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Sterol regulatory element—binding protein 2 (SREBP2) is the
master transcription factor that regulates cholesterol metabolism.
SREBP2 activation is regulated by SREBP chaperone SCAP. Here
we show that ring finger protein 5 (RNF5), an endoplasmic reticu-
lum-anchored E3 ubiquitin ligase, mediates the Lys-29 -linked
polyubiquitination of SCAP and thereby activates SREBP2. RNF5
knockdown inhibited SREBP2 activation and reduced cholesterol
biosynthesis in human hepatoma cells, and RNF5 overexpression
activated SREBP2. Mechanistic studies revealed that RNF5 binds
to the transmembrane domain of SCAP and ubiquitinates the Lys-
305 located in cytosolic loop 2 of SCAP. Moreover, the RNF5-me-
diated ubiquitination enhanced an interaction between SCAP
luminal loop 1 and loop 7, a crucial event for SREBP2 activation.
Notably, an overexpressed K305R SCAP variant failed to restore
the SREBP2 pathway in SCAP-deficient cell lines. These findings
define a new mechanism by which an ubiquitination-induced
SCAP conformational change regulates cholesterol biosynthesis.

Cholesterol is a crucial component of cellular membranes
and serves as a precursor of steroid hormones and bile acids
(1-3). Despite being a life-sustaining molecule, a high level of
cholesterol in blood has also been linked to cardiovascular dis-
eases (4). Hence, to maintain a delicate cholesterol balance,
mammalian cells have evolved an intricate feedback mecha-
nism featuring sterol regulatory element—binding protein 2
(SREBP2)? and its sterol-sensing chaperone, SCAP (5, 27).
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SREBP2 regulates the transcription of key genes involved in
cholesterol biosynthesis and import, such as HMGCS,
HMGCR, and LDLR. The precursor of SREBP2 is synthesized
on the endoplasmic reticulum (ER) membrane and requires
constant binding to SCAP to avoid rapid degradation (6). In
addition, SCAP also mediates the COPII-dependent ER-to-
Golgi transport of SREBP2. When the intramembrane choles-
terol level decreases, the SCAP-SREBP2 complex is transported
to the Golgi, where SREBP2 is proteolytically activated to
release its N-terminal transcriptionally matured form (5, 27).
When the intramembrane cholesterol level becomes sufficient,
cholesterol binds to SCAP luminal loop 1 to promote its disso-
ciation from luminal loop 7. This dissociation alters SCAP’s
conformation and blocks access to the COPII vesicle, thereby
inhibiting SREBP2 activation in the Golgi (7).

We previously identified heat shock protein 90 (Hsp90) as a
chaperone of SCAP and showed that its inhibition led to the
rapid degradation of SCAP via a proteasome-dependent path-
way (8). Although others have also described the proteasomal
degradation of SCAP (9, 10), the E3 ubiquitin ligase regulating
SCAP degradation is unknown.

In this study, we set out to search for the E3 ubiquitin ligase
that modulates SCAP by analyzing SCAP-interacting proteins
and identified RING finger protein 5 (RNF5), an ER-anchored
E3 ubiquitin ligase that participates in ER-associated protein
degradation (11). RNF5 regulates the stability of mutant cystic
fibrosis transmembrane regulator (12), glutamine carrier pro-
teins (13), and stimulator of interferon genes (STING), which is
the central modulator of antiviral immune response (14).

The functions of RNF5 in lung, muscle, intestine, cancer, and
immune cells have been studied; however, its role in hepato-
cytes and cholesterol metabolism is unknown. Here, we report
that RNF5 plays an important role in SCAP-mediated SREBP2
activation and elucidated the molecular basis underlying the
RNF5-dependent regulation of cholesterol biosynthesis.

endoplasmic reticulum; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reduc-
tase; HMGCS, 3-hydroxy-3-methylglutaryl-CoA synthase; Insig, insulin-in-
duced gene; IP, immunoprecipitation; KD, knockdown; LPDS, lipoprotein-
deficient serum; RING, really interesting new gene; RNF, RING finger
protein; SCAP, SREBP cleavage-activating protein; SQS, squalene synthase;
STING, stimulator of interferon genes.
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Results
RNF5 interacts with SCAP on the ER membrane

