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ABSTRACT Elevated lipid metabolism promotes cancer cell proliferation. Clear cell
renal cell carcinoma (ccRCC) is the most common subtype of kidney cancers, charac-
terized by ectopic lipid accumulation. However, the relationship between aberrant
lipid metabolism and tumorigenesis in ccRCC is not thoroughly understood. Here,
we demonstrate that ring finger protein 20 (RNF20) acts as a tumor suppressor in
ccRCC. RNF20 overexpression repressed lipogenesis and cell proliferation by inhibit-
ing sterol regulatory element-binding protein 1c (SREBP1c), and SREBP1 suppression,
either by knockdown or by the pharmacological inhibitor betulin, attenuated prolif-
eration and cell cycle progression in ccRCC cells. Notably, SREBP1c regulates cell cycle
progression by inducing the expression of pituitary tumor-transforming gene 1 (PTTG1),
a novel target gene of SREBP1c. Furthermore, RNF20 overexpression reduced tumor
growth and lipid storage in xenografts. In ccRCC patients, RNF20 downregulation and
SREBP1 activation are markers of poor prognosis. Therefore, RNF20 suppresses tumori-
genesis in ccRCC by inhibiting the SREBP1c-PTTG1 axis.
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During excessive proliferation of cancer cells, increased demands for building blocks
and membrane biogenesis are satisfied by complex metabolic reprogramming (1,

2). In cancer cells, most lipid metabolites are derived from de novo lipogenesis rather
than from extracellular lipid uptake (3, 4). It has been reported that lipogenesis and lipid
accumulation are upregulated in various cancers (5, 6). Particularly, ectopic lipid
accumulation is a hallmark of clear cell renal cell carcinoma (ccRCC), which is the most
common subtype of kidney cancers (7, 8). According to current knowledge, the primary
etiology of ccRCC involves the loss or inactivation of the von Hippel-Lindau tumor
suppressor gene (VHL) and the consequent activation of hypoxia-inducible factor (HIF)
(9, 10).

Ring finger protein 20 (RNF20) is an E3 ubiquitin ligase that plays various roles in
transcription regulation, DNA damage responses, stem cell differentiation, and lipid
metabolism (11–13). It promotes the monoubiquitination of histone H2B, which regu-
lates the transcription of a subset of genes and contributes to chromatin remodeling
(13, 14). RNF20 has been suggested to act as a tumor suppressor in inflammation-
associated cancers (15).

Recently, we demonstrated that hepatic RNF20 is an E3 ubiquitin ligase for sterol
regulatory element-binding protein 1c (SREBP1c), a key transcription factor in de novo
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lipogenesis (16, 17). RNF20 promotes the polyubiquitination and degradation of
SREBP1c upon protein kinase A activation, thereby suppressing hepatic lipid metabo-
lism (11). In mammals, SREBP1a and SREBP1c are encoded by the SREBF1 gene, whereas
SREBP2 is encoded by SREBF2 (18, 19). SREBP1 primarily stimulates the expression of
genes involved in fatty acid synthesis, including those encoding fatty acid synthase
(FASN), stearoyl coenzyme A desaturase 1 (SCD1), and long-chain fatty acid elongase
(ELOVL6), whereas SREBP2 promotes mainly cholesterol homeostasis (20, 21). It has
been reported that activated SREBP1c upregulates lipogenic genes and enhances
lipogenesis in certain cancers such as glioblastoma, prostate, and colon cancers (22, 23).
In addition, SREBP1c-mediated lipogenic activation promotes tumor development,
progression, and migration, leading to poor prognosis in several cancers (24, 25).
Although it is well known that lipid metabolic pathways are dysregulated in ccRCC (26,
27), the underlying mechanisms that lead to aberrant lipogenesis and cell proliferation
in ccRCC remain poorly understood.

In this study, we observed that RNF20 downregulation stimulates SREBP1c-mediated
lipogenesis and cell proliferation in ccRCC. RNF20 suppressed ccRCC tumorigenesis by
inhibiting SREBP1c, whereas genetic and pharmacological inhibition of SREBP1 de-
creased lipogenesis and proliferation in ccRCC cells. Furthermore, downregulation of
RNF20 in ccRCC cells augmented cell cycle progression by activating SREBP1c-mediated
pituitary tumor-transforming gene 1 (PTTG1). Intriguingly, in patients with ccRCC,
RNF20 was downregulated, which was closely associated with SREBP1c activation and
poor prognosis. Together, these findings suggest that RNF20 functions as a tumor
suppressor in ccRCC by attenuating SREBP1c-dependent lipogenesis and PTTG1 sig-
naling.

RESULTS
RNF20 is downregulated in ccRCC. Ectopic lipid accumulation is profoundly up-

regulated in ccRCC (7, 8). Since RNF20 acts as a negative regulator of de novo
lipogenesis by inhibiting SREBP1c (11), we investigated whether RNF20 might be
dysregulated in ccRCC tumors. As shown in Fig. 1A, RNF20 mRNA expression was
downregulated in ccRCC tumors compared to that in patient-matched normal kidney
tissues. Similarly, RNA sequencing (RNA-seq) data from the Cancer Genome Atlas
(TCGA) revealed significant reductions in RNF20 mRNA expression in ccRCC tumors (Fig.
1B) and indicated that low RNF20 expression is closely correlated with advanced tumor
stages (Fig. 1C). Furthermore, immunohistochemistry (IHC) assays showed that RNF20
protein expression was lower in ccRCC tumors than in adjacent normal kidney tissues
(Fig. 1D). In agreement, RNF20 staining data from patient-matched normal kidney and
ccRCC tumor tissues revealed decreased RNF20 expression in the tumors (Fig. 1E).
Moreover, protein and mRNA expression of RNF20 was lower in ccRCC cell lines A498,
Caki-2, and ACHN than in human primary renal cortical epithelial (HRCE) and HEK293
normal kidney cell lines (Fig. 1F and G).

RNF20 suppresses ccRCC cell proliferation. To evaluate the tumorigenic conse-
quences of low RNF20 expression, we determined whether RNF20 affects proliferation
in wild-type-VHL ACHN and VHL-depleted A498 ccRCC cells. In these experiments,
RNF20 overexpression suppressed cell proliferation in both ACHN and A498 ccRCC cells
(Fig. 2A and B). Conversely, small interfering RNA (siRNA)-mediated suppression of
RNF20 increased cell growth in both ccRCC cell lines (Fig. 2C and D). In contrast, neither
overexpression nor knockdown of RNF20 affected the growth of HRCE and HEK293
normal kidney cells, which express high levels of RNF20 (Fig. 2E to H). These data
suggest that RNF20 suppresses ccRCC cell proliferation independently of VHL mutation
status.

