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ABSTRACT

Mediator of DNA damage checkpoint protein 1
(MDC1) is essential for DNA damage response. How-
ever, the role of MDC1 in modulating gene transcrip-
tion independently of DNA damage and the under-
lying mechanisms have not been fully defined. An-
drogen receptor (AR) is the central signaling path-
way in prostate cancer (PCa) and its target genes
are involved in both promotion and suppression of
PCa. Here, we functionally identified MDC1 as a co-
activator of AR. We demonstrate that MDC1 facili-
tates the association between AR and histone acetyl-
transferase GCN5, thereby increasing histone H3
acetylation level on cis-regulatory elements of AR
target genes. MDC1 knockdown promotes PCa cells
growth and migration. Moreover, depletion of MDC1
results in decreased expression of a subset of the en-
dogenous androgen-induced target genes, including
cell cycle negative regulator p21 and PCa metasta-
sis inhibitor Vinculin, in AR positive PCa cell lines.
Finally, the expression of MDC1 and p21 correlates
negatively with aggressive phenotype of clinical PCa.
These studies suggest that MDC1 as an epigenetic
modifier regulates AR transcriptional activity and
MDC1 may function as a tumor suppressor of PCa,
and provide new insight into co-factor-AR-signaling
pathway mechanism and a better understanding of
the function of MDC1 on PCa.

INTRODUCTION

The androgen receptor (AR), a member of the nuclear re-
ceptor (NR) superfamily of ligand-dependent transcription
factors, is required for the normal prostate growth and
maintenance. It is well accepted that AR plays a crucial role
in development of prostate cancer (PCa) as well as progres-
sion to castrate-resistant prostate cancer (CRPC) (1–3). The
primary role of AR in PCa is believed to regulate expres-
sion of AR responsive genes that are essential for prostate
tumorigenesis and progression. In addition to promoting
PCa proliferation, androgen signaling through AR can also
lead to apoptosis in PCa cells via inducing the expression
of p21(WAF1/CIP1), a cyclin-dependent kinase inhibitor (4).
Moreover, it is recently reported that AR-induced expres-
sion of cytoskeletal genes including Vinculin promote ep-
ithelial differentiation and inhibit metastasis (5). Therefore,
identification of the detailed molecular mechanisms under-
lying the modulation of AR activity is essential for the de-
velopment of novel pharmaceutical targets for PCa.

As a transcription factor, the protein structures of AR
mainly contains activation function 1 (AF-1) and activation
function 2 (AF-2). AF-1 functions in a ligand-independent
manner, whereas activity of AF-2 needs cognate ligand
binding. AR activity and specificity are controlled by spe-
cific co-regulator complexes (6) at multiple levels, includ-
ing chromatin modifications involved in regulation of target
gene transcription via the alteration of chromatin structure
(7,8).

An increasing number of AR co-factors have been iden-
tified that they aberrantly expressed in PCa leading to
a deregulated AR transcriptional network. Among them,
AR co-activators including LSD1, p68, RNF6, JARID1B,
ARD1 and FLH2 (9–14) become over-expressed in PCa
suggesting their function on cancer cell proliferation. How-
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ever, mounting evidence suggests that some of AR co-
activators with reduced expression in PCa were involved
in tumor suppression, including ART-27, ARA70, BRCA1,
p44 and TBLR1 (4,15–18). On the other hand, HOXB13 or
DACH1 acting as a co-repressor of AR induces growth sup-
pression of PCa (19,20), while, it was recently proved that
NR co-repressors including �Arrestin2, HDAC, EZH2 or
MTA1 play crucial roles in progression of PCa or breast
cancer through inhibition of NR action (5,21,22). Thus al-
terations in epigenetic mechanism of AR co-factors in tran-
scriptional regulation may influence the selective expression
of AR target genes and thereby govern the tumor prolifera-
tion or suppression. The discovery of new co-regulators of
steroid receptor will expand our knowledge of their actions.

MDC1/NFBD1 contains tandem BRCA1 C-terminal
(BRCT) domains as well as a forkhead-associated domain
and a repeat region, which mediate protein interaction.
MDC1 is essential for DNA damage response (DDR) (23–
25) and has an anti-apoptosis activity through the regula-
tion of p53 (26). MDC1-null mice displayed some pheno-
types including ionizing radiation (IR) sensitivity, male in-
fertility, increase of tumor incidence, gross genomic insta-
bility and so on (27). However, the function of MDC1 in
modulation of NR-induced transcription or PCa is still un-
known and the mechanisms underlying the function have
not been fully defined.

In previous study, we generated a Drosophila experimen-
tal system to isolate AR co-regulators involving in the
modulation of AR-induced transcriptional activity via al-
teration of chromatin structure in vivo (8,28,29). USP22
was identified as a co-activator of AR through counteract-
ing heterochromatin silencing (8). In the current studies,
we functionally identified mutator protein (mu2) as a co-
activator of AR with the Drosophila system and further in-
vestigated the role of MDC1, a human homolog of mu2
(30), in modulation of AR-mediated transactivation and
PCa progression. Our studies reveal that MDC1 facilitates
the association between AR and histone acetyltransferase
(HAT) GCN5, thereby increasing histone H3 acetylation
level on cis-regulatory elements of AR target genes. Down-
regulation of MDC1 expression promotes PCa cells growth
and migration. In addition, knockdown MDC1 decreased
a subset of androgen-induced target gene expressions. Ac-
cordingly, the expression of MDC1 and p21 identified as an
AR target gene correlates negatively with aggressive phe-
notype of clinical PCa. These studies demonstrate a cru-
cial role of MDC1 in regulating AR action and suppression
of PCa progression. Our findings may provide new insight
into co-factor-AR-signaling pathway mechanism and a bet-
ter understanding of the function of MDC1 on PCa beyond
maintenance of genomic integrity.

MATERIALS AND METHODS

Drosophila stocks, generation of transgenic flies and genetics

Drosophila stocks were maintained at 25◦C on standard
cornmeal sucrose-based media. The yw stain was used as
wild-type in all experiments. ARAF-1-associated PEV ex-
perimental models were generated as previous reported (8).
For production of UAS-mu2 expression construct, cDNA
sequences were amplified by polymerase chain reaction

(PCR) and subcloned into pCaSpeR3. A Flag tag was in-
serted at the N terminus of mu2 cDNA in pCaSpeR3 con-
structs. The UAS-mu2 expression construct was sent to
EMBL Drosophila Injection Service for generation of trans-
genic flies. For expression of UAS-mu2 in salivary glands,
UAS-mu2 transgenic fly lines were crossed with pnr-GAL4
driver lines. Other fly stocks were obtained from Blooming-
ton Stock Center. Similar age flies were used for all compar-
isons.

