








whereas R1 KD reduced the ability of PC-3 cells to form
colonies relative to control cells by an up to 55% drop in
colony number (Fig. 2F). In addition, overexpression of R1
also led to a significant increase in PC-3 cell migration and
invasion. In contrast, R1 KD reduced the ability of both PC-3
and C4-2B cells to migrate and invade (Supplementary Fig.
S3). Taken together, these results obtained from different cell
line models strongly support the idea that R1 promotes pros-
tate cancer cell aggressiveness and invasiveness.

To determine whether the R1 effects observed in cell lines
could be recapitulated in vivo, we established PC-3 prostate
tumor xenograft mouse models. After being implanted sub-
cutaneously into male nude mice, R1-KD PC-3 cells showed
slower tumor growth rates in comparison with control cells
expressing a control shRNA that targets no known mamma-
lian genes (Fig. 3A). Moreover, R1-KD cells formed tumors
that were smaller, with an average tumor weight of 107 �
63 mg, compared with large tumors with an average weight
of 201 � 39 mg in controls (Fig. 3B). Ki-67 staining of tumor
specimens harvested at the experimental endpoint further
revealed a 43% decrease of Ki-67þ cells in R1-KD group
(Fig. 3C and D). In addition, R1 protein staining showed
reduced intensity in R1-KD tumor samples, suggesting that
shRNA–mediated silencing of R1 expression is highly effec-
tive and sustainable under in vivo conditions (Fig. 3C). These
results in aggregate indicate the in vivo tumor-promoting
function of R1.

R1 increases c-Myc expression by enhancing c-Myc protein
stability

To assess the effect of R1 on cell-cycle progression, which
may underlie its proliferation-enhancing effect in prostate
cancer cells, we conducted cell-cycle analysis to determine the
distribution of different cell-cycle phases in R1-KD cells. As
demonstrated in Fig. 4A, R1 KD effectively reduced the per-
centage of cells in S phase by 23% and 19% in PC-3 and C4-2B
cells, respectively, which was accompanied by slight increases
in the G0/G1 phase. Because R1 was first identified as a partner
protein of c-Myc, a direct regulator of cell-cycle machinery
(11, 29), we analyzed c-Myc expression profiles in R1-
manipulated cells. Enforced expression of R1 increased c-Myc
protein expression in PC-3 cells, whereas shRNA-mediated KD
of R1 resulted in a decrease of c-Myc protein levels in both PC-3
and C4-2B cells (Fig. 4B). Using a luciferase reporter construct
under the control of 4 c-Myc–binding E-box sites as an indi-
cator of c-Myc transcriptional activity (21), we found decreased
c-Myc activity as reflected by lower luciferase reporter activity in
R1-KD cells (Fig. 4C) in line with reduced c-Myc protein
expression in these cells, suggesting that R1 is able to affect
both c-Myc protein expression and activity. We also demon-
strated dramatic loss of nuclear c-Myc protein staining in R1-KD
PC-3 tumor samples compared with controls (Fig. 4D). How-
ever, neither overexpression nor KD of R1 significantly affected
c-Myc mRNA expression in these cells (Fig. 4E). This suggests
that R1-mediated upregulation of c-Myc may be due to

Figure 1.