To search for the E3 ligase that regulates SCAP, we examined
the existing SCAP-interacting proteins and the related E3
ligases (Fig. S1A). FBW7 and RNF20 regulate the stability of
matured SREBP in the nucleus (15, 16), whereas AMFR/gp78,
TRCS, and RNF5 are associated with insulin-induced genes
(Insigs), which link the E3 ligases to their substrates (17-19).
Insigs also bind to SCAP in a sterol-dependent manner (20, 21),
so it is likely that AMFR/gp78, TRCS8, or RNF5 is also associated
with SCAP. Intriguingly, we noticed a conserved sequence
between SCAP and the RNF5-interacting domain of STING
(Fig. S1B) (14), which prompted us to examine the interaction
between RNF5 and SCAP.

To determine whether RNF5 is associated with SCAP, we
performed anti-RNF5 immunoprecipitation (IP) using human
hepatoma cell lines HepG2 and HuH-7. We found that SCAP
was co-precipitated with RNF5 in both HuH-7 and HepG2 cells
(Fig. 1, A and B). In addition, interactions between HA-SCAP
and Myc-RNF5, HA-SCAP and FLAG-RNF5, and FLAG-SCAP
and Myc-RNF5 were confirmed by anti-HA, anti-FLAG, and
anti-Myc IP experiments, respectively (Fig. 1, C and D; Fig.
S1C). These results demonstrate a clear interaction between
RNF5 and SCAP.

We noticed that Insigl was quite easily detected in HuH-7
but nearly undetectable in HepG2 cells, whereas Insig2 was
highly expressed in HepG2 but nearly undetectable in HuH-7
cells (Fig. S1D). Because RNF5-SCAP interaction was found in
both cell lines, it is suggested that either both Insigs play a
complementary role in RNF5-SCAP interaction or Insigs are
not involved. To address this, we performed IP experiments
using an Insig-deficient Chinese hamster ovarian (CHO) cell
line, SRD-15 (22). We found that Myc-SCAP was co-precipi-
tated with FLAG-RNF5 even in the absence of Insigs (Fig. 1E).
This indicates that the RNF5-SCAP interaction is independent
of Insigs.

To define the subcellular localization of the RNF5-SCAP
complex, we conducted cell fractionation by sucrose-gradient
ultracentrifugation. We found that, as described in previous
studies (12, 14), RNF5 existed predominantly in the ER frac-
tions with SCAP in HuH-7cells (Fig. 1F). Sterol-dependent ER-
to-Golgi movement plays a key role in SCAP function; however,
whether RNF5 can also be transported to the Golgi is unknown.
To address this, we performed cell fractionation experiments
on HuH-7 cells cultured in sterol-depleted or sterol-loaded
medium. We found that, when cells were cultured in sterol-
depleted medium, SCAP was detected predominantly in the
Golgi fractions, whereas RNF5 remained in the ER fractions
(Fig. 1G).

To further validate the RNF5-SCAP interaction in the ER, we
next performed immunofluorescence staining using antibodies
to ER markers (KDEL or calnexin) and to Golgi markers
(GM130 or Golgin-97) on HeLa, HEK293, or HuH-7 cells co-
transfected with EGFP-SCAP and mCherry-RNF5. We found
that when HeLa cells were cultured in complete medium sup-
plemented with 10% FBS, both SCAP and RNF5 co-localized
predominantly with an ER marker (KDEL), not with a Golgi
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marker (GM130) (Fig. 1, H and I). Similarly, in HuH-7 and
HEK293 cells cultured in complete medium, RNF5 and a
majority of SCAP were found in the ER (Fig. S2). On the other
hand, incubating cells in cholesterol-depleted medium caused
translocation of SCAP, but not RNF5, to the Golgi (Fig. S2F),
which is consistent with our fractionation experiments (Fig.
1G).

These findings indicate that RNF5 interacted with SCAP on
the ER membrane but was not co-transported with SCAP to the
Golgi when cellular sterol level becomes insufficient.