To test the effect of mu-2 on ARAF-1-associated PEV ex-
perimental models, the male hemizygous for mutants (loss
of function and gain of function) were crossed to ARAF-
1-associated PEV female. The non-TM3 progeny possess-
ing the mutant allele and mosaic red eye were picked up
for determination of the effects of mutants on ARAF-1-
associated PEV.

Fluorescent immunostaining, histology and eye pigmentation
measurement

Immunostaining analysis of polytene chromosomes and eye
disc histology analysis in Drosophila was performed as pre-
viously described (8,28). Immunostaining analysis are pre-
sented in the Supplementary ‘Materials and Methods’ sec-
tion. To measure eye pigmentation, the heads of 40 female
flies (2–3 days old; raised at 25◦C) of each phenotype were
homogenized in 1 ml of methanol (acidified with 0.1% HCl).
Eye pigmentation was represented as the absorbance of the
supernatant at 480 nm.

Plasmids

A Drosophila mu2 cDNA clone was produced by OPEN
biosystems (Clone ID LD44171). Human MDC1 cDNA
coding sequence was amplified by PCR using KIAA0170
plasmid from the HUGE database (generous gift from Dr T.
Nagase) as a template. PCR products for MDC1 full length
or several truncated mutants were cloned in a pcDNA3.1
(Invitrogen) derivate containing a sequence encoding a Flag
epitope upstream of the cloning site, to generate pcFlag-
MDC1.

Antibodies

The antibodies used in this study were: anti-Flag (M2
or rabbit, Sigma), anti-trimethyl H3-K9, anti-AcH3,
anti-AcH4, anti-trimethyl H3-K27, anti-AcH4-K16, anti-
AcH3-K9 (Upstate Biotechnology), anti-HP1 C1A9 (De-
velopmental Studies Hybridoma Bank at the University of
Iowa), anti-GCN5, anti-AR (N-20) (Santa Cruz Biotech-
nology), anti-MDC1 (Abcam), anti-MYST1 (Bethyl labo-
ratories), anti-AR 441, anti-p21WAF1 Ab-11 (Thermo sci-
entific), anti-GAPDH (Shanghai Kangchen).

Cell culture and treatment

The CWR22Rv1, LNCaP and DU145 cells were main-
tained in RPMI1640 (GIBCO-BRL). The PC3 cell was
maintained in F12. HEK293T cells were maintained in Dul-
bercco’s modified Eagle’s medium. All the culture media
were supplemented with 10% fetal calf serum (FBS), 2 mM
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glutamine, 100 units/ml streptomycin and penicillin. Lu-
ciferase assay was conducted as previously described (28,31)
and presented in Supplementary Materials and Methods.

siRNA transfection, lentiviral production and infection

siRNA against MDC1 and a control siRNA (Am-
bion) were transfected in CWR22Rv1 cells using
LipofectamineTM 2000 (Invitrogen) following the
manufacturer’s instructions. Sequence of siMDC1: 5′-
GUCUCCCAGAAGACAGUGAdTdT-3′ (32). Sequence
of siAR: 5′- GACCUACCGAGGAGCUUUCdTdT-3′
(33). Further experiments were performed with the cells
followed by incubation for 24–48 h to allow degradation of
targeted mRNA.

For lentiviral production and infection, control shRNA
(shCtrl) lentivirus and shRNA against MDC1 (shMDC1)
lentivirus targeting the same sequence as siMDC1 as
above were purchased from Shanghai GeneChem Com-
pany. MDC1-stably-silencing and control cell lines were se-
lected with puromycin (2 �g/ml) after lentivirus infection.

RNA isolation, reverse transcription and quantitative real-
time PCR

Total RNA was isolated using the Trizol reagent (Invitro-
gen). Reverse Transcription was performed using Super-
ScriptII (Invitrogen) and random hexamers according to
the manuscription’s instructions. cDNAs were quantified
by quantitative real-time PCR using SYBR Premix Ex Taq
(TaKaRa) on a Mx3000P instrument (Agilent StrataGene).
Primers used to detect mRNA expression were shown in
Supplemental Table S1. Gene expression levels were calcu-
lated relative to the housekeeping gene b-Actin using Strata-
gene Mx3000P software.

GST pull-down, immunoprecipitation and western blot anal-
ysis

In vitro GST pull-down have been described previously (34).
For immunoprecipitation experiments, the Flag-MDC1
and its truncated mutations expression plasmids were tran-
siently transfected into HEK293T and LNCaP cells using
lipofectamine (Invitrogen) and whole cell extracts were pre-
pared 48 h after transfection as described and equal protein
amounts were immunoprecipitated with anti-Flag M2 resin.
The immunoprecipitated protein complexes were washed
three times with IP buffer (25 mM Tris–HCl, pH8.0; 10%
glycerol; 0.1% NP40; 0.5 mM DL-Dithiothreitol (DTT);
5mM MgCl2 and protease inhibitor) containing 0.5M KCl
and twice with IP buffer containing 100 mM KCl. The crude
extracts and immune complexes were analyzed by western
blotting using the indicated primary antibodies and chemi-
luminescence detection was performed according to man-
ufacturer’s instructions (GE-Healthcare). The protein con-
centration of the whole cell extracts was determined using
standard Bradford assays.

ChIP and ChIP re-ChIP

ChIP procedures were described in Supplementary Mate-
rials and Methods. The primers used in PCR or real-time

PCR were shown in Supplemental Table S2. ChIP re-ChIP
experiments were performed essentially as described previ-
ously (28). Complexes were eluted from the primary IP by
incubation with 10 mM DTT at 37◦C for 30 min and diluted
1:50 in buffer (1% Triton X-100, 2 mM ethylenediaminete-
traacetic acid, 150 mM NaCl, 20 mM Tris–HCl [pH 8.1])
followed by re-ChIP with the antibodies as indicated.

Cell proliferation and migration assay

CWR22Rv1 or LNCaP cells with stably knockdown of
MDC1 or control cells were plated in 96-well plates (2500
cells per well) and incubated in the absence or presence of di-
hydrotestosterone (DHT). DU145 cells with stably knock-
down of MDC1 or control cells were plated in 96-well plates
(1000 cells per well). And cell number was assayed at vari-
ous times using CCK8 assay by absorbance at 450 nm.

Cell-migration assays were carried out using Boyden
chambers as described (21). Cells were plated on the up-
per well of a Boyden chamber at a concentration of 5 × 104

cells per well in 100 �l serum-free culture medium, the lower
compartments were filled with 600 �l culture medium con-
taining 10% serum. After incubating at 37◦C for indicated
time, non-invaded cells were removed from the upper sur-
face of the filter with a cotton swab and the invaded cells on
the lower surface of the filter were fixed, stained and pho-
tographed.

