunoprecipitation. (C and D) LNCaP cells were incubated with
or without DHT, transfected with BAP18 expression plasmids or siRNA against BAP18 (siBAP18). Immunoprecipitate generated with anti-FLAG or
anti-AR antibody was subjected to Western blotting with the indicated antibodies. (E) AR-dependent transactivation requires BAP18, MLL1 or Ash2L
in cells. Cos-7 cells were co-transfected with the AR together with BAP18, MLL1, Ash2L or MOF expression plasmid as indicated. The total amount of
the transfected DNA was kept constant with the empty vector.



Nucleic Acids Research, 2016, Vol. 44, No. 17 8123

Figure 6. Knockdown of BAP18 inhibits tumor growth of prostate cancer xenograft. (A) Growth curve of the stable knockdown by shBAP18 in 22Rv1
cells. Total cell numbers were counted on days 0, 2, 4, 6 and 8. Data were means ± SD of three independent experiments performed in triplicates. *P <

0.05. (B) Representative microphotographs of clone formation experiments of stable 22Rv1 cells. A total of 1 × 104 cells were seeded in 3.5-cm dishes for
7 days. Colonies were stained by crystal violet. (C) 22Rv1 cells were transfected with siAR or siCtrl for 4 h, then transfected with BAP18 overexpression
plasmids or vector in the presence of DHT or not. At 72 h after transfection, microscopic analysis of the cells were performed. Scale bars, 50 �m. (D)
Photograph showing the xenograft tumor in male SCID mice with shCtrl (left) or shBAP18 (right) stable 22Rv1 cells. Tumors were dissected from mice at
the 28th day post injection. (E–F) Dissected tumors were measured. The average volumes or weights and standard errors were calculated for each group.
*P < 0.05. (G) The mRNA samples from tumor xenograft mice were isolated, and qPCR for the indicated mRNA was performed. Data were expressed as
means ± SD (n = 8). Statistical significance was determined using t-test, *P < 0.05, **P < 0.01. (H–I) Representative photograph showing the xenograft
tumor in male SCID mice treated castration injected with shCtrl (left) or shBAP18 (right) stable 22Rv1 cells. (J) The average tumor volume of shCtrl and
shBAP18 were plotted over days after tumor cell injected. Data points represent the mean of 14 tumors from 7 mice. Bars represent standard deviation of
the mean, P < 0.001. (K) Four weeks later tumor weights were statistically analyzed using t-test, P < 0.001.
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and proliferation of PCa cells is related to AR, to this end,
we turned to 22Rv1 cells and performed the cell prolifera-
tion experiment with depletion of AR, our results showed
that the cell proliferation promoted by ectopic expression
BAP18 was significantly attenuated by downregulation of
AR (Figure 6C). Efficiency of siRNA against AR or ectopic
expression of BAP18 was shown in Supplementary Figure
S6. These data suggested that the cell growth of PCa cells
promoted by BAP18 is related to AR.

To further confirm these results, we examined the ef-
fects of BAP18 on prostate tumor growth in vivo using a
mouse xenograft model. 22Rv1 cells infected with lentivirus
carrying shBAP18 or shCtrl were separately injected into
right (shBAP18) or left flanks (shCtrl) of 5-week-old male
NOD/SCID mice (n = 8). Subsequently, the tumor vol-
umes were measured every two-day after injection. Our data
showed that the size of xenograft tumor from shBAP18-
22Rv1 cells was smaller than that from shCtrl-22Rv1 cells
(Figure 6D). The tumor volumes from shBAP18-22Rv1
cells demonstrated slower growth rate than those from the
control cells (Figure 6E). After four weeks, the tumors were
harvested and weighted. The average tumor weight from
shBAP18-22Rv1 cells was lower than that from the control
cells (Figure 6F). To further assess the influence of BAP18
on AR target gene expression using the above xenograft tu-
mors in mice, total RNA was individually extracted from
the xenograft tumors and qPCR was performed to analyze
the gene expression of C17orf49, PSA, UBE2C and FASN
(Figure 6G). In agreement with modulation of BAP18 on
AR target genes in PCa 22Rv1 cells as shown in Figure 4A,
our results showed that BAP18 knockdown resulted in sig-
nificant decreases in a subset of AR target gene expression
in xenograft tumor in mice.