RNF5 knockdown inhibits SREBP2 activation to block
cholesterol biosynthesis

To investigate the function of RNF5, we performed siRNA
knockdown (KD) experiments in HuH-7 cells. First, we exam-
ined whether RNF5 KD rescued proteasomal degradation of
SCAP degradation induced by Hsp90 inhibitor 17-AAG treat-
ment (8). However, we found that although MG132 rescued
SCAP from 17-AAG-induced degradation (Fig. S34), RNF5
KD had no effect on the SCAP protein level (Fig. S3B). This
result suggests that RNF5 is not involved in the ubiquitin-pro-
teasomal degradation of SCAP. This finding is similar to that in
a previous report showing that RNF145, an E3 ubiquitin ligase,
ubiquitinated SCAP to inhibit SREBP2 rather than inducing
SCAP degradation (23).

Interestingly, we found that RNF5 KD decreased the
matured form of SREBP2, whereas the overexpression of RNF5
had the opposite effect (Fig. 24). We also examined another
three different RNF5 siRNAs and found that RNF5 KD
decreased the amount of matured SREBP2 (Fig. 2B). Notably,
when the cells were treated with 25-hydroxylcholesterol (25-
HC), a strong inhibitor of SREBP processing, RNF5 KD no lon-
ger reduced the protein level of matured SREBP2 (Fig. 2B). In
addition, to rule out the influence of SREBP self-regulation, we
showed that RNF5 KD decreased the matured form of overex-
pressed His-tagged SREBP2 whose transcription was con-
trolled by a cytomegalovirus promoter (Fig. 2C). These findings
suggest that RNF5 positively regulates SREBP2 activation.

We then examined the effect of RNF5 KD on SREBP2-target
gene expression. We found that the mRNA levels of HMGCS,
HMGCR, and SQS were significantly down-regulated by RNF5
KD (Fig. 2D). The protein level of HMGCR as well as acetyl-
CoA carboxylase 1, an SREBP1 target gene was also drastically
reduced by RNF5 KD, whereas the protein level of fatty acid
synthase was less affected by RNF5 KD (Fig. 2E). Although
25-HC treatment also led to the proteasomal degradation of
HMGCR (24, 25), this event was independent of the presence of
RNF5 (Fig. 2E).

To determine the physiological outcome of RNF5 KD, we
measured the total cellular cholesterol content of HuH-7 cells.
We found that total cholesterol in the cells was significantly
decreased by about 20% in RNF5 KD cells (Fig. 2F). Moreover,
using ['*C] radioisotope-labeled acetic acid, we quantified the
amount of de novo synthesized cholesterol in HuH-7 cells. De
novo cholesterol synthesis was reduced by more than 60% in
RNF5 KD cells, whereas treatment of 25-HC, a strong inhibitor
of SREBP processing and an HMGCR degrader, led to even
more significant suppression of cholesterol synthesis (Fig. 2G).
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Figure 1. RNF5 interacts with SCAP on the ER membrane. A and B, anti-RNF5 IP experiments were performed using whole cell lysates prepared from (A)
HuH-7 and (B) HepG2 cells. C and D, HEK293 cells were transfected with indicated combinations of plasmid and cultured for 48 h and then harvested for (C)
anti-HA-SCAP IP and (D) anti-FLAG-RNF5 IP to examine RNF5-SCAP interaction. £, Insig-deficient SRD-15 cells were transfected with Myc-SCAP and/or FLAG-
RNF5 expression plasmids and cultured for 48 h. The cells were then harvested for anti-FLAG-RNF5 IP to determine RNF5-SCAP interaction. Fand G, HuH-7 cells
were cultured in complete DMEM supplemented with 10% (v/v) FBS (F) or sterol-depleted medium supplemented with 5% LPDS (G) for 16 h and then harvested
for subcellular fractionation. Sec61« and Golgi-97 represents a marker for the ER and the Golgi apparatus, respectively. Hand /, HeLa cells were co-transfected
with EGFP-SCAP and mCherry-RNF5 expression plasmids and cultured for 2 days in compete medium. Localization of EGFP-SCAP (green), mCherry-RNF5 (red),
and ER (KDEL) or Golgi (GM130) markers (magenta) were then analyzed by confocal microscopy. Nuclei were stained with DAPI (blue). Enlarged images
enclosed by dotted squares were shown in the right. Images for individual channels were shown in Fig. S2, A and B. Scale bar, 10 um.