Immunohistochemical analysis of prostate cancer and testis
tissues

Formalin-fixed paraffin-embedded sections of prostate tis-
sue specimens were prepared from clinical prostatectomy
specimens in the first hospital of China Medical Univer-
sity. Multicentre ethical approval for data collection and
tissue use was granted by the Human Research Ethics
Committee of the above hospital. A total of 131 tissues,
including 33 BPH tissues and 98 PCa tissues, were col-
lected to perform immunohistochemical staining. For de-
tecting MDC1 expression levels in prostate tissues, anti-
rabbit polyclonal MDC1 antibody (abcam, ab11169, 1:100)
and avidin-biotin-conjugated second antibodies were used.
The signals were visualized with diaminobenzidine and the
nuclei were counterstained with hematoxylin as previously
described (34).

Statistics

All statistical analysis was performed using the SPSS (17.0)
statistical software program. For real-time PCR and lu-
ciferase assay, two-sided Student’s t-test was used to de-
terminate the significant difference. For immunohistochem-
istry, Mann–Whitney U test was used to determinate the
significant difference between benign prostate hyperplasia
(BPH) group and Gleason score (GS) <7 or between BPH
group and GS ≥ 7 group.
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RESULTS

Functional isolation of mutator2 (mu2) as an androgen recep-
tor co-activator in Drosophila

The transactivation function of NRs is mediated by a num-
ber of co-regulators and co-regulator complexes (35,36).
Some fly homologs of human NR co-regulators are func-
tionally conserved across species and share properties such
as histone modifying enzyme activity (37). To isolate new
co-regulators involved in modulation of AR-induced trans-
activation, we previously developed a novel AR-associated
position effect variegation (AR-PEV) model in Drosophila
(8,28). In this system, the AR or a truncated AR harbor-
ing the ligand-independent AF-1 domain (ARAF-1, 1–720
aa of AR) is expressed in the Drosophila eye using the glass
multimer reporter (GMR) gene promoter (Figure 1A). A re-
porter construct, which contains the white gene and a gene
encoding the green fluorescent protein (GFP) controlled by
eight androgen responsive elements (AREs), was inserted
into a heterochromatic region leading to a mosaic red eye
phenotype (Figure 1A and C). The white gene mRNA ex-
pression was proved by RT-PCR experiments (Figure 1B).
Three AR-PEV experimental models were generated and
inverse PCR was performed to verify the localization of
chromosomal locus of the reporter gene in each AR-PEV
model (Figure 1C). Among them, the model containing the
reporter construct translocated in pericentric region (80C2,
C3L) was used for further screening. In this system, the
AR counteracted silencing by heterochromatin spreading
in a ligand-dependent manner (Figure 1C). The ligand-
independent ARAF-1 led to higher transactivation of the
reporter genes and was hereafter used to analyze the AR-
dependent transcriptional activation. Consequently, we ge-
netically screened the co-regulators to identify those modu-
lating AR function in Drosophila. Two different mutations
of mutator2 (mu21 and Df(3L)ED4284) gave significant de-
crease in the pigment area in this AR-dependent PEV model
(Figure 1D).

We further analyzed the effects of mutator2 (mu2) on
AR-dependent gene activation in vivo by testing ARAF-1-
mediated transactivation on the GFP reporter gene expres-
sion system. In order to be able to detect GFP expression
in the eye disc of flies, we used additional transgenic lines
expressing ARAF-1 in the Drosophila eye with a GMR-
GAL4 driver in a GAL4-UAS system. The ARE-GFP re-
porter was inserted in euchromatic region and further mo-
bilized into pericentric heterochromatin leading to varie-
gated expression of GFP reporter (28). In agreement with
our results obtained in the above ARAF-1-PEV model, this
reporter system confirmed again that mu2 loss-of-function
mutations, mu21 and Df(3L)ED4284, significantly reduced
ARAF-1 transactivation of the reporter transgene inserted
in pericentric heterochromatin (Figure 1E, lane 1, 2 and
3). In contrast, but consistent with the effects of mu2 loss-
of-function mutations, ectopic expression of mu2 (UAS-
mu2) dominantly increased GFP transactivation by ARAF-
1 (Figure 1E, lane 1 and 4).

We then examined the Flag-tagged mu2 localization on
polytene chromosome. In good agreement with previous re-
port (30), mu2 was strongly stained at centromere (Supple-

mentary Figure S1A). Besides centromere, we observed that
mu2 also accumulated in euchromatic regions. These results
suggested mu2 may have roles in both heterochromatin and
euchromatin. Moreover, compared with the ectopic expres-
sion of mu2, we observed that heterochromatin protein 1
(HP1) and H3K27met3, which were used as the biomark-
ers of the centromere, were not able to accumulate in cen-
tromere in the fly containing loss-of-function mu2 mutation
(mu21) (Supplementary Figure S1B). The results suggested
that mu2 might play an important role in maintenance of
heterochromatin and chromosome integrity in centromere;
on the other hand, mu2 might be involved in the active tran-
scription in euchromatin.

Taken together, these results indicated that mu2 is an AR
co-activator in Drosophila.

MDC1 physically associates with AR in mammalian cells

To study the function of mu2 on AR-induced transacti-
vation in mammalian cells, we first generated expression
plasmids encoding mediator of DNA damage checkpoint
1 (MDC1), which is the human homolog of mu2 and
its truncated mutants with different domains (Figure 2A).
We then test the association between MDC1 and AR by
Co-immunoprecipitation (Co-IP). HEK293T cells were co-
transfected with AR and Flag-tagged MDC1 expression
plasmids, results shown in Figure 2B indicated that exoge-
nous AR associates with Flag-tagged MDC1 and the as-
sociation between two proteins was stronger in the pres-
ence of DHT (Figure 2B). We then ask whether endoge-
nous MDC1 interactions with AR, to this end, we turned
to CWR22Rv1 PCa cells in which full-length (FL) AR and
COOH-terminal truncated AR splice variants are constitu-
tively co-expressed and performed co-IP experiments. Re-
sults shown in Figure 2C demonstrated that MDC1 as-
sociated with AR FL and AR variants, and the interac-
tion between MDC1 and AR FL was stronger in the pres-
ence of DHT, whereas the interaction between MDC1 and
AR variants was mildly influenced by DHT treatment (Fig-
ure 2C). Furthermore, the results of immunofluoresence
experiments showed that MDC1 compartments were dis-
tributed in the nucleus and AR was mainly compartmen-
talized in the nucleus in the presence of DHT (Figure 2D).
RNA polymerase II, which is required for the selective ini-
tiation of transcription, was used as a positive control (Fig-
ure 2E). Previous reports showed that MDC1 knockout
mice displayed many phenotypes including male infertility
(27,38), we thus examine the distribution of MDC1 or AR
in human testis tissue, the representative image shown in
Figure 2F and Supplementary Figure S2 demonstrated that
MDC1 and AR were mainly stained in Leydig cells.

