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activation of SAG or ROC1 E3
igase Inhibits Growth and
urvival of Renal Cell Carcinoma
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Abstract
SAG (Sensitive to Apoptosis Gene) and ROC1 (Regulator of Cullin-1) are two family members of the RING component
of CRL (Cullin RING ligase). Bothmembers are essential for growth and survival of several types of human cancer cells;
their role in renal cell carcinoma (RCC), however, remains elusive. Herewe reported that compared to adjacent normal
tissues, both SAG and ROC1 are overexpressed in RCC, which is positively correlated with poor patient survival,
particularly for SAG. Depletion of SAG or ROC1 inhibited growth and survival of RCC cells by inducing G2/M arrest,
senescence, and apoptosis likely due to accumulation ofWEE1, p21, p27,NOXA, andBIM. Interestingly, simultaneous
BIM knockdown in RCC cells partially rescues growth suppression triggered by depletion of SAG, but not ROC1,
suggesting a differential role of BIM. Collectively, our study provides the proof-of-concept evidence that RING
components of CRL are attractive candidates for targeted therapy of RCC.
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troduction
ullin-RING Ligase (CRL) is the largest family of the E3 ubiquitin
ase that is responsible for ubiquitylation of 20% cellular proteins
r degradation by proteasome system [1,2]. CRL is a multicompo-
nt E3, consisting of a cullin (with 8 family members), a substrate
cognizing subunit (such as a F-box protein), an adaptor protein
uch as SKP1), and a RING protein family member, ROC1/RBX1
SAG/ROC2/RBX2 [3–8]. In its founding member, also known as
F (SKP1, Cullin-1, and F-box protein), Cullin-1 acts as a scaffold
otein that at the N-terminus binds to adaptor protein SKP1 and a
-box protein and at the C-terminus binds to RING protein, ROC1
SAG, which binds to an E2 with ubiquitin loaded, acting as an
zymatic core for ligase activity [9].
The sequence identity between human SAG and ROC1 is 50%, and
th members are highly evolutionarily conserved among different
ecies [7]. Our previous genetic studies revealed that the function of
OC1 and SAG is developmentally nonredundant since total knockout
ROC1 causes embryonic lethality at E6.5 with defective proliferation
0], whereas total knockout of SAG also causes embryonic lethality at
10.5 with defective angiogenesis and robust apoptosis [11]. ROC1 is
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nstitutively expressed and complexes with cullins 1-4, whereas SAG is
ress-inducible and complexes with cullin-5 as well as cullin-1 [12–14].
terestingly, our recent study showed that ROC1 complexes with
DC34 or UBCH5C E2 to promote substrate polyubiquitylation via
e K48 linkage, whereas SAG complexes with UBE2C/UBCH10 and
BE2S to promote substrate polyubiquitylation via the K11 linkage
5]. These unique features of two family members, leading to targeting
ique sets of substrates for degradation, could explain why they are
nctional nonredundant.
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SAG was originally cloned by us as an antioxidant protein that
otects cells from apoptosis [3] and later identified as the second
ember of ROC/RBX RING family [6]. Both SAG and ROC1
ere found to be overexpressed in human lung cancer, but only
G overexpression was associated with poor patient survival [16].
RNA-based knockdown of SAG or ROC1 inhibited growth and
rvival of several human cancer cell lines both in vitro and in vivo
7–19]. However, whether and how these two family members
gulate growth and survival of RCC cells are previously unknown.
In this study, we performed the direct comparison of SAG and
OC1 in regulation of growth and survival in RCC cells and the
derlying mechanism. We found that both SAG and ROC1 are
erexpressed in RCC tissues, which is correlated with poor survival of
CC patients, particularly for SAG. Depletion of SAG or ROC1
hibited proliferation and survival of RCC cells with a greater effect
en in ROC1 depleted cells by induction of G2/M arrest, senescence,
d apoptosis via accumulations of WEE1, p21, p27, NOXA, and
IM. Interestingly, simultaneous BIM knockdown partially rescued
owth suppressive phenotype triggered by knockdown of SAG but not
ROC1. Collectively, our study validated that RING family proteins
e attractive anticancer targets for RCC, and selective targeting ROC1
ould yield a maximal growth suppression.

aterials and Methods

ell Cultures
Human renal cell carcinoma cell lines 786-0, SLR21, RCC4,
R20, Cak2, and ACHN were purchased from the American Type
ulture Collection (Manassas, VA). The 786-0, SLR21, RCC4, and
R20 cells were cultured in RPMI 1640 medium, whereas Cak2 and
CHN were cultured in DMEM/F12 medium, all supplemented
ith 10% fetal bovine serum (Invitrogen, Carlsbad, CA) at 37°C
der a humidified atmosphere of 95% air and 5% CO2.