RNF5 mediates formation of Lys-29 -linked polyubiquitin
chain on SCAP

To understand how RNF5 affects SREBP2 activation by
interacting with SCAP, we first examined whether RNF5 medi-
ated the ubiquitination of SCAP. Cells of the SCAP-deficient
CHO cell line SRD13A (6) were transfected with HA -ubiquitin,
Myc-SCAP, and increasing amounts of RNF5 expression plas-
mids to perform anti-Myc IP. We found an RNF5-dependent
increase of polyubiquitinated SCAP (Fig. 3A). This polyubig-
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uitination was not observed when a C42S mutant RNF5 that
had lost its E3 activity (14) was transfected (Fig. 3B). These
results indicate that RNF5 is an E3 ubiquitin ligase that medi-
ates the polyubiquitination of SCAP.

It has been reported that RNF5 induced the Lys-48 —linked
polyubiquitination of STING, leading to its degradation (14).
On the other hand, AMFR/gp78 induced the Lys-27-linked
polyubiquitination of STING to activate downstream signaling
(18). It was essential to determine which kind of polyubiquiti-
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Figure 2. RNF5 knockdown inhibits SREBP2 activation to block cholesterol biosynthesis. A, HuH-7 cells were transfected with control (sc-37007) or
RNF5-specific siRNA (sc-95209) or transfected with pcDNA3.1 empty vector or pcDNA-RNF5 expression plasmid. The cells were cultured for 32 h and then
switched to sterol-depleted medium and cultured for another 16 h and then harvested forimmunoblot analysis. B, HuH-7 cells were transfected with a control
siRNA (assay ID: 12935300) or three RNF5-specific siRNA targeting different locations (assay ID: HSS155076, HSS155077, HSS155078). The cells were cultured for
32 h and then switch to sterol-depleted medium supplemented with 1 ug/ml 25-HC or with equal volume of ethanol and cultured for another 16 h and then
harvested forimmunoblot analysis. In A and B, arrows indicate RNF5 protein bands, whereas asterisks indicate nonspecific protein bands. C, HEK293 cells were
reverse transfected with His-SREBP2 expression plasmid and cultured for 24 h. The cells were then transfected with siRNA as described in (A) and then switched
to fresh medium as described in (B). The cells were then harvested forimmunoblot analysis. A-C, the precursor (P) form and the nuclear (N) form of SREBP2 was
detected by anti-SREBP2 (RS004) antibody that recognizes the N-terminal domain of SREBP2. D, HuH-7 cells were transfected with siRNA and cultured as
described in (A). The cells were then harvested for total RNA extraction followed by reverse transcription and quantitative PCR. E, HuH-7 cells were transfected
with siRNA as described in (A) and switched to fresh medium as described in (B). The cells were then harvested for immunoblot analysis. F, HuH-7 cells were
treated as described in (D). The cells were then harvested for quantification of cellular cholesterol. G, HuH-7 cells were transfected with siRNA and cultured as
described in (A). A group of cells was mock transfected and then cultured in sterol-depleted medium containing 1 ng/ml 25-HC. De novo cholesterol biosyn-
thesis was determined as described under “Experimental procedures.” The Bar chart shows the signal of ['*C]-labeled cholesterol normalized by cellular protein
level. The image showing cholesterol bands shows the ['*C]-cholesterol bands visualized by TLC. The unit of radiolabeled signal is presented as PSL-BG, which
stands for photostimulated luminescence minus background. Data shown in Dand F were pooled from three independent experiments performed in triplicate
(n = 9), whereas data shown in (G) were pooled from two independent experiments performed in triplicate (n = 6).In D, F,and G, data are presented as mean +
S.D. Asterisks indicate difference between groups were significant as determined by two-tailed unpaired Student’s t-tests (p < 0.05).

nation was induced by RNF5 on SCAP. To this end, we gener-  solic loops or the N-terminal or C-terminal cytosolic domains
ated seven HA-ubiquitin plasmids that carried an arginine of SCAP. We found that arginine mutation at Lys-305 located
mutation at lysine residue Lys-6, Lys-11, Lys-27, Lys-29, Lys-33,  in cytosolic loop 2 of SCAP drastically impaired RNF5-induced
Lys-48, or Lys-63 to perform SCAP ubiquitination experi- polyubiquitination, whereas mutations of Lys-310 and Lys-312
ments. We found that RNF5 failed to induce the polyubiquiti-  jn the same loop had no effect (Fig. 44). Mutation of lysine in
nation of SCAP when Lys-29 of ubiquitin was mutated (Fig.  cytosolic loop 4 and loop 6 did not affect the RNF5-induced
3C). This indicates that Lys-29 was crucial for RNF5-induced polyubiquitination of SCAP.