Having demonstrated association between MDC1 and
AR, we sought to identify the interaction domains in
MDC1 and AR, to this end, LNCaP cells were transfected
with expression plasmids encoding MDC1 truncated mu-
tants for co-IP (Figure 2G). Our results showed that AR
was strongly precipitated with Flag-tagged MDC1 N3 (1–
1000 aa) and C1 (1699–2089 aa), weakly precipitated with
N1 (1–133 aa) and N2 (1–500 aa), but not with M1 (134–
500 aa) or M2 (500–1000 aa), suggesting that the N1 com-
prising 1–133 aa or C-terminal fragment comprising 1699–
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Figure 1. Drosophila mu2 enhances ARAF-1-induced transactivation. (A) Schematic representation of the expression and reporter constructs in ARAF-1-
PEV fly lines as previous reported. The expression constructs include the human androgen receptor (AR) or ARAF-1 driven by four copies of GMR binding
sites. The reporter construct harbors GFP and white reporter genes individually controlled by the hsp70 promoter in which eight AREs were introduced.
(B) The expression and reporter constructs were co-transfected into S2 cells, mRNA transcription levels of white gene were detected by RT-PCR. (C)
Eye phenotypes of three kinds of fly lines for AR-PEV experimental models. Cytogenetic localization of the reporter gene carrying hsp70-ARE-white in
Drosophila chromosome was analyzed by inverse PCR. Scale bar, 100 �m. (D) Two different fly lines carrying mu2 loss of function (Mu21/+) or difficiency
line including mu2 gene location (Df[3L]ED4284) or wild-type flies (+/+) were crossed with ARAF-1-PEV flies. Modification of PEV was analyzed by
areas of eye pigmentation in the progeny (upper panels) and by optical density (OD) measurement at 480nm (lower panels). Average values of more than
three independent measurements are shown with SD. Scale bar, 100 �m. **, P < 0.01. (E) Flies expression ARAF-1 in the eye with a GMR-GAL4 driver
and carrying an ARE-GFP reporter in pericentric heterochromatin were crossed with lines harboring mu2 loss of function (mu21, Df[3L]ED4284) or gain
of function (UAS-mu2) mutants as indicated. Expression of ARAF-1 was assessed by immunostaining with an anti-AR antibody (upper panels). The effect
of mu2 mutations and overexpression on ARAF-1-induced transactivation was assessed by examination GFP expression (middle panels). Merge images
were shown in lower panels. Scale bar, 100 �m. *, P < 0.05; **, P < 0.01.
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Figure 2. Interaction between MDC1 and AR. (A) Schemetic representation of Drosophila mu2, its ortholog in human (MDC1) and the truncated mu-
tations of MDC1 (N1, N2, N3, M1, M2 and C1). HLH domain, NLS and BRCT domain; FHA domain, NLS, repeat sequence and BRCT domain were
individually positioned in the mu2 and MDC1 proteins. (B) Exogenous MDC1 associates with AR invivo. HEK293T cells co-transfected with Flag-MDC1
and AR expression plasmids were immunoprecipitated using anti-Flag antibody or IgG as a control with or without DHT treatment for 48 h. Precipitated
proteins were examined by immunoblotting using antibody against AR N-20. A fraction (5%) of the input cell lysate before immunoprecipitation was
loaded as a control. (C) Endogenous MDC1 interacts with AR and N-terminal AR variants in CWR22Rv1 cells. With or without DHT treatment for 24
h, CWR22Rv1 cells were collected and cell lysates were immunoprecipitated with MDC1 antibodies or IgG. Precipitates were analyzed by western blot
using the indicated antibodies. (D and E) Confocal fluorescence analysis of subcellular distribution of MDC1 and AR. HEK293T cells were co-transfected
with plasmids expressing Flag-MDC1 and AR in the absence or presence of DHT (10−8 M) and then were stained with TOPRO3 to visualize the nucleus
(blue), Flag antibody (green), AR (N-20) antibody (red in D) or RNA polymerse II antibody (red in E). Merged images were shown as indicated. Scale
bar, 5 �m. (F) Distribution of the endogenous MDC1 and AR in normal human testis. Immunofluorescence analyze of normal testis section was shown.
The normal testis tissue was stained with TOPRO3 to visualize DNA (Blue), anti-AR (N-20) (green) and anti-MDC1 (red) antibodies. The arrow in the
merged image showed the co-compartmentalization of AR and MDC1. Scale bar, 100 �m. (G) The truncated mutants of MDC1 associate with the en-
dogenous AR. Immunoprecipitation was performed with the indicated LNCaP cell lysates using an anti-Flag antibody. Precipitated proteins and the input
of cell lysates were analyzed by immunoblotting with the indicated antibodies. * was placed to indicate the position of the specific FLAG-MDC1 truncated
mutant proteins. (H) Identification of binding domains in AR for MDC1 interaction. In GST pull-down experiments, Flag-MDC1 protein synthesized
by transcription and translation Kit invitro was incubated with GST and GST-AR deletion mutants as indicated. Bound proteins were analyzed by im-
munoblotting using anti-Flag antibody and equal loading of GST-AR deletion mutants was assessed by coomassie brilliant blue staining. * was placed to
indicate the position of the specific GST-AR deletion mutant proteins.
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2089 aa mediates AR interaction with MDC1. In addi-
tion, the interaction between N3 (1–1000 aa) and AR is
stronger than that between N1 (1–133 aa) and AR, sug-
gesting that 500–1000 aa fragment of MDC1 may facili-
tate MDC1–AR interaction. Meanwhile, different interact-
ing pattern between MDC1 and NBS1 was detected when
NBS1, which has been reported to interact with 210–460
aa in N-terminus of MDC1 (39), was subjected to parallel
analysis (Supplementary Figure S3). Moreover, GST pull-
down experiments were performed with several GST-AR
fragments and Flag-MDC1 as shown in Figure 2H, our re-
sults demonstrated that the 254–532 aa of AR was respon-
sible for interaction between MDC1 and AR (Figure 2H).
Based on the above results, we conclude that MDC1 physi-
cally associates with AR in vitro and in vivo.