Having identified that BAP18 is a coactivator of AR-
mediated transcription, and up-regulates the expression of
a series of putative AR target genes, including UBE2C and
FASN genes, which play important roles in CRPC progres-
sion (4,35,36). We also found that BAP18 promotes PCa cell
growth in the presence or absence DHT (Figure 6A and B,
and Supplementary Figure S5A and B). We then set up to
test whether BAP18 is necessary for PCa cell growth under
androgen-depleted conditions. We implemented the castra-
tion operation in male NOD/SCID mice and then injected
shBAP18-22Rv1 cells into right or shCtrl-22Rv1 cells into
left flunks of the castrated mice (n = 8). The tumor vol-
umes were measured every three days after injection. The re-
sults indicated that knockdown of BAP18 significantly sup-
pressed xenograft tumor growth under androgen-depleted
condition in vivo (Figure 6H–I). The tumor volumes from
BAP18-depleted 22Rv1 cells showed much slower growth
rate than those from shCtrl-22Rv1 cells (Figure 6J). After
four weeks, the tumors were harvested and weighted. The
average tumor weight from shBAP18-22Rv1 cells was much
lower than that from control cells, indicating that knock-
down of BAP18 remarkably reduces PCa cell growth in cas-
trated mice (Figure 6K). Taken together, these data suggest
that BAP18 plays an important role in PCa growth and pro-
liferation, and BAP18 is required for PCa cell growth under
androgen-depleted condition.

BAP18 is highly expressed in prostate cancer biopsies

The requirement for BAP18 in PCa cell growth and prolif-
eration encouraged us to examine BAP18 expression in sev-
eral PCa cell lines and clinical prostate tissues. As shown in
Figure 7A, the expression of BAP18 were detected in AR-
positive (22Rv1, LNCaP, VCaP) or AR-negative (DU145)
PCa cell lines, indicating that BAP18 may play multiple
roles in prostate cancer beyond AR. To detect the expres-
sion of BAP18 in clinical prostate samples, we collected nine
clinical PCa and two BPH samples, Western blotting results
showed that the expression of BAP18 protein was stronger
in clinical PCa tissues than that in BPH tissues. RT-PCR re-
sults showed the expression of BAP18 mRNA (C17orf49) in
clinical prostate tissues was in accordance with BAP18 pro-
tein expression (Figure7B and C). In addition, we examined
the expression of BAP18 in clinical prostate biopsies includ-
ing 92 cases of PCa and 33 cases of BPH using immuno-
histochemical (IHC) analysis. We found that PCa samples
had strong staining for BAP18, whereas weak staining was
observed in BPH. BAP18 was detected in the nucleus (Fig-
ure 7D). Semiquantitative analysis showed that BAP18 had
obviously higher immunostaining in PCa samples than that
in BPH. In PCa, BAP18 expression did not correlate with
different Gleason Grades (Figure 7E). Among 33 benign
prostate specimens, 13 displayed low staining for BAP18
(39.4%), 15 displayed middle staining (45.4%) and 5 dis-
played high staining (15.2%). Among 92 primary PCa spec-
imens: 14 were low (15.2%); 23 were middle (25%); 55 were
high (59.8%) (Figure 7F). Taken together, our data suggest
the expression of BAP18 may be crucial for the prostate tu-
morigenesis.