SCAP polyubiquitination, whereas other lysine residues were Arginine mutation at the Lys-10 lysine residue located in the
dispensable.

To confirm this finding, we generated two other HA-ubiqui-
tin mutant plasmids, one with all of the lysines mutated to argi-
nine (Lys-0) and the other with all but the Lys-29 lysine residue
mutated to arginine (Lys-29). We found that RNF5 induced
Lys-29 —ubiquitin to form a polyubiquitin chain on SCAP,
whereas no polyubiquitination was observed with Lys-0-
ubiquitin (Fig. 3D). Taking these findings together, we revealed
that RNF5 mediated the Lys-29 —linked polyubiquitination of
SCAP.

N-terminal cytosolic domain and other lysine residues located
in the C-terminal cytosolic domain had no influence on RNF5-
induced polyubiquitination of SCAP (Fig. S4B). Collectively,
these results demonstrate that Lys-305 lysine residue is essen-
tial for the RNF5-mediated polyubiquitination of SCAP.
Because lysine Lys-305 is located in loop 2 flanked by trans-
membrane domains TM2 and TM3 (Fig. S4A4), we examined
whether RNF5 binds to nearby regions of loop 2. We generated
full-length, TM1-6, TM1-3, TM1-2, and TM4 —C-terminal
truncated versions of FLAG-SCAP (Fig. 4B) to study their bind-
RNF5 ubiquitinates Lys-305 located in cytosolic loop 2 of SCAP  ing to RNF5 by anti-FLAG IP. We found that RNF5 was co-pre-
Next, we began to identify the site where RNF5-induced ~cipitated with full-length SCAP as well as TM1-6, TM1-3, and
polyubiquitination occurred. There are 18 cytosolic lysine res- TM1-2 of SCAP (Fig. 4C, full-length (FL) and no. 1-3), but not
idues in human SCAP that were possible ubiquitination sites ~with TM4-C-terminal of SCAP (Fig. 4C, no. 4). We also noticed
(Fig. S4A). We generated 14 SCAP mutants that carried an argi-  that the amino acid sequence of SCAP TM2-3 shares 58% sim-
nine mutation at one or two lysine residues located in the cyto- ilarity with RNF5-binding domain of STING (Fig. 4D). Taking
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Figure 3. RNF5 mediates Lys-29 -linked polyubiquitination of SCAP. A, SRD-13A cells were seeded in 6-well plates and cultured until cell density reached
90% confluent. The cells were then switched to Opti-MEM and transfected with 0.5 wg/well HA-ubiquitin (Ub), 0.5 wg/well Myc-SCAP, and/or 0.5 or 1.0 wg/well
RNF5 expression plasmid and incubated for 2 h. The total amount of transfected plasmid was adjusted to 2 ug/well using pcDNA3.1 empty vector. The cells
were then switched to DMEM/Ham'’s F-12 supplemented with 5% LPDS and cultured for 20 h. The cells were then switched to fresh medium supplemented with
5% LPDS and 10 um MG132 and cultured for another 2 h. The cells were then harvested for anti-Myc-SCAP IP. B, SRD-13A cells were transfected with 1.0 ug/well
HA-Ub, 0.5 pwg/well Myc-SCAP and/or 0.5 pg/well WT or mutant RNF5 expression plasmid and then cultured for IP experiment as described in (A). C and D,
SRD-13A cells were transfected with 0.5 ug/well Myc-SCAP and WT or 1.0 wg/well mutant HA-Ub in the presence or absence of 0.5 ug/well RNF5 expression

plasmid and then cultured for IP experiment as described in (A).

these findings together, we revealed that RNF5 binds to aregion
near loop 2 and ubiquitinates Lys-305 of SCAP.