MDC1 co-activates AR and AR variants-mediated transac-
tivation in human cells

To investigate whether MDC1 is able to enhance AR-
induced transactivation in human cells, a series of luciferase
assays were performed in human cells. Our results demon-
strated that in LNCaP cells, MDC1 full length (FL), MDC1
N3 and C1, but not MDC1 N1 and N2, significantly en-
hanced AR-mediated transactivation in the presence of
DHT (Figure 3A), suggesting that MDC1 co-activates AR-
mediated transactivation in a ligand-dependent manner
and its functional co-activation domains are located in N-
terminal 500–1000 aa fragment or 1699–2089 aa at the C-
terminus. In CWR22Rv1 cells which constitutively carry
AR FL and ligand-independent AR variants, knockdown
of MDC1 repressed AR-mediated transactivation with or
without DHT treatment, suggesting MDC1 may participate
in upregulation of AR FL or AR variants-induced transac-
tivation (Figure 3B). To confirm these results, we further
separately detected effects of MDC1 on the truncated AR
harboring the ligand-independent AF-1 domain (ARAF-
1) or ligand-dependent AF-2 domain (ARAF-2). The re-
sults demonstrated that ARAF-1-mediated transactivation
was constitutively enhanced by MDC1 in an androgen-
independent manner (Figure 3C). And the transactivation
function of ARAF-2 was enhanced by MDC1 in the pres-
ence of DHT (Figure 3D). Moreover, the transactivational
activity of AR-V7, which is well-studied N-terminal vari-
ant of AR, was enhanced by MDC1 without DHT (Sup-
plementary Figure S4). These data indicated that MDC1 is
involved in regulation of AR FL and AR variant functions.
In addition, as shown in Figure 3E, MDC1 enhances not
only AR, but also ER� and GR-induced transactivation in
a ligand-dependent manner, suggesting that MDC1 may be
involved in up-regulation of a series of NRs-mediated func-
tions.

MDC1 depletion impairs GCN5 recruitment to androgen re-
sponsive elements of AR target genes

In order to determine MDC1 is recruited to the puta-
tive cis-regulatory elements (androgen responsive elements,
AREs), which are in PSA promoter (AREI/II), PSA en-
hancer (AREIII) and KLK2 promoter, and further to gain
some insights into the epigenetic mechanism through which

MDC1 regulates AR-induced transcriptional activity, chro-
matin immunoprecipitation (ChIP) assay experiments were
performed with siRNA against MDC1 to examine whether
MDC1 influences the level of histone modifications at the
cis-regulatory elements of AR target genes in CWR22Rv1
cells. It has been shown that MYST1 (MOF), which is a
specific HAT for the acetylation of histone H4 at lysine 16
(H4K16Ac), modulates the recruitment of MDC1 to play
an important role in DNA damage repair (40). We therefore
tested H4K16Ac, H4Ac, H3Ac, H3K9Ac and H3K9Met3
levels at AREs, and found that MDC1 influenced H3K9Ac
and H3Ac at AREI/II in PSA promoter and KLK2 pro-
moter, whereas no obvious changes were observed in H4Ac
and H4K16Ac. MDC1 knockdown did not alter the recruit-
ment of MYST1, either. We then asked whether MDC1 in-
fluences the recruitment of GCN5, which was reported as a
specific HAT for the acetylation of H3K9, to cis-regulatory
elements of AR target genes. Our data from ChIP assay ex-
periments demonstrated that MDC1 depletion reduced the
recruitment of GCN5 to ARE I/II in PSA promoter and
KLK2 promoter (Supplementary Figure S5A and S5B). On
ARE III in PSA enhancer, MDC1 had mild effects on the
acetylation level of H3Ac, H3K9Ac and the recruitment of
GCN5 (Supplementary Figure S5A).

In addition, to further confirm the above results, we
repeated the ChIP experiments using real-time qPCR in
MDC1 knockdown cells induced by lentivirus infection.
The results showed that MDC1 knockdown led to a sig-
nificant decrease of H3K9Ac and H3Ac at AREI/II in
PSA promoter, whereas a slight decrease at AREIII in PSA
enhancer (Figure 4A and B). Moreover, the recruitment
of GCN5 to AREI/II was obviously impaired by MDC1
knockdown, and the recruitment of GCN5 to AREIII was
slightly impaired. No significant association of AR and
MDC1 with chromatin at GAPDH promoter could be de-
tected, further demonstrating the specificity (Figure 4A and
B). However, depletion of MDC1 did not influence the re-
cruitment of AR. Taken together, these results indicated
that MDC1 facilitates the recruitment of HAT GCN5 to
cis-regulatory elements of AR target genes for co-activating
AR-mediated transactivation.

Association of MDC1 with AR and GCN5, and they are pre-
dominantly recruited to cis-regulatory elements of AR target
genes upon ligand induction