RNF20 decreases lipogenesis and cell proliferation by downregulating SREBP1c in
ccRCC cells. To examine the effect of RNF20 on lipid metabolism and proliferation in
ccRCC cells, the level of RNF20 was modulated by either overexpression or suppression.
In wild-type-VHL ACHN ccRCC cells, ectopic expression of RNF20 downregulated both
precursor and nuclear SREBP1 proteins (Fig. 3A). In agreement, SREBP1c overexpression
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augmented mRNA levels of lipogenic genes, including FASN, ACC1, SCD1, and ELOVL6
in ACHN cells (Fig. 3B), in accordance with previous reports (20, 21). In contrast, RNF20
potently inhibited mRNA expression of lipogenic genes in both control and SREBP1c-
overexpressing ACHN cells (Fig. 3B). Accordingly, intracellular triglyceride accumulation
was greater in SREBP1c-overexpressing than in control ACHN cells, whereas it was
lowered by RNF20 overexpression (Fig. 3C). It has been reported that loss of SREBP1
expression markedly decreases glioma cell proliferation through cell cycle regulation

FIG 1 RNF20 is downregulated in ccRCC. (A) qRT-PCR analysis of RNF20 mRNA expression in patient-matched normal kidney (n � 9) and ccRCC
tumor (n � 9) samples. RNF20 mRNA levels were normalized to those in matched normal kidney samples. (B) Normalized RNA-seq reads of RNF20
in normal kidney (n � 72) and ccRCC tumor (n � 533) samples. RNA-seq data were obtained from TCGA. (C) RNF20 expression in ccRCC tumors
was analyzed according to tumor stages. Significance versus normal kidney samples: ##, P � 0.01; ###, P � 0.001. (D) Representative ccRCC tissue
microarray used for IHC with RNF20 antibody. (E) IHC staining of patient-matched adjacent normal kidney and ccRCC tumor tissues. Represen-
tative tissue sections stained for RNF20 are shown. Bar, 100 �m. (F) RNF20 protein expression levels in normal kidney cell lines, such as HRCE and
HEK293, and ccRCC cell lines, including ACHN, A498, and Caki-2, were determined by Western blotting. (G) RNF20 mRNA expression in normal
kidney and ccRCC cell lines was determined by qRT-PCR. Significance versus HRCE: ##, P � 0.01.
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FIG 2 RNF20 suppresses cell growth in ccRCC but not in normal kidney cell lines. (A) ACHN and A498 ccRCC
cells were infected with adenovirus expressing GFP alone (�) or Myc-RNF20(�). After infection for 24 h,
total cell lysates were subjected to Western blotting. (B) ACHN and A498 ccRCC cells were infected with
adenovirus expressing GFP alone (Mock) or RNF20, and proliferation was monitored using the Cell Counting
Kit-8 (CCK-8) assay. (C) ACHN and A498 ccRCC cells were transfected with siControl or siRNF20, and RNF20
expression was determined by Western blotting. (D) ACHN and A498 ccRCC cells were transfected with
siControl or siRNF20, and relative growth rates were determined using the CCK-8 assay. (E) HRCE and

(Continued on next page)
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(25, 28). In accordance with these data, SREBP1c overexpression promoted the mRNA
expression of cell cycle regulators, including PCNA, cyclin A, D1, and E in ccRCC cells
(Fig. 3D), and concomitant RNF20 overexpression reduced the effects of overexpressed
SREBP1c (Fig. 3D). Moreover, RNF20 overexpression reduced colony formation and cell
growth whereas ectopic SREBP1c expression elevated cell proliferation in ACHN cells
(Fig. 3E and F). Suppression of RNF20 via siRNA enhanced SREBP1 expression, intracel-
lular triglyceride levels, and cell proliferation, accompanied with upregulated expres-
sion of lipogenic and cell cycle genes (Fig. 3G to J). However, double knockdowns of
both RNF20 and SREBP1 abolished these effects (Fig. 3H to J). These data suggest that
RNF20 inhibits ccRCC cell proliferation by suppressing SREBP1c-induced lipogenesis
and cell cycle progression.

The SREBP inhibitor betulin represses lipid metabolism and proliferation of
ccRCC cells. Betulin was developed as a pharmacological inhibitor that prevents
proteolytic processing of both SREBP1 and SREBP2 to achieve lipid-lowering effects (29,
30). In addition, betulin attenuates the growth of various cancers by inhibiting multiple
oncogenic factors, including cell cycle regulators (31, 32). Thus, we determined the
effects of betulin on SREBP inhibition and assessed its antitumorigenic properties in
ccRCC cells. Following treatment of wild-type-VHL ACHN and VHL-depleted A498 ccRCC
cells with betulin, the nuclear SREBP1 protein level was decreased in a dose-dependent
manner, whereas the precursor form of SREBP1 was unaffected (Fig. 4A). Simultane-
ously, betulin treatment led to decreased protein expression of the lipogenic enzymes
such as FASN and SCD1 (Fig. 4A). Moreover, protein levels of cell cycle regulators,
including cyclin B1 and E, were repressed in betulin-treated ccRCC cells (Fig. 4A). Betulin
also decreased the expression of genes involved in fatty acid and cholesterol metab-
olism by inhibiting SREBP1 and -2 in ccRCC cells (Fig. 4B). To explore whether betulin
suppresses ccRCC cell growth, we measured its effect on cell proliferation in ACHN and
A498 cells. As shown in Fig. 4C and D, betulin showed dose-dependent antiproliferative
effects in ccRCC cells. Lipogenic gene expression changes corresponded with de-
creased intracellular lipid accumulation in betulin-treated ccRCC cells (Fig. 4E). In
addition, betulin substantially increased the population of ccRCC cells in G1 phase (Fig.
4F). These data indicate that betulin represses ccRCC cell proliferation by suppressing
SREBP-dependent lipid metabolism and cell cycle progression.

In ccRCC cells, PTTG1 is a novel target gene of SREBP1c and is involved in cell
cycle regulation. As a transcriptional activator, SREBP1c stimulates fatty acid metab-
olism and cell cycle progression (28, 33, 34). To elucidate the target gene(s) potentially
involved in SREBP1c-induced cell cycle progression in ccRCC, we attempted to identify
SREBP1c target genes that are associated with cell cycle regulation, by RNA-seq of liver
tissues of wild-type and SREBP1c-deficient mice. The analysis revealed PTTG1 as a novel
target gene of SREBP1c (Fig. 5A). Expectedly, PTTG1 expression was lower in kidney,
liver, and adipose tissues of SREBP1c-deficient mice than in those of wild-type mice
(data not shown). Analysis of the proximal promoter sequences of PTTG1 showed that
putative binding sites for SREBP1c are well conserved in several species (Fig. 5B). As
shown in Fig. 5C, chromatin immunoprecipitation (ChIP) assay revealed that SREBP1
indeed bound to the promoter of PTTG1. In luciferase reporter assays, SREBP1c stimu-
lated PTTG1 promoter activity, whereas coexpression of RNF20 downregulated the
SREBP1c-mediated promoter activation (Fig. 5D).