K305R mutation impairs SCAP-mediated SREBP activation

To study the relationship between RNF5-induced SCAP
polyubiquitination and RNF5-mediated SREB2 activation, we
transfected WT or K305R mutant SCAP into SCAP-deficient
SRD-13A cells and examined the effect on SREBP activation.
We found that the expression levels of WT and K305R SCAP
were quite comparable and they had similar abilities to stabilize
precursor SREBPs (Fig. 5A). Intriguingly, judging from the
amount of N-terminal matured form of SREBPs, although WT
SCAP rescued SREBP activation, K305R mutation of SCAP
drastically impaired SREBP activation (Fig. 54). To determine
the physiological outcome of K305R mutation in SCAP, we
generated a SCAP-knockout (KO) HEK293 cell line using the
CRISPR/Cas9 system following a previously published method
(26). SCAP was undetectable in the SCAP-KO HEK293 cell line,
and the protein level of SREBP was drastically reduced (Fig.
S5A), which led to 30-50% down-regulation of SREBP target
genes compared with that in a control cell line that expressed
Cas9 (Fig. S5B). We named the SCAP-KO and Cas9 control
HEK293 cell lines KY6 and Cas9, respectively. When we trans-
fected matured SREBP2, or WT or K305R mutant SCAP into
KY6 cells, we found that exogenous SREBP2 and WT SCAP, but
not K305R-mutant SCAP, restored SREBP target gene expres-
sion to a level comparable with that of Cas9 cells (Fig. 5B).
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These experiments demonstrate that Lys-305 polyubiquitina-
tion of SCAP is crucial for SREBP2 activation.

RNF5-dependent polyubiquitination enhances luminal loop 1
and loop 7 interaction of SCAP

SREBP activation is tightly regulated by the interaction
between cholesterol and SCAP. When the cholesterol level in
the ER membrane rises, cholesterol binds to luminal loop (L1)
of SCAP, causing the dissociation of L1 from L7. The separation
of L1 and L7 results in a conformational change that hides the
ER exit signal “MELADL” sequence and allows Insig binding of
SCAP; both actions lead to ER retention of SCAP-SREBP com-
plex and obstruction of SREBP processing (27).

We noticed that Lys-305 is located at the junction of TM2
and loop2 and hypothesized that the ubiquitination of Lys-305
helped SCAP to assume an L1-L7—bound conformation. To
test this assumption, we took advantage of an experimental
system developed by the Brown and Goldstein laboratory (7).
SRD-13A cells were transfected with FLAG-L1 and Myc-L7,
and L1-L7 binding was assessed by anti-Myc IP. We observed
L1-L7 interaction as expected (Fig. 64, lanes 1-4). Intriguingly,
co-transfection of RNF5 dose-dependently enhanced L1-L7
binding (Fig. 6A, lanes 4—6). This finding supports our hypoth-
esis, so we went on and examined whether ubiquitination was
involved in the regulation of L1-L7 interaction. We found that
RNF5 interacted with FLAG-L1 and mediated its polyubiquiti-
nation (Fig. 6B). Moreover, when we used K305R-L1 mutant
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Figure 4. RNF5 ubiquitinates lysine Lys-305 located in cytosolic loop 2 of SCAP. A, SRD-13A cells were seeded in 6-well plates and cultured until cell density
reached 90% confluent. The cells were then switched to Opti-MEM and transfected with 0.5 ng/well HA-ubiquitin (Ub) and 1.0 ug/well WT or mutant Myc-SCAP
in the presence or absence of 0.5 ug/well RNF5 expression plasmid and incubated for 2 h. The total amount of transfected plasmid was adjusted to 2 ug/well
using pcDNA3.1 empty vector. The cells were then switched to DMEM/Ham's F-12 supplemented with 5% LPDS and cultured for 20 h and then switched to
fresh medium supplemented with 5% LPDS and 10 um MG132 and cultured for another 2 h. The cells were then harvested for anti-Myc-SCAP IP. B, schematic
presentation of the FLAG-SCAP plasmids used in (C). FL indicates full-length of SCAP, whereas plasmid no.1 to 4 are truncated from either C-terminal or
N-terminal end of SCAP. TM indicates transmembrane domain, whereas L indicates loops pointed to the cytosol. Lysine residue Lys-305 on loop 2 is highlighted
in red. C, SRD-13A cells were seeded as described in (A) and transfected with 2 ug/well empty vector or WT or truncated FLAG-SCAP plasmids in Opti-MEM and
incubated for 2 h. The cells were then switched to DMEM/Ham'’s F-12 supplemented with 5% LPDS and cultured for 22 h. The cells were then harvested for
anti-FLAG-SCAP IP. D, alignment of RNF5-binding region of SCAP and STING (14). Gray boxes indicate the amino acid sequences of transmembrane domains
TM2 and TM3. White box indicates the amino acid sequence of cytosolic loop 2. The lysine residues that were ubiquitinated by RNF5 in SCAP and STING are
highlighted in red.