R1 is highly expressed in prostate cancer and associated with poor clinical outcomes in patients with prostate cancer. A and B, Quantitative IHC
analysis of normal prostate and human prostate adenocarcinoma clinical samples. Representative images are shown in A. Scale bars: 20 mm. IHC
staining of R1 for all samples was assessed by both the percentage of cells stained and staining intensity (B). n ¼ 19 and 93 for normal prostate
and prostate cancer samples, respectively (� , P < 0.05). C and D, Oncomine analysis of R1 mRNA levels in Taylor 3 prostate cancer dataset regarding
disease recurrence (C) and patient survival (D) status (� , P < 0.05). E and F, Western blot analysis of R1 protein expression in human normal
prostate epithelial PrEC cells and a panel of human prostate cancer cell lines (E) as well as in 2 pairs of human prostate normal epithelial (PNE)
and prostate cancer epithelial (PCE) cells established from clinical patient samples (F). The R1/b-Actin ratios of band intensity across different cell
lines are denoted in E. G, RT-qPCR analysis of R1 mRNA expression (mean � SEM, n ¼ 3) in PrEC and a panel of human prostate cancer cell lines. The
expression of R1 as normalized to internal control b-actin in PrEC cells was set as 1.
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increased protein stability. To determine whether this mecha-
nism is responsible for R1 upregulation of c-Myc, we performed
an in vivo ubiquitination analysis of c-Myc protein with or
without R1 expression. We found that R1 markedly inhibit-
ed both endogenous and exogenous c-Myc ubiquitination
(Fig. 4F), with an average 60% (n ¼ 5) inhibition of exogenous
c-Myc ubiquitination achieved (Fig. 4G). To determine whether
R1/c-Myc physical interaction is a possible mechanism under-
lying R1 upregulation of c-Myc, we examined the effect of a R1
deletion construct deficient in the leucine zipper domain
required for R1 binding to c-Myc on c-Myc ubiquitination
(11). As shown in Supplementary Fig. S4, both wild-type and
deleted R1 suppressed c-Myc ubiquitination to a similar extent,
suggesting that R1/c-Myc interaction is not involved in R1

upregulation of c-Myc. To examine the effect of R1 on c-Myc
proteolysis, we subjected R1-manipulated cells to cyclohexi-
mide treatment to inhibit protein synthesis. Consistent with
the inhibition of ubiquitination, transient overexpression of
R1 significantly reduced the proteolysis of c-Myc protein in
cells accompanied by a nearly 2-fold increase in c-Myc half-life
(Fig. 4H and I, t1/2 ¼ 51 � 8 minutes and t1/2 ¼ 85.7 � 2.3
minutes in control and R1-overexpressing cells, respectively,
n ¼ 3 for both), which is parallel to decreased c-Myc protein
stability along with a 50% drop of c-Myc half-life in R1-KD
cells (Fig. 4J and K, t1/2 ¼ 48 � 5 minutes and t1/2 ¼ 24 �
2 minutes in control and R1-KD cells, respectively, n ¼ 3 for
both). In addition, we showed that R1 KD failed to suppress
the growth and colony formation of PC-3 cells that received

Figure 2.

R1 promotes prostate cancer cell proliferation and colony formation. A, Western blot analysis of transfected FLAG-tagged R1 protein expression in
PC-3 cells that stably express an empty vector (Vector) or FLAG-tagged R1 (R1). B, Growth curves of PC-3 cells as established in A. Data represent
the mean � SEM (n ¼ 3; � , P < 0.05). C, Western blot analysis of R1 protein expression in PC-3 and C4-2B cells expressing scrambled shRNA (shCon)
or 2 distinct R1-targeting shRNAs (shR1 #1 and shR1 #2). D, Growth curves of PC-3 and C4-2B cells as established in C. Data represent the mean � SEM
(n ¼ 3; �� , P < 0.01). E and F, Colony formation assays in cells as established in A and C, respectively. Both representative colony images (left) and
quantitative analysis (right) are shown. Data represent the mean � SEM (n ¼ 3; �� , P < 0.01).
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prior shRNA-mediated KD of c-Myc (Fig. 4L and M), indicating
that c-Myc is a functional mediator of R1 effects.