DISCUSSION

BAP18 has been mentioned as an uncharacterized subunit
of MLL1-MOF complex, which is involved in up-regulation
of gene transcription. BAP18 is an 18 kDa protein that car-
ries a SANT domain in its N-terminus. However, the role
of BAP18 in modulating nuclear receptor-mediated tran-
scription and the biological function of BAP18 are largely
unknown. In this study, we identified CG33695 as a new
coactivator of AR using an experimental screening system
(ARAF-1-PEV model) in Drosophilar (24,25,28). BAP18
(MGC49942) encoded by gene C17orf49 is a human ho-
mologue of CG33695. We demonstrate that BAP18 as-
sociates with AR, and enhances AR-induced transactiva-
tion in mammalian cells. In addition, its N-terminus con-
taining SANT domain is required for co-activator func-
tion of BAP18, but not for its interaction with AR and
MLL1 complex. Importantly, we provide the evidence that
BAP18 forms a subcomplex with AR and MLL1 asso-
ciated proteins. Meanwhile, BAP18 facilitates the recruit-
ment of MLL1 subcomplex to AREs of AR target genes,
thereby increasing histone H3K4me3 and H4K16ac levels
for maintaining the active gene transcription. Moreover,
we show that knockdown of BAP18 attenuates cell growth
and proliferation of prostate cancer 22Rv1 cells even under
androgen-depleted condition in vivo.
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Figure 7. BAP18 mRNA and protein expression level in clinical prostatectomy specimens. (A) Expression of BAP18 in different prostate cancer cell lines.
(B and C) All fresh tissue specimens were from patient undergoing radical prostatectomy without any hormonal therapy. Expression of BAP18 protein
(B) and mRNA (C17orf49) (C) were detected in PCa or BPH. (D) Representative tissue stained with an antibody against BAP18. Stronger staining of
BAP18 was seen in PCa (Gleason Grade [GG] 3, 4 and 5) than that in BPH (magnification 10x; Scale bars: 200 �m). Rectangle represents magnification
image (magnification, 40x; scale bars: 50 �m). (E) BAP18 expression in PCa samples with different Gleason Grades (GG = 3, 4 and 5) compared with
BPH (n = 33). BAP18 has obviously higher staining in PCa samples compared with that in BPH. In PCa, no significant correlation between the intensity
of BAP18 immunostaining and different Gleason Grades could be observed. Statistical significance of the differences between experimental groups was
assessed u-test, *P < 0.05, **P < 0.01. (F) Presentation for the percentage of PCa or BPH samples with low, middle or high expression of BAP18. (G)
Schematic representation of the key role of BAP18 in up-regulation of AR-induced transactivation and promotion of prostate cancer progression.

BAP18, an uncharacterized subunit of MLL1-MOF com-
plex, facilitates MLL1 subcomplex to the promoter of AR
target gene

A complex containing MLL1 and MOF has been purified
from a human cell line that stably expressed WDR5 pro-
tein. The purified complex possesses MLL1-mediated hi-
stone methyltransferase activity on histone H3K4 mono-,
di- and trimethylation and MOF-mediated histone acetyl-
transferase activity on histone H4K16 acetylation. Both hi-
stone modifications are necessary for transcription activa-
tion on active genes. BAP18 (MGC49942) with unknown
function has been detected in the MLL1-MOF complex
(18). On the other hand, the screening of the H3K4me3 in-
teractome with ChIP-Seq profiling revealed a large num-
ber of chromatin readers with unknown function. Among
them, BAP18 is one of the candidates as the interactors
of H3K4me3. BAP18 has been further purified as a part
of NURF/BPTF complex (21). It has been also proved

by structural evidence showing that DPY-30, a subunit of
COMPASS-like complex interacts with BAP18 (37). It is
tempting to speculate that BAP18 may be involved in tran-
scription regulation. Here, our results from both screen-
ing with ARAF-1-PEV model and reporter assays suggest
that CG33695/BAP18 participates in co-activating AR-
mediated transactivation in Drosophila experimental model
(Figure 1A) and mammalian cells (Figure 3A–C). More-
over, we detect that BAP18 associates with AR, and its
N- terminus carrying SANT domian or C-terminus medi-
ates the association between AR and BAP18 (Figure 2),
while the entire of BAP18 is required for its regulation func-
tion for AR action (Figure 3A–B). These intriguing findings
raise the following questions: what is the epigenetic mech-
anism for the role of BAP18 in modulation of AR-induced
transcription, and whether a functional link may exist be-
tween BAP18 and histone modification or chromatin re-
modeling complex on the context of AR target genes. Our
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study provides the evidence that BAP18 is recruited to the
ARE together with AR (Figure 5A). We further demon-
strate that BAP18 facilitates the recruitment of MLL1 sub-
complex, including MLL1, MOF, Ash2L and Menin to
ARE and thereby effecting trimethylation of histone H3K4
and acetylation of H4K16 (Figure 4C and D). In addition,
BAP18 forms a complex together with MLL1 associated
proteins (Figure 5). It has been indicated that WDR5, by
virtue of its ability to associate with H3T11P facilitates the
recruitment of MLL1 complex for histone H3K4 trimethy-
lation leading to gene activation (19). Thus, our results show
that beyond the roles of WDR5 and H3T11P in facilitating
the recruitment of MLL complex to AR target genes, the as-
sociation of BAP18 and AR in the MLL1 subcomplex pro-
vides an additional attractive mechanism by which BAP18
is required for the recruitment of MLL1 associated complex
to the context of ARE.