(FLAG-ALL) to perform the experiment, the mutant form of L1  inactivates SREBP2 to shut down cholesterol biosynthesis
failed to bind to L7 as its WT counterpart (Fig. 6C). Taking and import via binding to SCAP (27). A fundamental aspect
these data into account, we propose that RNF5 facilitates of this regulation is the ability of SCAP to change conforma-
SREBP2 activation by mediating the polyubiquitination of tion in response to cholesterol binding (7). In this report, we
SCAP at K305, thereby securing L1-L7 interaction, which is  show that RNF5, an ER-bound E3 ubiquitin ligase, contrib-
critical to ER-to-Golgi transport of the SCAP-SREBP protein  utes to SCAP conformational change via inducing Lys-29 —
complex (Fig. 6D). linked polyubiquitination.

Zhang et al. (23) reported that RNF145, an LXR-responsive
ER-anchored E3 ubiquitin ligase, induced the polyubiquitina-

Cholesterol homeostasis is regulated by a delicate feed- tion of SCAP to inhibit cholesterol biosynthesis. RNF145
back inhibition mechanism in which excessive cholesterol induced the polyubiquitination of cytosolic loop 6 of SCAP,

Discussion
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Figure 5. K305R mutation impairs SCAP-mediated SREBP activation. A, SRD-13A cells were seeded in 6-well plates and cultured until cell density
reached to 90% confluent. The cells were then switched to Opti-MEM and transfected with 2 ug/well empty vector or WT or K305R mutant SCAP and
incubated for 2 h. The cells were switched to DMEM/Ham'’s F-12 supplemented with 5% LPDS and cultured for 22 h. The cells were then harvested for
immunoblot analysis. P-SREBP and N-SREBP indicate the precursor form and the N-terminal processed form of SREBP, respectively. B, SCAP-deficient
HEK293 cell line KY6 was established by CRISPR/Cas9 system as described previously (26). A control cell line Cas9 was established in parallel by
transfecting the cells with only the Cas9 plasmid without a guide RNA. Cas9 and KY6 cells were seeded in 12-well plates and cultured until cell density
reached 50% confluent. The cells were then switched to Opti-MEM and transfected with 1 uwg/well empty vector, N-terminal matured form of SREBP2,
WT SCAP, or K305R mutant SCAP expression plasmids and incubated for 2 h. The cells were switched to DMEM supplemented with 10% FBS, 5 ng/ml
cholesterol, 1 mm sodium mevalonate, and 20 um sodium oleate and cultured for 22 h. The cells were switched again to DMEM supplemented with 5%
LPDS, 50 um sodium mevalonate, and 12.5 um fluvastatin and cultured for 16 h. The cells were then harvested for total RNA extraction followed by
reverse transcription and quantitative PCR. Data were pooled from two independent experiments performed in triplicate and presented as mean = S.D.

(n = 6). Values between groups were analyzed by two-tailed unpaired Student’s t-tests. Asterisks indicate that the difference between groups were
significant. *, p < 0.05; **, p < 0.005; ***, p < 0.0005.

S - 4+ + + + FLAG-L1 IP: FLAG
A -+ - 4+ + + Myc-L7 B ¥ + + + + HA-Ub C
- - - -l RNF5 -+ + - - FL-SCAP
- - - + + FLAG-L1 :
o 3 Input | IP: Myc
£ 100- ‘Ill FLAG-L1 - - + - + RNF5 F[-1-[+[-|-| FLAGLT
X 1B: HA [+ == [*[- | FLAGALT
L 100- ®ww smewes Mycl7
i (HA-Ub)n-FL-SCAP |+ +H[+]|+[+] Mycl7
123456 ! l(HA-Ub)n-FLAG-U
140~ ¥
100- e = FLAGLT i ' 100- L FLAGLT
100~ « 4
| . . IB: FLAG 1
3 100~ =  swemw Myc-l7 140 T oA 100 ........... Myc-L7
£ ;| FLAG-L1
(———— - RNF5 100 e - oG
————— |gG 45— <
(kgg)—_ — o= = B-actin (k%g)— = _ RNF5 (kDa) R B-actin
SCAP
ER-to-Golgi SREBP Cholesterol
transport activation biosynthesis