R1 transcriptionally suppresses the E3 ligase HUWE1 that
mediates the ubiquitination and degradation of c-Myc protein

The stability of c-Myc protein has been reported to be con-
trolled by a number of E3 ligases that target c-Myc for protea-
some-mediated degradation (30, 31), which led us to speculate
on possible alterations of these E3 ligases in response to R1
elevation in prostate cancer cells. By qPCR screening the expres-
sion levels of 5 E3 ligases, FBW7, SKP2, ChIP, TRUSS, and
HUWE1, known to directly regulate c-Myc (32–36), we dem-
onstrated that R1 KD significantly increasedHUWE1 expression
in both PC-3 and C4-2B cells with the others remaining
unaffected by R1 (Fig. 5A). We also showed a 43% decrease
of HUWE1 mRNA levels in R1-overexpressing cells compared
with control cells (Fig. 5B). Moreover, enforced expression
of R1 downregulated HUWE1 protein levels in PC-3 cells
(Fig. 5C). HUWE1 is mainly expressed in the cytoplasm but
also partially in the nucleus to mediate ubiquitin-dependent
degradation of target proteins in different subcellular loca-
tions (37). The subcellular localization of HUWE1 may be
regulated by the modulated exposure of the nuclear localiza-
tion signal of HUWE1 located in the middle of the protein
distal to the WWE domain (38). Examining the expression
patterns of HUWE1 in PC-3 tumor samples, we further
observed dramatic induction of widespread cytoplasmic and
partial nuclear HUWE1 protein staining when R1 was knocked
down (Fig. 5D).

Considering the innate nature of R1 as a transcription
repressor competing with the Sp family of transcription factors
to downregulate target gene expression, as first demonstrated
in transcriptional regulation of monoamine oxidase genes
(12, 13), we next determined whether R1 directly regulates
HUWE1 at the transcription level. To explore this idea, we
analyzed 1.3-kb HUWE1 promoter sequences and identified a
region (�224/�218) that exhibits strong sequence similarity
to the canonical GC-rich R1-binding site (Fig. 5E). Using a
1.3-kb DNA segment located upstream of the transcription start
site of HUWE1 as a template, we generated a mutant HUWE1
promoter reporter construct harboring 3 point mutations in the

center of the putative R1-binding element. Compared with the
wild-type HUWE1 promoter reporter showing a R1-induced
26% decrease in promoter activity, the mutated HUWE1 pro-
moter was no longer repressed by overexpression of R1 in PC-3
cells (Fig. 5F). To confirm direct occupancy of R1 with the
sequences in the HUWE1 promoter in vivo, we performed
ChIP assays. We isolated chromatin-nuclear protein comp-
lexes immunoprecipitated with anti-FLAG antibody from
FLAG-tagged R1-overexpressing PC-3 cells, and analyzed these
by qPCR using primers that specifically encompass the putative
R1-binding site in HUWE1 promoter. As shown in Fig. 5G,
we were able to detect a physical association of R1 with the
HUWE1 promoter sequences, which is parallel to the expected
binding of R1 with the MAOA core promoter serving as a
positive control. Moreover, limited signals were seen from the
negative controls, where either nonspecific IgG antibody was
used in the immunoprecipitation step or HUWE1 intron 2
was probed to confirm the specificity of R1 binding to the
HUWE1 promoter sequences. In addition, we demonstrated a
negative coexpression correlation between R1 and HUWE1
in a previously reported prostate cancer clinical dataset
(Fig. 5H, P ¼ 0.0372 by Pearson correlation; ref. 27), which
is consistent with our findings in cell lines. These results
collectively demonstrate that R1 suppresses the transcription
of the c-Myc–targeting E3 ligase HUWE1 by directly interacting
with its promoter to upregulate c-Myc protein expression in
prostate cancer cells.

In summary, our data suggest that the increased intrinsic R1
expression in prostate cancer activates cell proliferation and
cell-cycle progression by a mechanism that involves direct
transcriptional suppression of the E3 ligase HUWE1 to prevent
c-Myc protein degradation, thereby activating c-Myc protein
expression (Fig. 6). Our data further showed the key features of
this pathway in prostate tumor xenograft samples and in
clinical datasets, supporting the essential role of R1 in prostate
tumor growth and progression.

Discussion
In this study, we demonstrated for the first time the elevated

expression of R1 in human prostate cancer tissue samples

Figure 3.