Next, we investigated the expression profile of PTTG1 in SREBP1c-overexpressing
ACHN cells and found that ectopic SREBP1c expression enhanced PTTG1 mRNA ex-

FIG 2 Legend (Continued)
HEK293 normal kidney cells were infected with adenovirus expressing GFP alone (�) or Myc-RNF20(�), and
cell lysates were examined using Western blotting. (F) HRCE and HEK293 cells were infected with adenoviral
RNF20, and cell proliferation was monitored using the CCK-8 assay. (G) HRCE and HEK293 cells were
transfected with siControl or siRNF20, and cell lysates were determined by Western blotting. (H) HRCE and
HEK293 cells were transfected with siRNF20, and cell proliferation rates were monitored using the CCK-8
assay. Cell proliferation data are presented as the means � SD from five individual samples. *, P � 0.05; **,
P � 0.01; n.s., not significant.
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FIG 3 RNF20 represses ccRCC cell proliferation by inhibiting SREBP1. (A) ACHN ccRCC cells were infected with adenovirus containing
Myc-RNF20 and/or Flag-SREBP1c. After infection, total cell lysates were subjected to SDS-PAGE followed by Western blotting. pSREBP1,

(Continued on next page)
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pression, whereas RNF20 coexpression attenuated this effect (Fig. 5E). On the contrary,
knockdown of RNF20 in ccRCC cells increased the levels of PTTG1 mRNA (Fig. 5F) and
protein (Fig. 5G). However, under suppression of SREBP1, RNF20 knockdown failed to
increase the PTTG1 mRNA level (Fig. 5F). In accordance herewith, SREBP1c promoted
PTTG1 protein expression in ccRCC cells (Fig. 5H). On the other hand, siRNA-mediated
suppression of PTTG1 did not affect SREBP1c or FASN protein expression (Fig. 5H).
While RNF20 overexpression reduced protein levels of PTTG1 and several cell cycle
regulators in ccRCC cells, PTTG1 overexpression increased protein levels of these cell
cycle regulators but not SREBP1c in both control and RNF20-overexpressing ccRCC cells
(Fig. 5I). Consistent with these findings, RNF20 overexpression led to an increase in the
G1 phase population, whereas PTTG1 coexpression attenuated it (Fig. 5J). Taken to-
gether, these data suggest that activated SREBP1c in ccRCC stimulates PTTG1 expres-
sion, promoting cell cycle progression.

SREBP1c independently controls PTTG1 and lipid metabolism, which leads to
ccRCC proliferation. The above data suggested a potential relationship between
PTTG1 and lipid metabolism during ccRCC cell proliferation. Thus, we next investigated
the effects of PTTG1 on lipid metabolism and/or cell proliferation in RNF20-over-
expressing ccRCC cells. RNF20 overexpression reduced mRNA expression levels of
PTTG1 and cell cycle genes in ccRCC cells, whereas PTTG1 overexpression increased the
mRNA expression levels of these cell cycle genes but not those of lipogenic genes,
including FASN and SCD1, in both control and RNF20-overexpressing ccRCC cells (Fig.
6A). Ectopic PTTG1 expression markedly augmented cell growth in both control and
RNF20-transduced ccRCC cells (Fig. 6B). Accordingly, ectopic SREBP1c expression pro-
moted mRNA expression of PTTG1 and the cell cycle regulators, including PCNA, cyclin
A, D1, and E, but PTTG1 suppression did not alter mRNA expression of SREBP1c or FASN
(Fig. 6C). In contrast, suppression of PTTG1 expression in ccRCC cells downregulated the
cell cycle regulatory genes (Fig. 6C). In addition, PTTG1 downregulation inhibited cell
proliferation in both control and SREBP1c-overexpressing ACHN cells (Fig. 6D).

Next, to elucidate regulation of PTTG1 by lipogenic activities, we examined PTTG1
expression and cell proliferation in the presence or absence of the ACC inhibitor TOFA
or the FASN inhibitor C75. As shown in Fig. 7A, TOFA and C75 treatments reduced
intracellular triglyceride accumulation in ACHN cells. However, decreased lipogenic
activity by TOFA or C75 did not greatly affect expression of PTTG1, PCNA, cyclin A, D1,
and E (Fig. 7B). However, FASN inhibition with C75 decreased cell growth rates in ccRCC
cells (Fig. 7C). Moreover, we measured the degrees of apoptosis of ccRCC cells in the
presence of TOFA or C75 by evaluating poly(ADP-ribose) polymerase (PARP) cleavage,
apoptotic gene expression, and annexin V staining. Lipogenic inhibition by TOFA or C75
elevated PARP cleavage in ACHN cells (Fig. 7D). In addition, mRNA levels of the
proapoptotic genes, including Bax and Bid, were increased by C75, whereas those of the
antiapoptotic genes, such as Bcl2, cIAP2, and XIAP, were reduced in ACHN cells (Fig. 7E).
As shown in Fig. 7F, TOFA or C75 increased the percentage of dead cells among ccRCC
cells. However, siRNA-mediated knockdown of FASN did not alter mRNA levels of PTTG1
or the cell cycle regulatory genes (Fig. 7G). Suppression of FASN reduced the effects of
SREBP1c overexpression on proliferation in ACHN cells, implying that lipogenic activity
is crucial for ccRCC cell proliferation in an SREBP1c-dependent manner (Fig. 7H). Taken

FIG 3 Legend (Continued)
precursor SREBP1; nSREBP1, nuclear SREBP1. (B) ACHN ccRCC cells were transduced with lentivirus for stable overexpression of RNF20
and/or SREBP1c. Relative mRNA levels were determined by qRT-PCR. (C) Intracellular triglyceride contents were measured in lentiviral
RNF20- and/or SREBP1c-overexpressing ACHN cells. (D) RNF20- and/or SREBP1c-overexpressing ACHN ccRCC cells were subjected to
qRT-PCR. (E) ACHN ccRCC cells were transduced with RNF20 and/or SREBP1c lentivirus, and their ability to form colonies was determined
by crystal violet staining. (F) ACHN ccRCC cells were transduced with RNF20 and/or SREBP1c lentivirus, and cell proliferation was
monitored by the Cell Counting Kit-8 (CCK-8) assay. (G) RNF20 and/or SREBP1 was suppressed in ACHN ccRCC cells using siRNAs, and cell
lysates were subjected to Western blotting. (H) Intracellular triglyceride contents were measured in RNF20- and/or SREBP1-suppressing
ACHN cells. (I) ACHN ccRCC cells were transfected with siRNF20 and/or siSREBP1, and relative cell growth rates were monitored using the
CCK-8 assay. (J) ACHN ccRCC cells were transfected with siRNAs for suppression of RNF20 and/or SREBP1, and relative mRNA levels were
determined by qRT-PCR. The data shown are representative results for at least three independent experiments. Data presented are the
means � SD. Significance versus negative control: #, P � 0.05; ##, P � 0.01; ###, P � 0.001. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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FIG 4 The SREBP inhibitor betulin inhibits ccRCC cell proliferation. (A) ACHN and A498 ccRCC cells were
treated with increasing concentrations of betulin for 12 h, and total cell lysates were subjected to
SDS-PAGE and Western blotting with the indicated antibodies. pSREBP1, precursor SREBP1; nSREBP1,
nuclear SREBP1. (B) After treatment with betulin (10 �M) for 24 h in ACHN cells, relative mRNA levels were

(Continued on next page)
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together, these data indicate that PTTG1 and lipogenic pathways are independently
regulated by SREBP1c, which promotes ccRCC cell proliferation.