Having established that MDC1 depletion impairs the re-
cruitment of GCN5 to cis-regulatory elements of AR tar-
get genes, we further investigated whether MDC1, GCN5
and AR form a complex recruited to AR target genes. Dou-
ble consecutive ChIP assays were performed in CWR22Rv1
cells. ChIP assays were first performed with antibodies
against MDC1 or GCN5 in the soluble chromatin derived
from CWR22Rv1 cells in the presence or absence of DHT
(Figure 4C, upper panel). Then, the precipitates or super-
natants from ChIP were individually subjected to re-IP with
antibodies against a second protein. As shown in Figure 4C,
the presence of MDC1 and GCN5 at cis-regulatory ele-
ments of KLK2 upon ligand induction was detected, sug-
gesting that MDC1 and GCN5 acted in a combinatorial
fashion on cis-regulatory elements of KLK2.
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Figure 3. MDC1 co-activates AR-mediated transactivation. (A) MDC1 enhances AR-mediated transactivation and both 500–1000 aa fragment and
1699–2089 aa fragment are required for its function. LNCaP cells were co-transfected with ARE-luc and pRL-TK, together with the indicated expression
plasmids in the absence or presence of DHT. The expression of MDC1 truncated mutations were evaluated by western blot as indicated by �. (B) MDC1
knockdown represses AR-mediated transactivation in CWR22Rv1 cells. CWR22Rv1 cells with knockdown of MDC1 by shRNA were co-transfected with
ARE-luc and pRL-TK in the absence or presence of DHT. (C) MDC1 enhances ARAF-1-mediated transactivation. HEK293 cells were co-transfected
with ARE-luc and pRL-TK, together with the indicated expression plasmids in the absence or presence of DHT. (D) MDC1 enhances ARAF-2-mediated
transactivation in the presence of DHT. HEK293 cells were co-transfected with ARE-luc and pRL-TK, together with the indicated expression plasmids
in the absence or presence of DHT. (E) MDC1 enhances AR, ER� or GR-mediated transactivation. HEK293T Cells were co-transfected with plasmids
expressing MDC1 and pRL-TK, together with AR, ER� or GR expression plasmids and their reporter gene plasmids in the absence (white bars) or
presence (shadow bars) of relevant ligands. After 24 h of ligand treatment, cells were collected and assayed for luciferase activity. Relative luciferase units
shown are the mean value at least three times. In A–E, error bars represent mean ± SD. *P < 0.05; **P < 0.01.
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Figure 4. Down-expression of MDC1 attenuates GCN5 recruitment to cis-regulatory elements of AR target genes. (A and B) MDC1 knockdown reduces
the epigenetic modification and GCN5 recruitment at androgen responsive elements (AREI/II and AREIII) of AR target genes. CWR22Rv1 or LNCaP
cells with knockdown of MDC1 by shRNA were incubated with or without DHT for 4 h and were subject to ChIP assay with antibodies indicated. The
precipitated androgen responsive elements of PSA were normalized to input DNA signal as a percentage. Data represents the mean values (±SD) of
triplicate real-time PCR. IgG was used as a nonspecific control ChIP. GAPDH promoter regions were used as negative control. (C) MDC1 and GCN5 are
predominantly recruited to cis-regulatory elements of KLK2 in the presence of DHT. ChIP/re-ChIP experiments were performed using specific antibodies
against MDC1 and GCN5 as indicated. (D) MDC1 knockdown reduces the GCN5 recruitment to AR. CWR22Rv1 cells were immunoprecipitated using
anti-AR antibody. Precipitated protein complex were immunoblotting using anti-MDC1, anti-GCN5 or anti-AR antibodies to detect the endogenous
proteins. A fraction of the input cell lysate before immunoprecipitation was loaded as a control.
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In order to further examine the physical association of
MDC1 with GCN5 and AR, Co-IP experiments were per-
formed. Without knockdown of MDC1, GCN5 protein was
detected in AR precipitate, suggesting that MDC1, GCN5
and AR form a complex in vivo (Figure 4D, lanes 1 and 2).
On the contrary, when MDC1 protein was knockdown by
shRNA against MDC1, the association of GCN5 with AR
was decreased (Figure 4D, lanes 3 and 4). In addition, we
detected that GCN5 directly interacted with the 254–532
aa of AR by GST pull-down (Supplementary Figure S7A).
And GCN5 associated with the N-terminal 1–500 aa frag-
ment of MDC1 (Supplementary Figure S7B). These results
suggest that MDC1 may act as a scaffolding protein for fa-
cilitating the association between GCN5 and AR.

We then set out to investigate whether the effects of
MDC1 and GCN5 on AR action are additive or synergistic.
As shown in Supplementary Figure S6, MDC1 or GCN5
separately enhanced AR-induced transactivation by 1.8–2-
folds, co-transfection of MDC1 and GCN5 increased AR
function by about four-folds, indicating that MDC1 and
GCN5 additively enhanced AR-mediated transactivation.
Taken together, it appears that MDC1 forms an AR co-
activator complex with GCN5 to the promoter of AR target
genes for enhancing AR action.

The function of MDC1 on suppression of cell growth and mi-
gration of PCa is related to AR

To determine a physiological role of MDC1 in PCa cells, we
analyzed the impact of MDC1 on the growth and motility
characteristics of PCa cells with shRNA against MDC1 in
CWR22Rv1, LNCaP and DU145 PCa cells. Growth curve
analyses showed that MDC1 knockdown promoted the cell
proliferation in AR-positive PCa cells, CWR22Rv1 and
LNCaP, especially in the presence of DHT (Figure 5A and
B). In contrast, mild effect was seen in AR-negative PCa
cells DU145 (Figure 5C). In addition, to examine the po-
tential effect of MDC1 on the migration of PCa cells, tran-
swell experiments were performed using Boyden chamber
and similar effects were observed. Control shRNA showed
low migration, however shMDC1 exhibited a significantly
increased migration especially with the treatment of DHT
in CWR22Rv1 and LNCaP cells (Figure 5D and E). But
the migration of DU145 cells was not affected by shMDC1
(Figure 5F).

We then ask whether AR is required for MDC1 func-
tions in PCa, to this end, we turned to CWR22Rv1 PCa
cells and performed cell proliferation and migration experi-
ments after downregulation of AR by siRNA with or with-
out MDC1 depletion. The silencing efficiency of AR was
evaluated (Supplementary Figure S8). In the presence of
DHT, MDC1 depletion promoted PCa cell proliferation
and migration (Figure 5G and I left), downregulation of
AR attenuated PCa cell proliferation promoted by MDC1
knockdown (Figure 5H). In addition, PCa cell migration
increased by MDC1 depletion was almost totally impaired
by AR silencing (Figure 5I). Taken together, these results
suggested that suppression of growth and migration of PCa
cells induced by MDC1 is related to AR.

MDC1 participates in positive modulation of AR-induced tar-
get genes transcription

The target genes of AR are involved in diverse cellular pro-
cesses including cell cycle progression, tumor suppression,
differentiation, metastasis and so on. To further investigate
the potential contribution of MDC1 in regulation of AR
target genes, we turned to LNCaP and CWR22Rv1 cell lines
in which the AR is constitutively expressed and analyzed
the impact of MDC1 on androgen-induced expression of
17 putative AR target genes with different biological func-
tions. We identified nine genes that were significantly de-
creased in LNCaP cells and eight genes in CWR22Rv1 cells
by MDC1 knockdown. MDC1 knockdown significantly
suppressed androgen-induced mRNA expression of AR
target genes, including Vinculin, p21, NKX3.1, PMEPA1,
FKBP5, TMPRSS2, PSA, SLC45H31 and JAG1, while not
affecting HUS1, KRT18, FASN, KLK4, ITGAV, BMPRIB,
B4GALT1 and ALDH1A3, in LNCaP cells (Figure 6A, up-
per). And induction folds of Vinculin, p21, NKX3.1, KRT18,
TMPRSS2, PSA, SLC45H31 and JAG1 mRNA expres-
sion by DHT were significantly reduced in CWR22Rv1
cells with MDC1 knockdown, while HUS1, PMEPA1,
FKBP5, FASN, KLK4, ITGAV, BMPRIB, B4GALT1 and
ALDH1A3 were not affected (Figure 6A, lower). Two of
above AR target genes, p21 that inhibits cell growth and
Vinculin that promotes epithelial differentiation and in-
hibits metastasis, were further confirmed at protein level.
Western blot analysis of the endogenous protein expres-
sion in CWR22Rv1 cells confirmed that DHT-AR was able
to induce the expression of p21 and Vinculin (Figure 6B).
Meanwhile, shMDC1, which led to an 80% reduction of
MDC1 protein levels, decreased the expression of p21 or
Vinculin enhanced by DHT treatment. In good agreement,
ectopic expression of MDC1 in CWR22Rv1 cells was able
to enhance the expression of p21 and Vinculin in a dose-
dependent manner (Supplementary Figure S9). In contrast,
the expression of p21 or Vinculin has not been reduced by
shMDC1 in AR-negative PCa cell lines, including DU145
cells and PC3 cells (Figure 6B). These results suggested that
MDC1 is selectively involved in a subset of endogenous
androgen-regulated genes transactivation in vivo.