R1 promotes the growth of prostate tumor xenografts. A and B, PC-3 cells that stably express scrambled shRNA (shCon) or R1-targeting shRNA (shR1) were
injected subcutaneously into male nude mice (n ¼ 5 mice for each group) for the growth of tumor xenografts. Tumor growth was determined by
measuring tumor volume (A) and tumor weight (B). The graphs in A show the mean (�SEM) tumor size at indicated times (� , P < 0.05). C, IHC
analysis of R1 and Ki-67 expression in tumor xenografts obtained at the experimental endpoint. Representative images are shown. Scale bars: 20 mm.
D, Quantification of percent of Ki-67þ tumor cells at the experimental endpoint from each group (n ¼ 3). Data represent the mean � SEM (n ¼ 3; �� , P < 0.01).
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Figure 4.

R1 promotes cell-cycle progression and stabilizes c-Myc protein in prostate cancer cells. A, Cell-cycle analysis of phase distribution in control (shCon)
and R1-KD (shR1) PC-3 and C4-2B cells by flow cytometry. Data represent the mean � SEM (n ¼ 3). B, Western blot analysis of c-Myc protein
expression in PC-3 and C4-2B cells subjected to overexpression or KD of R1. C, Determination of relative luciferase activity (mean � SEM, n ¼ 3) of a
c-Myc–responsive luciferase reporter, pM4-min-tk-luc, which contains 4 c-Myc–binding E-box sites and serves as an indicator of c-Myc transcriptional
activity, in control and R1-KD PC-3 cells. The parental pmin-tk-luc construct containing no c-Myc–binding sites was used as a negative control. The
thymidine kinase promoter-driven pRL-TK construct was used to normalize transfection efficiency (�� , P < 0.01). D, IHC analysis of c-Myc and Ki-67
expression in PC-3 (shCon and shR1) tumor xenografts. Representative images are shown. Scale bars, 20 mm. E, RT-qPCR analysis of c-Myc mRNA expression
(mean � SEM, n ¼ 3) in cells as indicated in B. ns, not significant. F, In vivo ubiquitination assay of c-Myc in 293T cells transiently transfected with HA-tagged
ubiquitin (Ub) and empty vector or c-Myc, with or without R1. A representative image from five repeats is shown. G, Quantitative analysis of c-Myc
ubiquitination levels (mean � SEM, n ¼ 5) in response to R1 as described in F. The levels in the control group with transfection of ubiquitin but not c-Myc
and R1 were set as 1 (� , P < 0.05; �� , P < 0.01). H–K, Western blot analysis of c-Myc protein expression in PC-3 cells subjected to transient overexpression
(H and I) or stable KD (J and K) of R1, which were treated with 50 mg/mL of cycloheximide (CHX) and collected at different time points. c-Myc
protein levels were normalized to b-actin. The ratio at 0 hour is set as 100% in each group. L, Growth curves of PC-3 cells that were subjected to
sequential shRNA-mediated KD of c-Myc and R1. Data represent the mean � SEM (n ¼ 3; �� , P < 0.01); ns, not significant. M, Colony formation assays
in cells as established in L. Data represent the mean � SEM (n ¼ 3; �� , P < 0.01; ns, not significant).
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compared with normal counterparts. We also showed higher
R1 expression at both protein and mRNA levels in a spectrum
of human prostate cancer cell lines which exhibit different char-
acteristics and behaviors compared with normal human pro-
static cells. Overexpression and KD of R1 in human prostate
cancer cell lines revealed that R1 induces cell proliferation, colony
formation, and migration/invasion. Moreover, silencing R1
reduced the growth of PC-3 tumor xenografts in mice. Although
R1 was first identified as a c-Myc oncoprotein interactor, little
progress has been made so far in understanding its role in cancer
in general and in prostate cancer specifically. Previous studies
showed that R1 enhances medulloblastoma transformation
with induced aggressive phenotypes (11, 39) and also hepato-
cellular carcinoma progression (40). Our results obtained from
prostate cancer are consistent with those observations, further
supporting a tumor-promoting effect of R1 in cancers.