munohistochemistry Staining of Human RCC Tissue Array
Human RCC tissue arrays were from Biotechnology Co. LTD of
i-An Alina (www.alenabio.com). Immunohistochemistry was
rformed using the ABC Vectastain kit (Vector Laboratories,
urlingame, CA) with affinity purified SAG and ROC1 specific
tibody [17,18]. The sections were developed with DAB and
unterstained with hematoxylin, as described [20].

xpression of SAG and ROC1, and Survival of RCC Patients
Three subtypes of RCC—KIRC (Kidney Renal Clear Cell
arcinoma), KICH (Kidney Chromophobe), and KIRP (Kidney
enal Papillary Cell Carcinoma)—from TCGA datasets were used in
is study. The mRNA expression of SAG and ROC1 in RCC tissues,
d information on RCC patient survival were downloaded from the
ALCAN [21]. These TCGA patient survival data were used for
aplan-Meier survival analyses and to generate overall survival plots.
r the expression of SAG and ROC1, the tumor samples in each
ncer type were categorized into two groups: 1) high expression
ith transcripts per million (TPM) values above upper quartile] and
) low/medium expression (with TPM values below upper quartile).
he survival curves of samples with high gene expression and low/
edium gene expression were compared by log-rank test.

Analysis
Whole-cell lysates were prepared and subjected to immunoblotting
alysis using antibodies against SAG [mAb raised against the RING
main (AA44-113)], ROC1 [18], PARP, Caspase3, and WEE1
ell Signaling), β-actin (Santa Cruz Biotechnology), p21, p27 (BD
ransduction Laboratories), BIM (Imgenex), and NOXA (Oncogene
ience).

entivirus-Based siRNA Knockdown
Lentivirus-based siRNAs targeting ROC1 (LT-ROC1), SAG (LT-
G), BIM (LT-BIM), and LT-virus expressing scrambled control

RNA (LT-CONT) were constructed as described previously
8,22–24]. For gene silencing, cells were infected with individual
nti-virus using Lipofectamine 2000 (Life Technology, Carlsbad,
A) for 48 hours in 60-mm dishes, followed by various assays for
oliferation, clonal survival, and FACS profiling. For double
lencing, cells were split into 60-mm dishes, after the first round of
lencing, and transfected with second lenti-virus for another
hours before harvesting for biological assays.

TP-Lite–Based Cell Proliferation Assay
Cells, infected with various virus, were split and seeded into 96-
ell plates with 3000 cells per well in quadruplicate, and cultured for
to 5 days before subjecting to the ATP-lite assay (PerkinElmer,

orwalk, CT) for proliferation [25].

lonogenic Survival Assay
After lentivirus-based siRNA silencing, cells were split and seeded
to 6-cm dish with 500 cells per dish in triplicate, followed by
lture for 12 days. The colonies formed were fixed, stained, and
unted under microscope [17].

luorescence-Activated Cell Sorting Analysis (FACS) Analysis
Cells were harvested and fixed in 70% ethanol at 20°C for 4 hours,
ained with propidium iodide (18 μg/ml) containing 400 μg/ml
NaseA (Roche) with shaking for 1 hour, and analyzed by flow
tometry for apoptosis and cell cycle profile. Apoptosis was measured
the percentage of cells in sub-G1 population [17].

-β-gal Staining
The expression of SA-β-gal in cells was determined by SA-β-gal
aining, as described [26].

atistical Analysis
The statistical significance of differences between groups was
sessed using GraphPad Prism6 software (version 4.03). Data were
esented as mean ± SEM. The unpaired, two-tailed t test was used
r the comparison of parameters between groups. The level of
gnificance was set at a P value of b .05.
esults and Discussion

G and ROC1 Are Overexpressed in RCC Tissues with
orrelation of Poor Patient Survival

To determine potential alterations of SAG and ROC1 in RCC, we
st performed immunohistochemistry staining in 65 paired RCC
sue microarrays. Based on the staining intensity, we classified the
mples into four groups, with group 0 showing the least staining (+)
d group 3 the highest staining (++++; Figure 1A). Compared to
jacent normal tissues with 75-80% of samples expressing under the
tegories of groups 0 and 1, RCC tissues had high expression of both
mily members with greater than 50% of cases expressing under

http://www.alenabio.com
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tegories of groups 2 and 3 (Figure 1, A and B). The TCGA
tabase search revealed a rate of 0.65% of SAG amplification and
37% of ROC1 amplification in RCC tissues, suggesting that
creased levels are likely due to increased expression.
RCC represents a heterogeneous group of kidney cancer, mainly
assified into three subtypes: KIRC (kidney renal clear cell
rcinoma), KICH (kidney chromophobe), and KIRP (kidney renal
pillary cell carcinoma) [27]. The TCGA database search for
sociation between expression levels and patient survival revealed
at high SAG expression is associated with a poor patient survival in
l three types of RCC, whereas high ROC1 expression is associated
ith poor survival only in KIRC patients (Figure 1, C and D).
ollectively, our study suggests that SAG and ROC1 may play a
omoting role in renal carcinogenesis, and their overexpression could
rve as the biomarkers for prognosis of kidney cancer patients.