RNF20 overexpression attenuates tumor growth in ccRCC xenografts. To vali-
date the roles of RNF20 in ccRCC tumor growth in vivo, we performed xenograft
experiments in nude mice. In ACHN xenograft tumors, ectopic RNF20 expression
significantly inhibited the tumor growth rate (Fig. 8A and B) and decreased tumor mass
(Fig. 8C), indicating that RNF20 can suppress ccRCC tumor growth. Western blot
analyses showed that ectopic expression of RNF20 reduced the protein levels of
SREBP1, PTTG1, and FASN (Fig. 8D) as well as the mRNA levels of SREBP1c, cell cycle
regulators, and lipogenic genes in xenograft tumors (Fig. 8E). In hematoxylin and eosin
(H&E) staining analyses, ACHN tumors with elevated RNF20 expression had fewer cells
with clear cell morphology (Fig. 8F). Oil Red O staining indicated that ectopic RNF20
expression reduced lipid accumulation (Fig. 8F). Furthermore, Ki67 staining revealed
that exogenous RNF20 decreased cell proliferation in xenograft tumors (Fig. 8F).
Terminal deoxynucleotidyltransferase dUTP-biotin nick end labeling (TUNEL) analyses
showed that RNF20 overexpression induced apoptosis in xenograft tumors (Fig. 8F).
These data suggest that RNF20 acts as a tumor suppressor in vivo by inhibiting
SREBP1c-mediated lipogenesis and cell cycle regulation in ccRCC.

In ccRCC patients, low RNF20 expression is accompanied by SREBP1 activation
and poor prognosis. Given that RNF20 was downregulated in ccRCC tumors (Fig. 1),
we explored the relationship between RNF20 expression and clinical outcomes. We
found that low expression of RNF20 is significantly correlated with poor survival (Fig.
9A) in wild-type-VHL as well as VHL-mutated ccRCC patients (Fig. 9B and C). Several
types of tumors, such as glioblastoma, hepatic, prostate, and pancreatic cancers,
express high levels of SREBP1 and lipogenic genes, which are positively correlated with
malignant progression and worse outcomes (22–25). However, it remains unclear
whether SREBP1 and its target genes might have clinical significance in ccRCC patients.
Thus, we analyzed the expression patterns of SREBP1, FASN, and PTTG1 in normal
kidney and ccRCC tumor tissues. TCGA RNA-seq data revealed that SREBP1 expression
is elevated in ccRCC tumors (Fig. 9D) and is associated with advanced tumor stages
(data not shown). Accordingly, mRNA levels of SREBP1 target genes such as FASN and
PTTG1 were enhanced in ccRCC tumors (Fig. 9E and F). Further TCGA analyses revealed
an inverse correlation between RNF20 and SREBP1 mRNA expression in ccRCC tumors
(Fig. 9G). Similarly, mRNA expression of RNF20 was inversely correlated with that of
FASN or PTTG1 (Fig. 9H and I). Moreover, high expression of FASN or PTTG1 was
correlated with poor survival in ccRCC patients (Fig. 9J and K). Consistent with these
data, protein levels of SREBP1, FASN, and PTTG1 were increased in ccRCC tumors
compared to those in patient-matched normal kidney tissues, whereas that of RNF20
was decreased (Fig. 9L). However, TCGA analyses indicated that the mRNA levels of
SREBP2 and its target genes, such as those encoding 3-hydroxy-3-methylglutaryl
coenzyme A reductase (HMGCR), low-density lipoprotein receptor (LDLR), 3-hydroxy-3-
methylglutaryl coenzyme A synthase (HMGCS), and farnesyl-diphosphate farnesyltrans-
ferase 1 (FDFT1), were decreased in ccRCC tumors (Fig. 9M to O and data not shown).
Together, these results imply that RNF20 downregulation enhances SREBP1 activation
and determines poor clinical outcomes in ccRCC patients.

FIG 4 Legend (Continued)
determined by qRT-PCR. (C and D) ACHN and A498 ccRCC cells were treated or not treated with betulin,
and cell proliferation rates were determined using the Cell Counting Kit-8 (CCK-8) assay. Data are
presented as the means � SD from five individual samples. *, P � 0.05; **, P � 0.01; ***, P � 0.001. (E)
ACHN ccRCC cells were treated with betulin (10 �M). After incubation for 24 h, the cells were fixed and
stained with BODIPY (green) and DAPI (blue). Images were acquired using a confocal microscope. Bars,
10 �m. (F) After treatment with betulin (10 �M) for 24 h, ACHN ccRCC cells were fixed and stained with
propidium iodide, and DNA contents were analyzed by flow cytometry. Percentages of cells in each
phase of the cell cycle are indicated. Similar results were obtained in at least three independent
experiments.
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FIG 5 PTTG1 is a novel target gene of SREBP1c in ccRCC cells. (A) RNA-seq data for transcriptome profiling of liver tissues from
wild-type and SREBP1c-deficient mice are presented as a scatter plot. (B) SRE motifs and E-box sequences in the PTTG1
promoters from several species. (C) ChIP assay results showing the human PTTG1 promoter occupancy by SREBP1 in ACHN
ccRCC cells. (D) HEK293 cells were cotransfected with luciferase reporter plasmid containing the PTTG1 promoter and

(Continued on next page)
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DISCUSSION

It is well established that constitutive activation of HIF due to the loss of VHL in
ccRCC causes pathogenic metabolic alterations (9, 10). However, kidney-specific VHL-
deficient mice did not exhibit ccRCC-like metabolic phenotypes (35), suggesting addi-
tional mechanisms of ccRCC tumor formation. The present data demonstrate that
RNF20 downregulation promotes ccRCC tumorigenesis by activating SREBP1c. Several
lines of evidence support the idea that RNF20 would suppress ccRCC tumor growth.