BAP18 enhances AR/AR-V7-induced transactivation in
prostate cancer

As AR is expressed in the greater number of both androgen-
dependent prostate cancer (ADPC) and CRPC, and a
amount of AR binding sites have been identified in ADPC
and CRPC (38,39), thus the AR-mediated pathways play
important roles in both ADPC and CRPC. On the other
hand, under conditions of androgen depletion, the synthe-
sis of AR splicing variants (AR-Vs) carrying C-terminal
truncation provides a compelling mechanism for the pro-
gression of CRPC to androgen deprivation therapy (ADT).
At least 20 AR-Vs has been identified in CRPC cell lines
or PCa samples. AR-V7 is a putative AR splicing variant
and is often selected as a candidate for research on CRPC
(5,6). Our results suggest that BAP18 is involved in en-
hancing AR-mediated transactivation in the presence of lig-
and (5�-dihydrotestosterone, DHT). Importantly, BAP18
specifically increases transcriptional activity induced by
ARAF-1 as well as AR-V7 in a ligand-independent manner
(Figure 3A–E). RNA-seq analysis data demonstrate that
BAP18 participates in modulating globle AR-induced gene
expression in the absence or presence of DHT, indicating
that BAP18 may be involved in regulation of genome-wide
AR-mediated transcription (Figure 3H–K). Knockdown of
BAP18 attenuates the expression of a subset of AR target
genes, such as KLK4, FKBP5, FASN (36), UBE2C, which
are crucial for the progression of ADPC and CRPC (Fig-
ure 4A–B). Interestingly, it has been defined that AR se-
lectively and directly enhances M-phase cell-cycle genes, in-
cluding UBE2C in androgen-independent cells to promote
CRPC growth (4,35,40). Our results together with those
from Wang et al. show that BAP18 may act as a co-activator
of AR/AR-V7 to contribute to ADPC and CRPC progres-
sion through the modulation of a subset of AR target genes.

We observed a robust effect of BAP18 depletion on cell
growth and proliferation in presence or absence of DHT.
In addition, the significant differences in BAP18 expres-
sion detected between BPH and prostate cancer samples
strongly proposed that BAP18 highly expressed in prostate
cancer may play a role in tumor initiation and progres-
sion. The previous studies showed that increased histone
H4K16ac and H3K4me3 are epigenetic signature of cellular

proliferation (41,42). In addition, overexpression of MOF
is correlated with tumor growth, oncogenic transformation,
and prostate cancer progression (41,43). It has been previ-
ously demonstrated that MLL1 complex, including WDR5,
Ash2L or Menin plays a crucial role in prostate cancer ini-
tiation or CRPC progression (19,20). Our data suggest that
BAP18 facilitates the recruitment of MLL1 complex, in-
cluding MLL1, MOF, Ash2L and Menin to the context of
AR target genes, resulting in high levels of H3K4me3 and
H4K16ac to promote a subset of AR/AR-Vs target gene
transcription. Thus, activation of this signaling cascade pro-
motes the increased or abnormal cell growth and prolif-
eration of prostate cancer or development of CRPC (Fig-
ure 7G). Further studies will examine whether BAP18 is in-
volved in modulation of transcriptional activity induced by
other steroid hormone receptors and participates in other
hormone-related human tumors.

Collectively, our observations identify BAP18 as a crucial
co-activator of AR/AR-V7 function and have uncovered a
mechanism in which BAP18 facilitates the recruitment of
MLL1 subcomplex to the context of AR target genes, re-
sulting in histone modification alteration to regulate AR-
dependent gene activation. Our findings have demonstrated
that BAP18 plays a key role in prostate cancer cell prolif-
eration and CRPC progression, and we wonder whether
BAP18 expression would be utilized as a novel biomarker
for prostate cancer prognosis and whether BAP18 could be
a potential therapeutic target for patients with prostate can-
cer and CRPC.
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