nockdown of SAG or ROC1 Inhibits Proliferation and
urvival of RCC Cells
Having established that SAG and ROC1 are overexpressed in human
CC and associated with patient survival, we next used cell culture
odels to investigate the role of SAG and ROC1 in regulation of growth
d survival of human RCC cells. We first detected the protein levels of
G and ROC1 in six RCC cell lines and found that while ROC1 levels
e similar among all lines tested, SAG levels are higher in 786-0 and
R20 cells (Figure 2A).We then used lenti-virus–based siRNA silencing
proach to deplete SAG and ROC1 in these two lines, respectively
igure 2B), followed by ATP-lite–based cell proliferation and clonogenic
sed survival assays. In both assays, growth and survival of two RCC cell
es were significantly inhibited with greater effect seen in ROC1
pleted cells (Figure 2, C and D). Thus, both SAG and ROC1 are
sential and required for the growth and survival of RCC cells.

nockdown of SAG or ROC1 Induces G2/M Arrest, Apoptosis,
d Senescence of RCC Cells
To explore the nature of growth suppression, we performed FACS
alysis and found that depletion of either SAG or ROC1 triggered
bstantial G2/M arrest and apoptosis (demonstrated as subG1
pulation) in both cell lines (Figure 3A). Induction of apoptosis was
rther confirmed by DNA fragmentation (Figure 3C) and cleavage of
ARP and caspase-3 (Figure 3D) in both lines. Furthermore, we
rformed β-gal staining, a classic biochemical marker of senescence
6], and found that depletion of either SAG or ROC1 also triggered
nescence (Figure 3C with β-Gal staining shown at the top panel and
antification at the bottom). Thus, suppression of growth and
rvival is caused by multiple alterations in cellular physiology.
inally, we determined potential mechanisms which mediate these
ological consequences with focus on known substrates of SCF E3
ase. Indeed, depletion of SAG or ROC1 triggered substantial
cumulation of substrates, including Wee1 for G2/M arrest, NOXA
d BIM for apoptosis, and p21 and p27 for senescence
6,18,19,26,28–30] (Figure 3D).