FIG 5 Legend (Continued)
expression vectors for �-galactosidase, RNF20, and/or SREBP1c. Total cell lysates were subjected to luciferase and
�-galactosidase assays. RLU, relative luminescence units. (E) ACHN ccRCC cells were transduced with RNF20 and/or SREBP1c
lentivirus, and mRNA levels were determined by qRT-PCR. (F) ACHN ccRCC cells were transfected with siRNF20 and/or siSREBP1,
and relative mRNA levels were determined using qRT-PCR. #, P � 0.05; ##, P � 0.01 versus negative control; *, P � 0.05. (G)
ACHN ccRCC cells were transfected with siControl or siRNF20. After incubation for 48 h, Western blotting was conducted with
indicated antibodies. nSREBP1, nuclear SREBP1. (H) ACHN ccRCC cells were infected with SREBP1c adenovirus and transfected
with PTTG1 siRNA. After incubation for 48 h, Western blotting was conducted with the indicated antibodies. (I) ACHN ccRCC
cells were transfected with Flag-RNF20 and/or PTTG1. At 48 h after transfection, Western blotting was conducted with the
indicated antibodies. (J) After transfection with Flag-RNF20 and/or PTTG1 for 48 h, ACHN ccRCC cells were stained with
propidium iodide and analyzed by flow cytometry. The percentages of cells in each phase of the cell cycle are indicated.

FIG 6 In ccRCC cells, PTTG1 is involved in cell cycle regulation. (A) Lentivirus-mediated negative-control-infected (Mock)
or RNF20-overexpressing ACHN cells were transfected with PTTG1 for 48 h. Relative mRNA levels were determined using
qRT-PCR. Expression data are presented relative to the negative control. (B) ACHN ccRCC cells were transfected with RNF20
and/or PTTG1, and cell proliferation was monitored by the Cell Counting Kit-8 (CCK-8) assay. (C) Lentivirus-mediated
negative-control-infected (Mock) or SREBP1c-overexpressing ACHN cells were transfected with PTTG1 siRNA for 48 h.
Relative mRNA levels were determined using qRT-PCR. (D) ACHN ccRCC cells were transfected with SREBP1c and/or
siPTTG1, and cell proliferation was monitored by the CCK-8 assay. Significance versus negative control: #, P � 0.05; ##, P �
0.01. *, P � 0.05; **, P � 0.01; n.s., not significant.
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FIG 7 Inhibition of lipogenic activity does not affect PTTG1 expression but induces apoptosis in ccRCC cells. (A) ACHN ccRCC cells were treated with TOFA
(10 �g/ml) or C75 (10 �g/ml) for 24 h, and intracellular triglyceride contents were measured. (B) ACHN ccRCC cells were treated with TOFA (10 �g/ml)
or C75 (10 �g/ml) for 24 h. Relative mRNA levels are shown relative to those in the vehicle group. (C) ACHN ccRCC cells were treated with TOFA (10 �g/ml)
or C75 (10 �g/ml), and cell proliferation was monitored by the Cell Counting Kit-8 (CCK-8) assay. (D) After treatment with TOFA (10 �g/ml) or C75 (10
�g/ml) for 24 h in ACHN ccRCC cells, PARP cleavage was detected by Western blotting. S.E., short exposure; L.E., long exposure. (E) ACHN ccRCC cells
were treated with TOFA (10 �g/ml) or C75 (10 �g/ml) for 24 h, and relative mRNA levels were determined using qRT-PCR. (F) ACHN ccRCC cells were
stained with annexin V after incubation with TOFA (10 �g/ml) or C75 (10 �g/ml) for 24 h, and apoptotic cells were measured by fluorescence-activated
cell sorter (FACS) analysis. (G) Lentivirus-mediated negative-control-infected (Mock) or SREBP1c-overexpressing ACHN cells were transfected with FASN
siRNA for 48 h, and relative mRNA levels were determined by qRT-PCR. mRNA levels are shown relative to those in the negative-control group.
Significance versus negative control: #, P � 0.05; ##, P � 0.01. (H) ACHN ccRCC cells were transfected with SREBP1c and/or siFASN, and cell proliferation
was monitored by CCK-8 assay. *, P � 0.05; **, P � 0.01; n.s., not significant.
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FIG 8 RNF20 overexpression attenuates tumor growth in xenograft mice. (A) Subcutaneous tumors of ACHN cells
expressing either the negative control (Mock) or ectopic RNF20 were generated in female BALB/c nude mice. Represen-

(Continued on next page)
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First, RNF20 expression was decreased in ccRCC tumors compared to that in normal
kidney tissues and was inversely correlated with the expression of SREBP1 and its target
genes, including FASN and PTTG1. Second, low RNF20 expression was closely associated
with poor survival in ccRCC patients, regardless of VHL mutation status. Third, ectopic
expression of RNF20 repressed SREBP1c expression and cell proliferation in both
wild-type-VHL and VHL-depleted ccRCC cell lines but did not affect proliferation of
HRCE and HEK293 normal kidney cells, which have high basal RNF20 expression. Lastly,
RNF20 overexpression decreased tumor growth in ccRCC xenografts and was accom-
panied by reduced expression of SREBP1c and its target genes.

Consistent with previous observations of abundant lipid storage and increased
lipogenesis in ccRCC (36, 37), the present data show upregulated SREBP1 and lipogenic
activities. However, the mRNA level of SREBP2 and its target genes, such as HMGCR,
LDLR, HMGCS, and FDFT1, were decreased in ccRCC tumors, implying that SREBP1 and
de novo lipogenesis would play crucial roles in ccRCC. These observations warrant the
consideration of pharmacological inhibitors of lipogenesis as anticancer drugs for
ccRCC. Accordingly, the FASN inhibitor C75 and the SCD1 inhibitor A939572 suppress
tumor growth and invasiveness of ccRCC (38, 39), and in this study, the SREBP inhibitor
betulin repressed ccRCC cell proliferation by downregulating SREBP1 and lipogenesis
regardless of VHL gene mutations. Betulin potently abolished increased cell prolifera-
tion and lipogenic activity upon RNF20 suppression (data not shown). Given the
hyperactivation of SREBP1 and lipogenesis along with RNF20 downregulation in ccRCC,
it seems that unfettered SREBP1 may promote ccRCC tumor development, at least
partly, via lipogenic activation.

SREBP1c has been associated with de novo lipogenesis and cell cycle progression
(28, 33, 34). Moreover, cyclin-dependent kinase 1 (CDK1)/cyclin B phosphorylates and
activates SREBP1c during mitosis (33). Similarly, the SREBP-responsive microRNA
(miRNA) miR-33 reportedly inhibits CDK6 and cyclin D1 expression, thereby reducing
proliferation and cell cycle progression in certain cancer cells (40). In glioma and
cervical cancers, suppression of SREBP1 represses tumor growth by inducing G1 cell
cycle arrest and apoptosis (28, 33). In addition, it has been shown that betulin inhibits
lung cancer cell proliferation by downregulating cell cycle regulators such as cyclin B1,
D, and E (32). This study demonstrated that PTTG1, a novel target gene of SREBP1c, is
involved in cell cycle progression and tumorigenesis in ccRCC. PTTG1 (also known as
securin, EAP1, and TUTR1) is an anaphase inhibitor that prevents premature chromo-
some separation by inhibiting separase activity (41, 42). Previous studies have sug-
gested that PTTG1 participates in various pathways that modulate the cell cycle,
proliferation, and survival. For example, PTTG1 has been shown to interact with p53
and prevent p53-dependent transcription and apoptosis (43, 44). Further, PTTG1 pro-
motes the expression of several genes, including c-Myc, cyclin D3, FGF2, and MMP2,
suggesting that it acts as a transcription factor (45–47). In addition, PTTG1 is overex-
pressed in certain tumors, including pituitary, thyroid, glioma, hepatic, colorectal, and
renal cancers, and may drive tumorigenesis (48, 49). Here, we found that high PTTG1
expression was closely associated with advanced tumor stages and poor survival in
ccRCC patients. Moreover, SREBP1c potently stimulated mRNA and protein expression
of PTTG1 and several cell cycle regulators, potentiating cell proliferation in ccRCC.