To assess the epigenetic changes and GCN5 recruitment
upon MDC1 manipulation at endogenous target genes of
AR, we focused on p21. According to the previous report
(41,42), bioinformatics analysis showed that there are three
putative AR binding sites in Intron1–2 of p21, which are
consisting of a 6 bp sequence resembling the consensus half
site of an ARE (5′-TGTYCT-3′) or the same sequence as a
half ARE (5′-TGTYCT-3′). We named them p21 ARE1 (at
position −1512 to −1507 upstream from start codon, 5′-
TGTCCC-3′), p21 ARE2 (at position −1444 to −1439, 5′-
TGTCCC-3′) and p21 ARE3 (at position −725 to −720, 5′-
TGTTCT-3′) (Figure 6C). We then assessed the recruitment
of AR, MDC1, GCN5 and the epigenetic changes at chro-
matin encompassing the loci. As expected, AR, MDC1 and
GCN5 were recruited at both p21 ARE1/2 and p21 ARE3.
MDC1 knock down decreased of H3K9Ac level and GCN5
recruitment at p21 ARE1/2 (Figure 6D, left panel). At p21
ARE3, MDC1 knockdown decreased H3K9Ac level, but
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Figure 5. Knockdown MDC1 promotes prostate cancer cell growth and migration. (A and B) Knockdown of MDC1 promotes cell proliferation of
CWR22Rv1 and LNCaP. (C) Knockdown of MDC1 mildly promotes cell proliferation DU145. In A–C, absorbance at 450 nm was plotted. Points, mean
of three replicates; bars, SD. (D, E and F) Knockdown of MDC1 promotes migration of CWR22Rv1, but not DU145. In D and E, CWR22Rv1 or LNCaP
cells with stably knockdown of MDC1 or control cells were plated into transwell chamber by DHT treatment or not, and detected after 20 or 40 h. DU145
cells with stably knockdown of MDC1 or control cells were plated into transwell chamber and detected after 16 h. Scale bar, 100 �m. (G and H) Enhanced
proliferation of CWR22Rv1 cells by MDC1 knockdown was impaired by AR knockdown. CWR22Rv1 with stably knockdown of MDC1 or control cells
were transfected with control siRNA (in G) and siAR (in H). After 24 h, cells were plated in 96-well plates and incubated in the presence of DHT. (I) En-
hanced migration of CWR22Rv1 cells by MDC1 knockdown was impaired by AR knockdown. CWR22Rv1 with stably knockdown of MDC1 or control
cells were transfected with control siRNA and siAR in the presence of DHT. After 48 h, cells were plated into transwell chambers and detected after 20 h.
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Figure 6. Knockdown MDC1 inhibits androgen induction of AR target genes. (A) Real-time PCR analysis showing the effect of MDC1 knockdown on
DHT-dependent activation of 17 AR target genes. LNCaP or CWR22Rv1 cells were infected with either control shRNA lentivirus (shCtrl) or shRNA
against MDC1 lentivirus (shMDC1), and treated with or without ligand (DHT). The cells were collected for RNA isolation after DHT treatment for 24
h. Induction of mRNA expression was expressed as the ratio of target gene mRNA levels normalized to β-Actin levels between cells treated and untreated
DHT. *P < 0.05; **P < 0.01. (B) MDC1 knockdown diminishes DHT induced p21 and Vinculin expression in CWR22Rv1 cells. Western blot analysis in
the whole cell lysates of CWR22RV1, DU145 or PC3 cells with shMDC1 or control shCtrl as indicated. (C) Schemetic representation of putative AREs in
p21. (D) MDC1 affects the epigenetic changes and GCN5 recruitment at putative AREs of p21. CWR22Rv1 cells with knockdown of MDC1 by shRNA
were incubated with or without DHT for 4 h and were subject to ChIP assay with antibodies indicated. The precipitated chromatin was normalized to input
DNA signal as a percentage. Data represents the mean values (±SD) of triplicate real-time PCR. The precipitated chromatin was amplified by real-time
qPCR using primers flanking p21 ARE1/2 (−1584 to −1366 bp) and p21 ARE3 (−814 to −666 bp).
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not GCN5 recruitment (Figure 6D, right panel), suggesting
that other mechanisms may be involved.

These results indicated that MDC1 is involved in regula-
tion of a subset of androgen-regulated genes and both the
epigenetic changes and GCN5 recruitment at p21 ARE1/2
are affected by MDC1. Together with the effect of MDC1
on AR-positive and AR-negative PCa cells, these data sug-
gested that suppression of PCa proliferation and migration
by MDC1 may be mediated, at least in part, through regu-
lation of AR target genes.

The expression of MDC1 in clinical prostate biopsies

As MDC1 has a role in suppression of growth and migra-
tion of PCa cells, we next examined the expression of MDC1
in clinical prostate biopsies including 98 cases of PCa and 33
cases of benign prostatic hyperplasia (BPH). We compared
the expression levels of MDC1 among BPH, well and mod-
erately differentiated PCa (Gleason score 2–6) and poorly
differentiated PCa (Gleason score 7–10). The representative
images were shown in Figure 7A. Contrary to the staining
of BPH tissues, immunohistochemistry using a well char-
acterized antibody against MDC1 showed positive stain-
ing in well and moderately differentiated PCa tissues, but
the poorly differentiated PCa tissues showed moderately de-
creased staining (Figure 7B). And the expressions of AR
target gene p21 are similar to MDC1 (Figure 7C). These re-
sults suggested that MDC1 might be activated in early car-
cinomas as a barrier of tumorigenesis and plays a role in
suppression of more advanced stages of PCa.

DISCUSSION

MDC1 with a crucial role in the DNA damage response also
participates in regulating meiotic silencing (43). However,
the role of MDC1 in modulating gene transcription is not
clearly known. In this study, we have functionally identified
MDC1 using a screening designed to isolate proteins that
modulate AR action in a Drosophila experimental system
(8,28). We show that MDC1 increases AR-induced trans-
activation in both Drosophila and mammalian cells. Impor-
tantly, we demonstrate that MDC1 acts as a modifier of
AR-PEV in Drosophila, suggesting that MDC1 might be
involved in chromatin remodeling. Furthermore, we show
that MDC1 facilitates the association between AR and
GCN5, thereby increasing histone H3 acetylation level on
cis-regulatory elements of AR target genes for active gene
transcription. Finally, we demonstrate that MDC1 partici-
pates in suppression of PCa cell growth and migration.