imultaneous BIM Knockdown Partially Rescues Growth
uppression Triggered by Knockdown of SAG, But Not ROC1
Previous studies with rescue experiments have shown that NOXA
ays an essential role for apoptosis, WEE1 for G2/M arrest, and p21
r senescence upon inactivation of SAG or ROC1 E3 via various
proaches [29–32]. We, therefore, focused our attention to the role
accumulated BIM in growth suppression triggered by SAG or
OC1 depletion. We found that single BIM knockdown moderately
omoted growth and survival of SLR20 cells. Interestingly,
multaneous BIM knockdown (Figure 4A) partially but significantly
scued suppression of growth and survival triggered by SAG
ockdown, but had minimal, if any, effect on growth suppression
iggered by ROC1 knockdown (Figure 4, B and C). Mechanistically,
IM knockdown significantly reduced the population of G2/M
rest, apoptosis, and senescence in SAG knocked-down cells. In
OC1 knocked-down cells, BIM knockdown only rescued apoptosis
d senescence, but not G2/M population (Figure 4, D and E),
ggesting a key role played by G2/M arrest in manifesting growth
enotype of SLR20 RCC cells.
MLN4924, a small molecule inhibitor of NEDD8 activating
zyme (NAE) [1], has been shown to suppress proliferation of RCC
lls by inducing G2 arrest and apoptosis in UBE2M dependent
anner [33], or via accumulation of p21, p27, WEE1 [34], or
OXA [31]. Since MLN4924 inhibits neddylation E1 to block the
tire neddylation pathway, whereas neddylation of cullin is required
r CRL activity [2], MLN4924, therefore, inactivates ligase activity
the entire CRL family. With this broad inhibition, it is unknown
hether inactivation of individual neddylation enzyme would induce
owth suppression to different extent and via distinctive mecha-
sms. Given that SAG and ROC1 are also neddylation E3s to induce
ddylation of Cullin-5 and Cullins 1-4, thus activating CRL5 and
RLs1-4, respectively [12,14], we conducted current study via lenti-
rus–based RNA silencing approach.
Here, we directly compared the role of SAG and ROC1 in
gulating growth and survival of RCC cells. We demonstrated that
th family members are overexpressed in RCC tissues, as compared
adjacent normal tissues, with a positive correlation of poor patient
rvival, particularly in the case of SAG. We further showed that both
G and ROC1 are functionally nonredundant for growth and
rvival of RCC cells since depletion of either substantially suppressed
oliferation. Biochemically, depletion of either SAG or ROC1 causes
cumulation of few substrates, known to regulate cell growth.
iologically, accumulation of these substrates, including WEE1,
OXA, BIM, p21, and p27, triggers G2/M arrest, apoptosis, and
nescence.
It is well established that BIM is a proapoptotic protein that
ppresses tumor growth, while loss of BIM is associated with poor
ognosis in a variety of tumor models [35–37]. Furthermore, loss of
IM was associated with chemoresistance of renal cell carcinoma
8]. We found that depletion of either SAG or ROC1 caused BIM
cumulation, likely due to inactivation of SCF E3 ligase, since BIM
s been reported to be the substrate of SCFβTrCP1 [39]. However,
r rescue experiment showed that BIM accumulation plays a causal
le at least in part for observed growth suppression in SAG-depleted
lls, but not ROC1 depleted cells, further demonstrating a
fferential and nonredundant role of SAG vs. ROC1. It is worth
ting that simultaneous BIM knockdown partially rescued apoptosis
d senescence phenotypes triggered by ROC1 depletion but had no
scuing effect on G2/M arrest or on overall growth and survival
igure 4), suggesting that extensive G2/M arrest triggered by ROC1
pletion plays the major role in growth suppression. It is also
teresting to see that BIM knockdown partially rescued phenotypes
both G2/M arrest and senescence in addition to expected apoptosis
SAG-depleted cells, leading to a significant rescue of overall growth
ppression. This suggests that induction of apoptosis, as a result of
IM accumulation, plays a major role in growth suppression upon
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Figure 1. Overexpression of SAG and ROC1 in RCC tissue and its correlation with patient survival. (A) Immunostaining of SAG and ROC1 in
human RCC tissues and adjacent normal tissues. Tissue microarrays of paired RCC and adjacent normal tissues from the same patient (n =
65) were stained with antibodies specifically for SAG and ROC1. Representative images are shown. (B) Percentage distribution based upon
staining intensity. The staining intensity of each sample was scored and categorized into 4 groups (0-3). Percentage of distribution of these
staining groups in RCC vs. adjacent tissues was plotted. (C) The Kaplan-Meier overall survival curves of high SAG expression and low SAG
expression patients in three different types of RCC with sample size and P values indicated. (D) The Kaplan-Meier overall survival curves of
high ROC1 expression and low ROC1 expression patients in three different types of RCC with sample size and P values indicated.
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Image of Figure 1
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Figure 2. Knockdown of SAG or ROC1 inhibits growth and survival of RCC cells. (A) The expression levels of SAG and ROC1 in multiple
RCC cell lines: Cell lysates from 6 RCC cell lines were subjected to Western blotting with SAG and ROC1 antibodies. (B-D) RCC cell lines
786-0 and SLR-20 were infected with LT-SAG or LT-ROC1 along with LT-CON for 72 hours, and cells were split for the following assays: IB
for SAG and ROC1 (B), ATP-lite proliferation assay (n = 3) (C), and clonogenic survival (n = 3) (D). Shown are means ± S.E.M., *P b .05,
**P b .01, ***P b .005.
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Figure 3. Knockdown of SAG or ROC1 induced G2/M arrest, apoptosis, and senescence: RCC 786-0 and SLR20 cells were infected with
LT-SAG or LT-ROC1 along with LT-CON for 72 hours, followed by FACS analysis (A), DNA fragmentation (B), β-gal staining (C), and
Western blotting with indicated Abs (D). Shown are means ± S.E.M. from three independent experiments. *P b .05, **P b .01,
***P b .005, ****P b .001.
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G depletion. Nevertheless, the underlying mechanism for
fferential role of BIM in growth regulation of SAG vs. ROC1
pleted cells is unknown at the present time, but it is an interesting
bject for future investigation. Taken together, our study demon-
rated that targeting either SAG or ROC1 is sufficient to trigger
owth suppression of RCC cells, and more specific inhibitors
lective for SAG or ROC1 will likely have similar efficacy against
CC with anticipated less normal cells toxicity.
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