R1 was shown to upregulate c-Myc protein expression and
transcriptional activity by enhancing protein stability. R1 has
been found to physically interact with the c-Myc NH2-terminal
domain essential for modulating c-Myc oncogenic properties, as

demonstrated in different cellular settings including medullo-
blastoma and neuroblastoma cells (11, 41). This interaction
results in two possible mechanisms where R1 either acts directly
as an E3 ligase or regulates other factor(s) to indirectly modulate
c-Myc protein stability. The lack of both the E6AP carboxyl
terminus (HECT) and the really interesting new gene (RING)
domains in R1 protein sequences, two domains mediating the
direct transfer of ubiquitin from E2 to substrate, disqualifies R1
from being an E3 ligase candidate (13, 42). Rather, we dem-
onstrated that R1 acts as a repressor to transcriptionally suppress
HUWE1 expression, a c-Myc–targeting E3 ligase, to indirectly
stabilize c-Myc protein in the present model systems. Compel-
ling evidence has indicated the critical role of HUWE1 as an
E3 ligase regulating c-Myc protein stability, c-Myc–activated
genes, and c-Myc–driven neoplasia and oncogenesis (refs. 34
and 43–46). As reported in several independent studies by
different groups, manipulation of HUWE1 levels alone was
sufficient to produce dramatic changes in c-Myc ubiquitination
(34, 47), which to some extent supports our proposed model
where R1 exerts a significant impact on c-Myc protein stability

Figure 5.

R1 downregulates the c-Myc–targeting E3 ligase HUWE1 at the transcriptional level in prostate cancer cells. A, RT-qPCR analysis of mRNA expression of
E3 ligase genes that regulate c-Myc protein stability in control (shCon) and R1-KD (shR1) PC-3 and C4-2B cells. Gene expression levels in the control
group were set as 1 for both cell lines (� , P < 0.05; �� , P < 0.01; ns, not significant). B, RT-qPCR analysis of HUWE1 mRNA expression (mean � SEM, n ¼ 3)
in control and R1-overexpressing PC-3 cells (�� , P < 0.01). C, Western blot analysis of HUWE1 protein expression in control and R1-overepressing PC-3
cells. D, IHC analysis of HUWE1 protein expression in PC-3 (shCon and shR1) tumor xenografts. Representative images are shown. Scale bars, 20 mm.
Red arrows indicate representative induced nuclear staining of HUWE1 in R1-KD tumor samples. E, The canonical sequence of a R1-binding site (top),
a potential R1-binding site in HUWE1 promoter (middle), and introduced point mutations (bottom, italic and red) used to inactivate the potential R1-binding
site. F, Determination of WT and mutated (Mut) HUWE1 promoter activity (mean � SEM, n ¼ 3) in control and R1-overexpressing PC-3 cells (��, P < 0.01;
ns, not significant). G, ChIP analysis of FLAG-tagged R1-overexpressing PC-3 cells immunoprecipitated by anti-FLAG or IgG antibody followed by
qPCR using a primer set for the R1-binding site in HUWE1 promoter. Primers targeting the MAOA core promoter sequences and HUWE1 intron 2 served
as positive and negative controls, respectively. Data represent the percent of input (mean � SEM, n ¼ 3). H, Coexpression correlation analysis of R1
and HUWE1 mRNA expression in Tomlins metastatic prostate cancer dataset (n ¼ 14). P ¼ 0.0372 as determined by Pearson correlation.
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by modulating a single c-Myc–regulating E3 ligase. In line with
the previous observations of enhanced c-Myc–transforming
activity by R1/c-Myc interaction in medulloblastoma (11),
increased R1 expression in prostate cancer also exacerbated
c-Myc function in prostate cancer cells by promotion of cell-
cycle progression. HUWE1 has been previously reported to
stabilize MIZ-1, another binding partner of c-Myc, and affect
ARF–p53-mediated apoptosis (44, 46), but we demonstrated
marginal effects of R1 on MIZ-1 and p53 in prostate cancer
cells (Supplementary Fig. S5), suggesting that the downstream
effect of R1-HUWE1 axis might be cell-context and/or cell-type
dependent. In addition, we showed that c-Myc is a key down-
stream mediator of R1's effect in prostate cancer cells as evi-
denced by the abolition of R1 shRNA-induced suppression of
proliferation and colony formation of PCa cells by c-Myc
silencing. Although the current study emphasizes c-Myc protein
stability as a likely major mechanism underlying R1 regulation
of c-Myc in prostate cancer cells, other possible c-Myc–centric
mechanisms warrant further investigations to more comprehen-
sively advance our understanding of how R1 contributes to the
oncogenic activity of c-Myc and how the R1/c-Myc protein
complex regulates prostate cancer as well as other malignancies.