MDC1, a multifaceted nuclear protein that facilitates AR–
HAT interactions

We demonstrate here that MDC1 associates with AR in
mammalian cells or tissues (Figure 2), and acts as a co-
activator of AR (Figures 1 and 3). This finding is in agree-
ment with a recent study indicating that MDC1 regulates
gene transcription in the absence of DNA damage response
(44) and a previous report which showed residues 508–995
of MDC1 possesses transactivation activity (45). The N-
terminus of MDC1 contains a forkhead-associated (FHA)

domain that interacts with ATM, Chk2 and components
of the Mre11/Rad50/Nbs1 (MRN) complex, while tandem
BRCA1 C-terminal (BRCT) domains of MDC1 interact
with gH2AX (46). In this study, we demonstrate that MDC1
interacts with AR mainly through its C-terminal 1699–2089
aa fragment or N-terminal 1–133 aa fragment (Figure 2G).
It may attribute to the spatial structure and reflect different
partners that MDC1 interacts with in the different contexts.

P/CAF, which belongs to the same family as GCN5, has
previously been shown to directly interact with 505–676
aa of AR (47,48). Our results showed that GCN5 also di-
rectly interacts with AR at its 254–532 aa region (Supple-
mentary Figure S7). Given its multiple domain-mediated
interactions, MDC1 has the potential to act as a scaffold-
ing protein to bring proteins together. Supporting this view,
as MDC1 also directly interacts with AR, our findings sug-
gested that MDC1 may facilitate AR and GCN5 interac-
tion (Figure 4 and Supplementary Figure S5). Recruitment
of GCN5 to promoters has emerged as a general mecha-
nism of transcription activation of target genes. For exam-
ple, GCN5 as a component of the c-Myc interacting protein
TRRAP/GCN5 complex or TFTC/STAGA complex acts
as a positive co-factor for activation by NRs (8,36). Over-
all, several protein-interaction domains of MDC1 allows it
to engage in multiple interactions with HAT as well as AR.

MDC1 functions as a co-activator of AR in prostate cancer

AR belongs to the NR superfamily and is responsible for
mediating all the biological actions of androgen in the target
tissues, plays a central role in the development of PCa and
castration-resistant PCa (CRPC) (49,50). Recent studies
suggest that AR and its target genes play both suppressive
and proliferative roles in PCa growth (4,5,51), but andro-
gen deprivation therapy (52,53) or targeting PCa AR with
siRNA (54) could promote PCa cell migration/invasion.
So understanding the mechanism underlying the regula-
tion of AR activity is important for the selectively control
of AR in PCa and CRPC treatment. Our results obtained
in both AR-dependent PEV Drosophila model and mam-
malian cells suggest that MDC1 acts as a co-activator of
AR (Figures 1 and 3). This raises the following questions:
how does the MDC1-coactivated AR contributing to PCa?

A growing body of evidence suggests that some AR co-
activators with reduced expression in PCa participate in tu-
mor suppression, such as ART-27, ARA70, BRCA1, p44
and TBLR1 (4,15–18). Our results suggest that MDC1,
which is a new co-activator of AR, inhibits both growth
and migration of PCa (Figure 5). Knockdown of AR atten-
uated the enhancement of growth stimulation and cell mi-
gration by MDC1 depletion (Figure 5G-5I), together with
the effect of MDC1 on the suppression of cell growth but
not migration in AR-negative DU145 cells (Figure 5C and
F), these results support the conclusion: the suppression
of cell growth and migration of PCa induced by MDC1 is
associated with AR. Some AR co-activators participating
PCa suppression are likely to regulate a subset of AR tar-
get genes important to prostate growth suppression and dif-
ferentiation (15,16,18). Our results showed that MDC1 in-
deed selectively regulates a subset of AR target genes (Fig-
ure 6A). Unexpectedly, among the AR target genes regu-
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Figure 7. The expression of MDC1 in clinical specimens. (A) Representative images of MDC1 immunohistochemical staining in PCa (Gleason score [GS]
3, 5, 6, 8 and 10) compared with benign prostate hyperplasia (BPH). Scale bar, 25 �m. (B) MDC1 expression in PCa (GS < 7, GS ≥ 7) compared with BPH.
Mann–Whitney U test was used for statistical significance. The MDC1 expression scores were shown as box plots, with the horizontal lines representing
the median; the bottom and top of the boxes representing the 25th and 75th percentiles, respectively; and the vertical bars representing the range of data.
Extreme cases were marked with a dot. *P < 0.05; **P < 0.01. (C) Representative images of p21 immunohistochemical staining in PCa. Scale bar, 25 �m.
(D) Schematic representation of MDC1 co-activator functions on AR-induced transactivation and suppression of prostate cancer.

lated by MDC1, there were both tumor suppressors (e.g.
Vinculin, p21, NKX3.1) and tumor promoters (e.g. TM-
PRSS2, PSA, SLC45H31). So we presume that MDC1-
mediated suppression of PCa might be an overall effect
of the target genes. Since MDC1 increases AR-dependent
transcription of p21 or Vinculin, which plays the impor-
tant suppressive roles in cancer, the effect of MDC1 on
PCa is mediated, at least in part, through the regulation
of distinct AR target genes. AR variants are more abun-
dantly and frequently expressed in CRPC (55–57). In addi-
tion to the modulation of full length AR function, we also
found that MDC1 interacts with the endogenous AR vari-
ants in CWR22Rv1 cells (Figure 2C) and enhances AR-V7-

induced transactivation (Supplementary Figure S4). These
data suggested that MDC1 is involved in modulating the
functions of AR variants.

Our findings, together with those from the previous re-
ports, significantly expand our understanding of the physio-
logical roles of MDC1 in tumor progression by revealing its
two integrated functions. First, MDC1 acts as a DNA dam-
age checkpoint factor in the cellular response to double-
strand breaks, regulating G2/M transition. Meanwhile, ge-
nomic instability caused by the loss of MDC1 does con-
tribute to tumorigenesis, implying its role in tumor suppres-
sion. Second, MDC1 serves as a co-activator of AR for en-
hancing AR-induced target gene transcription. This line of
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evidence establishes MDC1 as a crucial regulator of tumor
development by virtue of its coordination of DNA dam-
age checkpoint, maintenance of genomic stability and gene
transcription through both DNA damage responsive and
transcriptional co-factor functions.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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