FIG 8 Legend (Continued)
tative images of tumors dissected at the end of the study showing the effect of RNF20 overexpression on the growth of
xenograft tumors in vivo. Bar, 10 mm. (B) Xenograft tumor volumes (in cubic millimeters) of ACHN cells with or without
ectopic RNF20 expression were determined over 35 days. The graph shows the means � SEM; n � 10 for each group. (C)
Endpoint xenograft tumor weights were determined and plotted. Data are represented as the means � SEM; n � 10 for
each group. (D) Expression levels of RNF20, nuclear SREBP1, PTTG1, and FASN protein in ACHN xenograft tumors were
monitored using Western blotting. (E) The effects of ectopic RNF20 expression on cell cycle and lipogenic gene expression
in ACHN xenograft tumors were determined using qRT-PCR. Relative mRNA levels are shown relative to the control group
(Mock) levels. Data are presented as the means � SD; n � 10 for each group; **, P � 0.01; ***, P � 0.001. (F) Histological
analysis of xenograft tumors. Representative hematoxylin and eosin (H&E)- and Oil Red O-stained sections of negative-
control (Mock)- or RNF20-transduced ACHN xenograft tumors. IHC of xenograft tumors stained with Ki67 and TUNEL. Bars,
100 �m.
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FIG 9 SREBP1 activities are upregulated in ccRCC and are negatively correlated with RNF20 expression. (A) Kaplan-Meier
survival curves of ccRCC patients enrolled in the TCGA database. Patients were divided into two groups according to
median RNF20 mRNA levels, and differences were identified using the log rank test. (B and C) Survival stratified according
to VHL mutation status. (D to F) Normalized RNA-seq reads of SREBP1 (D), FASN (E), and PTTG1 (F) in normal kidney and
ccRCC tumor samples using the TCGA database. (G) Correlations between RNF20 and SREBP1 mRNA levels in ccRCC tumor

(Continued on next page)
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Furthermore, RNF20 overexpression downregulated PTTG1 in both ccRCC cells and
xenograft tumors, whereas RNF20 suppression led to increased PTTG1 mRNA and
protein levels. As PTTG1 expression was negatively associated with RNF20 expression,
it is likely that RNF20 downregulation promotes ccRCC development and progression,
in part, by upregulating PTTG1 via SREBP1c. In ccRCC cells, PTTG1 overexpression
promoted mRNA levels of cell cycle regulatory genes without changing lipogenic gene
expression, whereas PTTG1 suppression attenuated the effects of activated SREBP1c on
the induction of cell cycle regulatory genes and cell proliferation. Collectively, these
data imply that the RNF20-SREBP1c-PTTG1 axis is one of the key players in ccRCC cell
proliferation and tumorigenesis.

It is well established that SREBP1 regulates lipid metabolism predominantly by
increasing de novo lipogenesis. Thus, we tested whether lipogenesis is associated with
PTTG1 expression by inhibiting de novo lipogenesis. In ccRCC cells, the mRNA level of
PTTG1 was not affected by pharmacological inhibition of lipogenesis using TOFA or C75
or by siRNA-mediated knockdown of FASN, indicating that SREBP1c would stimulate
PTTG1 in a lipogenesis-independent manner. Thus, SREBP1c may affect lipid metabo-
lism and cell cycle progression by regulating different sets of target genes, which
eventually coalesce to drive tumor development in ccRCC. In accordance with the
present data, several studies have shown that lipogenic inactivation by TOFA or C75
induces cell cycle arrest and apoptosis in various cancers, including lung, colorectal,
and renal cancers (38, 50). Further studies are required to clarify whether lipogenic
pathways might affect PTTG1 and cell cycle progression during SREBP1 activation in
other tissues and/or cancers. Recently, it has been reported that RNF20 would exhibit
tumor-suppressive roles by regulating histone H2B monoubiquitination (13, 14). For
example, RNF20�/� mice are prone to inflammation-associated colon cancer by aug-
menting NF-�B activity (15). In this regard, we cannot exclude the possibility that RNF20
suppresses ccRCC tumorigenesis with other substrates as well as SREBP1c.

Here, we propose a model in which RNF20 acts as a tumor suppressor by inhibiting
SREBP1c-mediated lipogenesis and cell cycle progression. Conversely, RNF20 down-
regulation promotes tumorigenesis by activating SREBP1c in ccRCC tumors. Particularly,
we identified a novel pathway by which SREBP1c stimulates cell cycle progression by
inducing PTTG1 expression, and our data provide important clues to the molecular
mechanisms that link SREBP1c and cell cycle regulation in ccRCC. Taken together, our
findings suggest that RNF20 is a novel tumor suppressor that acts by modulating the
SREBP1c-PTTG1 axis in ccRCC.

MATERIALS AND METHODS
Cell culture and chemicals. ACHN, A498, HEK293, Caki-2, and human primary renal cortical epithelial

(HRCE) cells were obtained from the American Type Culture Collection (ATCC). ACHN and A498 cells were
grown in in Eagle’s minimum essential medium (MEM; HyClone catalog number SH30024.01) supple-
mented with 10% fetal bovine serum (FBS; HyClone catalog number SH30919.03) and penicillin (100
U/ml)-streptomycin (100 �g/ml). HEK293 and Caki-2 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM; HyClone catalog number SH30243.01) supplemented with 10% FBS and penicillin-
streptomycin. HRCE cells were cultured in renal epithelial cell basal medium (catalog number PCS-400-
030; ATCC) with the following supplements: 0.5% FBS, 10 nM triiodothyronine, 10 ng/ml epidermal
growth factor, 100 ng/ml hydrocortisone, 5 �g/ml insulin, 1 �M epinephrine, 5 �g/ml transferrin, 2.4 mM
L-alanyl-L-glutamine, and penicillin-streptomycin. All cells were cultured at 37°C in a 5% CO2 incubator.
Betulin and BODIPY 493/503 were purchased from Sigma-Aldrich (catalog numbers B8936 and D3922,
respectively). C75 and TOFA were obtained from Abcam (catalog numbers ab141397 and ab141578,
respectively). Propidium iodide (PI) was provided by BD Biosciences (catalog number 51-66211E).