Activation of the proto-oncogene c-Myc is an important step
not only in the early phases of prostate cancer such as PIN but
also throughout the entire progression of prostate cancer
including advanced recurrent and metastatic stages (7). The
significant influences of c-Myc in prostate cancer are mainly
attributed to its transcriptional regulation of numerous down-
stream target genes. Several independent microarray gene
expression analyses from human prostate cancer and pros-
tate-specific Hi-MYC mice have thus far identified a distinct
c-Myc–driven expression signature (7, 8). On the other hand, c-
Myc is also able to cooperate with other oncogenic signaling
such as AKT to promote prostate tumorigenesis and alter
sensitivity to therapy (48). These accumulated gene and path-
way profiles lay the mechanistic foundations for identifying
potential R1-interacting factors, given the intimate regulatory
relationship between R1 and c-Myc demonstrated by other
groups and by us. This idea has been coincidentally supported
by recent findings of AKT activation by R1 in medulloblastoma
(39). Future studies exploring the gene and signaling networks

governed by R1 are merited to uncover potential unknown
functions of R1 in prostate cancer.

One notable finding of our study was the discovery that R1
directly interacts with an element in HUWE1 promoter to
suppress gene transcription, which was supported by clinical
evidence of a negative coexpression correlation between R1
and HUWE1. According to the literature, R1 functions in
cancers largely through its role as a transcription factor. R1
forms a ternary complex with transcription coactivator
LEDGF/p75 and chromatin in transcriptional regulation,
which may contribute to the development of MLL fusion–
driven acute leukemia (14, 49). In medulloblastoma, the
cooperation of R1 with LEDGF/p75 also promotes cell migra-
tion and metastasis by activation of AKT signaling (39).
However, the direct suppressing effect of R1 by serving as a
transcription repressor on MAOA gene expression, which was
first demonstrated in neuroblastoma cells, turns out to be
marginal in prostate cancer, leading to activation of MAOA
(13, 50). These contrasting studies suggest a context-depen-
dent role of R1 in the transcriptional regulation of target genes
in different types of cancers. A cancer type–specific delineation
of molecular states associated with R1 may advance our
understanding of R1-mediated transcriptional machinery in
diverse cancers.

We provided clinical evidence that higher R1 expression is
associated with recurrence and decreased survival in patients with
prostate cancer, which indicates the potential of R1 for prediction
of disease prognosis in prostate cancer, particularly in advanced
phenotypes. These clinical analyses are consistent with in vitro
observations of an increasing trend of R1 protein expression from
weak/low-metastatic to aggressive/high-metastatic cells.

In summary, we present the first study showing increased
intrinsic R1 expression in prostate cancer and its association with
poor clinical outcomes in patients. We also uncovered the under-
lyingmolecular mechanisms contributing to R1-induced prostate
cancer growth and progression. Our findings highlight the novel
role of R1 in prostate cancer and reveal R1 as a new potential
prognostic marker and therapeutic target for prostate cancer.
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Figure 6.

A proposed working model for
how R1 promotes prostate tumor
growth and progression by
suppressing the E3 ligase HUWE1 at
the transcriptional level to stabilize
c-Myc protein.
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