FIG 9 Legend (Continued)
samples identified from TCGA data sets using Pearson correlation tests. Numbers of cases (n), Pearson correlation
coefficient (r), and P values are indicated. (H) Correlation of RNF20 and FASN mRNA expression in ccRCC samples identified
by Pearson correlation tests. (I) Correlation of RNF20 and PTTG1 mRNA expression in ccRCC samples identified by Pearson
correlation tests. (J) Kaplan-Meier survival analysis for ccRCC patients from low or high FASN expression groups. P values
were calculated by the log rank test. (K) Kaplan-Meier survival analyses of ccRCC patients in low and high PTTG1 expression
groups. (L) Protein levels in patient-matched normal kidney (n � 4) and ccRCC tumor (n � 4) samples were determined
by Western blotting. N, normal kidney; T, ccRCC tumor; nSREBP1, nuclear SREBP1. (M to O) Normalized RNA-seq reads of
SREBP2 (M), HMGCR (N), and LDLR (O) in normal kidney and ccRCC tumor samples using the TCGA database.
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Human ccRCC samples. Freshly frozen human ccRCC and matched normal kidney tissue samples
were obtained from the Seoul National University Hospital (SNUH). The Institutional Review Board at
SNUH approved this study (approval number H-1501-011-636). Informed consent documents from
patients were not required because of the retrospective nature of the study.

TCGA RNA-seq analysis. RNA-seq data, VHL mutation status information, and clinicopathological
data for 533 ccRCC and 72 normal kidney samples were downloaded from the TCGA ccRCC project
(http://cancergenome.nih.gov) in September 2015. Box and whisker plots are presented with 1st to 99th
percentiles (bars), 25th to 75th percentiles (box), and median values (line in box). For survival analysis,
the top half of ranked patients was defined as the “high” group, and the lower half was defined as the
“low” group. Overall survival was estimated by Kaplan-Meier survival analyses, and survival outcomes
were compared between the two groups by the log rank test.

Tissue array and immunohistochemistry. Immunohistochemistry was conducted using tissue
microarrays of ccRCC and normal kidney tissue sections (SuperBioChips Laboratories catalog number
CL2) according to the supplier’s protocol (Ventana Medical Systems catalog number 760-700). Briefly, the
streptavidin-biotin complex method was followed to detect RNF20 and SREBP1 with corresponding
primary antibodies from Abcam (1:30; catalog number ab32629) and BD Biosciences (1:25; catalog
number 557036), respectively.

Preparation of recombinant adenovirus. Adenovirus plasmids were constructed as previously
described (11). Briefly, rat nuclear SREBP1c encoding amino acids 1 to 403 and full-length mouse RNF20
cDNAs were incorporated into the AdTrack-CMV shuttle vector, and recombinant vectors were generated
using Ad-Easy adenoviral vector systems. An adenovirus encoding green fluorescent protein (GFP) alone
was used as a negative control in all experiments. Adenoviruses were amplified in HEK293A cells and
were purified by CsCl gradient centrifugation as described previously (51).

Lentivirus production and viral transduction. Full-length RNF20 or nuclear SREBP1c cDNA with
Flag tag was incorporated into the lentiviral vector pLVX-EF1�-AcGFP1-N1 (Clontech catalog number
631983). Lentiviruses were transfected into HEK293T cells with the indicated expression vectors, pAX2
(Addgene catalog number 35002) and pMD2.G (Addgene catalog number 12259), using Lipofectamine
2000 reagent (Invitrogen catalog number 11668-027). At 48 h after transfection, viruses were harvested
and filtered through 0.45-�m filters. Subsequently, ACHN cells were incubated with medium containing
virus and 8 �g/ml Polybrene (Sigma-Aldrich catalog number 107689) for 18 h. Infected cells were allowed
to recover for 48 h before selection of puromycin-resistant colonies for experiments.

Western blot analysis. Cells and tissues were lysed on ice in modified radioimmunoprecipitation
assay (RIPA) buffer containing 150 mM NaCl, 50 mM Tris-HCl (pH 7.4), 1% NP-40, 0.25% Na-deoxycholate,
1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), and protease inhibitor cocktail (GeneDEPOT
catalog number P3100). Equal amounts of protein were separated by SDS-PAGE and transferred to
polyvinylidene difluoride membranes (Merck Millipore catalog number IPVH00010). After transfer, the
membranes were blocked with 5% nonfat milk or 3% bovine serum albumin in Tris-buffered saline (TBS)
containing 0.1% Tween 20 (TBST) and were probed with primary antibodies against RNF20 (1:1,000;
Abcam catalog number ab32629), SREBP1 (1:1,000; BD Biosciences catalog number 557036), FASN
(1:1,000; Cell Signaling catalog number 3180), SCD1 (1:500; Santa Cruz Biotechnology catalog number
SC-58420), PTTG1 (1:1,000; Thermo Fisher Scientific catalog number MS-1511-P0), cyclin B1 (1:500; Santa
Cruz Biotechnology catalog number SC-752), cyclin E (1:500; Santa Cruz Biotechnology catalog number
SC-198), Myc-tag (1:1,000; Cell Signaling catalog number 2276), Flag-tag (1:1,000; Sigma-Aldrich catalog
number F1804), or �-actin (1:2,000; Sigma-Aldrich catalog number A5316). Subsequently, the membranes
were incubated with horseradish peroxidase-conjugated secondary anti-rabbit or anti-mouse IgG anti-
body (Sigma-Aldrich catalog numbers A0545 and A9044, respectively), and protein bands were visualized
using enhanced chemiluminescence with a LuminoImager (LAS-3000).

RNA isolation and qRT-PCR. Total RNA was isolated using TRIzol Reagent (Thermo Fisher Scientific
catalog number 15596026). Equal amounts of RNA were subjected to cDNA synthesis using RevertAid
reverse transcriptase (Thermo Fisher Scientific catalog number EP0441). Relative mRNA expression was
evaluated using a CFX real-time system (Bio-Rad Laboratories) and was normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH) mRNA expression. The primer sequences used for real-time
quantitative PCR (qRT-PCR) are listed in Table S1 in the supplemental material.

siRNA transfection. siRNA duplexes for RNF20, SREBP1, PTTG1, and FASN were synthesized from the
Bioneer, Inc. (Daejeon, South Korea). ACHN cells were transfected using Lipofectamine RNAiMAX Reagent
(Invitrogen catalog number 13778-150) according to the manufacturer’s protocol. Sequence information
for the siRNAs is provided in Table S2 in the supplemental material.

CCK-8 cell proliferation assay. Cell proliferation rates were determined using a Cell Counting Kit-8
(CCK-8) reagent as described previously (52). Briefly, cell growth curves were generated using the
sensitive colorimetric assay for viable cells according to the manufacturer’s protocol (Dojindo Molecular
Technologies catalog number CK04-11).

Colony formation assay. ACHN cells overexpressing RNF20 and/or SREBP1c were seeded in 6-well
plates (5,000 cells/well), and cells were cultured at 37°C in 5% CO2. After 7 days of culture, colonies were
fixed with formaldehyde and stained with crystal violet.

Cell cycle analysis. Trypsinized cells were washed with phosphate-buffered saline (PBS) and fixed in
70% ethanol at 4°C for 30 min. Fixed cells were washed with PBS twice and incubated with propidium
iodide solution containing 0.1% Nonidet P-40, 100 �g/ml RNase, and 2.5 �g/ml PI for 30 min. Stained
cells were analyzed by flow cytometry using a FACSCanto II (BD Biosciences), and cells in each stage were
quantified using the ModFit LT cell cycle analysis program (Verity Software House) according to the
manufacturer’s instructions.
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Apoptosis assay. ACHN cells were stained with fluorescein isothiocyanate (FITC)-conjugated annexin
V (BD Biosciences) and propidium iodide according to the manufacturer’s protocol, and cells were
analyzed by the FACSCanto II instrument (BD Biosciences). The percentage of dead cells in the
population represented the sum of annexin V-positive (early apoptosis) and annexin V/PI-double-positive
(late apoptosis) cells.

Intracellular triglyceride measurement. Intracellular triglycerides were determined in cell lysates
by a colorimetric assay and were expressed as milligrams of lipid per milligram of cellular protein, as
described previously (11). Briefly, total cell contents were extracted using 5% Triton X-100, incubated in
a water bath at 80°C, and cooled to room temperature twice. After centrifugation at 12,000 rpm for 5 min
at room temperature, supernatants were collected and intracellular triglycerides were assayed using the
Infinity triglyceride reagent (Thermo Fisher Scientific catalog number TR22321). Values were normalized
to total protein contents, which were estimated using a bicinchoninic acid (BCA) protein assay kit
compatible with reducing agents (Thermo Fisher Scientific catalog number 23250).

BODIPY staining. ACHN cells were treated or not with betulin (10 �M) for 24 h, rinsed twice with
PBS, and fixed in 4% paraformaldehyde for 10 min. Fixed cells were washed twice with PBS containing
Tween 20 and stained with FITC-conjugated BODIPY 493/503 (Thermo Fisher Scientific catalog number
D3922) for 1 h in the dark at room temperature. Then, the samples were stained using a Vectashield
solution (Vector Laboratories catalog number H-1200) containing 4=,6-diamidino-2-phenylindole (DAPI)
and were observed using a Zeiss LSM 700 confocal microscope (Carl Zeiss).

ChIP assay. ChIP assays using ACHN ccRCC cells were performed as described previously (53).
Extracted proteins from total cell lysates were immunoprecipitated with anti-SREBP1 (BD Biosciences
catalog number 557036) or IgG (Santa Cruz Biotechnology catalog number sc-2025) for 2 h. Precipitated
DNA fragments were analyzed by qRT-PCR, using primer sets that encompassed the proximal region
(nucleotides �116 to �84) of the human PTTG1 promoter and negative-control region (nucleotides
�7432 to �7214). The sequences of ChIP assay primers were as follows: proximal PTTG1 promoter
region, sense, 5=-TGCCACAAAGTTTGCAAGAA, and antisense, 5=-AATGCGGCTGTTAAGACCTG; negative-
control primer, sense, 5=-TCTGGTTGTGGTCTCTGGTG, and antisense, 5=-TATTGCAGTGGTAGGGGGAA.

Luciferase assay. The PTTG1 luciferase reporter containing nucleotides �908 to �25 from the
transcription start site of the human PTTG1 promoter was cloned into a pGL3-basic vector (Promega
catalog number E1751). HEK293 cells were transiently transfected with various DNA plasmids by the
calcium-phosphate method, as described previously (54). After incubation for 36 h, transfected cells were
harvested and extracted using lysis buffer containing 25 mM Tris-phosphate (pH 7.8), 10% glycerol, 2 mM
EDTA, 2 mM dithiothreitol (DTT), and 1% Triton X-100, and luciferase and �-galactosidase activities were
measured according to the manufacturer’s protocol (Promega catalog number E1500). Relative luciferase
activity was normalized to �-galactosidase activity in each sample.

Xenograft studies. Subcutaneous xenograft experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) of SNUH (IACUC number 13-0080). Five female BALB/c athymic nude
mice (Central Lab Animal) were subcutaneously injected in both flanks with 1 � 107 vector control ACHN
cells or ACHN cells stably expressing RNF20. Before injections, cells were resuspended in 200 �l of PBS
and mixed with equal volumes of Matrigel (Corning catalog number 354234). Following establishment
of palpable tumors, tumor sizes were measured once a week using calipers, and tumor volumes were
calculated according to the following formula: volume � (length � width2) � �/6, where the volume is
measured in cubic millimeters. At 5 weeks after transplantation, the mice were euthanized by CO2

inhalation, and xenograft tumors were dissected and weighed.
Xenograft tissue samples were fixed in 4% paraformaldehyde, equilibrated in 30% sucrose, and

embedded in OCT (Scigen Scientific catalog number 4583). Sections (10 �m) were stained with H&E and
Oil Red O as previously described (55). Immunohistochemical analysis of xenograft tumor sections was
performed according to the supplier’s protocol (SuperBioChips Laboratories). Briefly, Ki67 and TUNEL
proteins were detected by the streptavidin-biotin complex method with primary antibodies against Ki67
(Abcam catalog number ab66155) and TUNEL (R&D Systems catalog number 4810-30-K). Images were
obtained using an Evos Original microscope (Thermo Fisher Scientific; Advanced Microscopy group) and
a Nikon TMS inverted microscope.

RNA-seq analysis of SREBP1c-deficient mice. SREBP1c-deficient mice were kindly provided by Jay
Horton at the University of Texas Southwestern Medical Center. Liver transcriptome profiles of 12-week-
old wild-type littermates and SREBP1c-deficient mice were generated by mRNA-seq, in duplicate, using
Illumina HiSeq4000 by Macrogen, Inc. (South Korea).

Statistical analysis. All results illustrated in the figures are presented as the means � standard
deviations (SD) or the means � standard errors of the means (SEM) (for Fig. 8B and C). Multiple
comparisons were performed by one-way analysis of variance (ANOVA) or by two-way ANOVA when two
conditions were involved. Statistical significance was assessed by the two-tailed Student t test. Statistical
analyses were performed using Prism (GraphPad Software), and differences were considered significant
at P values of �0.05.

Accession number(s). The RNA-seq data have been deposited in the Gene Expression Omnibus
(GEO) public database (http://www.ncbi.nlm.nih.gov/geo/) under the accession number GSE100827.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/MCB
.00265-17.
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