Figure 6. RNF5-dependent polyubiquitination enhances luminal loop 1 and loop 7 interaction of SCAP. A, SRD-13A was seeded in 6-well plates and
cultured until cell density reached 90% confluent. The cells were switched to Opti-MEM and transfected with 0.5 ng/well FLAG-SCAP(amino acids 2-472) (L1)
and/or 0.5 pug/well Myc-SCAP(amino acids 496-1279) (L7) and 0.5, 0.75, 1.0 ug/well RNF5 expression plasmids and incubated for 2 h. The cells were then
switched to DMEM/Ham's F-12 supplemented with 5% LPDS and cultured for 22 h and then harvested for anti-Myc IP. B, SRD-13A were cultured as described
in (A) and transfected with 1.0 ug/well HA-ubiquitin and/or 0.5 ug/well FLAG-SCAP or FLAG-L1 in the presence or absence of 0.5 pug/well RNF5 expression
plasmids and incubated for 2 h. The cells were then switched to DMEM/Ham'’s F-12 supplemented with 5% LPDS and cultured for 22 h and then harvested for
anti-Myc IP. C, SRD-13A were as described in (A) and transfected with 1.0 ug/well Myc-L7 and/or 1.0 ug/well FLAG-L1 or FLAG-L1 K305R mutant plasmids and
incubated for 2 h. The cells were then switched to DMEM/Ham’s F-12 supplemented with 5% LPDS and cultured for 22 h and then harvested for anti-Myc IP. D,
schematicillustration of the proposed mechanism. RNF5 induces polyubiquitination of SCAP at Lys-305, promoting loop 1-loop 7 interaction, which is a crucial
event for SREBP-mediated cholesterol biosynthetic pathway.

presumably blocking access of the “MELADAL” sequence to SCAP to promote interaction between SCAP luminal loop 1
COPII vesicle, and thereby preventing ER-to-Golgi transport.  and loop 7, a crucial event for cholesterol biosynthesis (7).

Interestingly, we found that RNF5 had the opposite function. We also identified that RNF5 induced Lys-29 —linked polyu-
RNF5 induced the polyubiquitination of cytosolic loop 2 of biquitination. The biochemical and structural features of Lys-
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29 —linked ubiquitination have been studied in detail in recent
years. For example, Michel et al. (28) found that human HECT
E3 ligases UBE3C and AREL1 assemble Lys-48/Lys-29 — and
Lys-11/Lys-33-linked ubiquitin chains that adopt open and
dynamic conformations. Moreover, Kristariyanto et al. (29)
determined the crystal structures of Lys-29 —linked di-ubiqui-
tin and its complex with NZF1 domain of TRABID, a Lys-29/
Lys-33—specific deubiquitinating enzyme. They found that the
flexibility and linkage-specific binding were achieved by using
the hydrophobic patch on only one of the ubiquitin moieties.
Therefore, it is plausible to assume that Lys-29 linkage is
involved in mediating protein-protein interaction. Indeed, it
was reported that SMURF1 ubiquitinates axin through Lys-29 —
linked polyubiquitin chains to disrupt its interaction with the
Wnt coreceptors LRP5/6 to repress Wnt/B-catenin signaling
(30). SMURF1 also mediates the Lys-29 —linked polyubiquiti-
nation of UVRAG, disrupting UVRAG-RUBCN binding to pro-
mote autophagosome maturation (31). TRAF4, an E3 ubiquitin
ligase that is highly expressed in prostate cancer, regulates
metastasis by inducing Lys-27/Lys-29 —polyubiquitination of
TrkA kinase to facilitate its interactions with downstream pro-
teins (32). In a study of Parkinson’s disease, WSB1 was shown to
mediate the Lys-27/Lys-29 polyubiquitination of LRRK2 to
promote LRRK2 aggregation, leading to neuronal protection
(33).

In this report, we show that RNF5-induced Lys-29 polyubiq-
uitination led to conformational change of SCAP, which pro-
moted cholesterol biosynthesis. Although we present evidence
of enhanced loop 1-loop 7 interaction of SCAP, it is possible
that protein-protein interaction is also regulated by RNF5.
Lys-29 polyubiquitin chains on SCAP may serve as a platform
for the recruitment of COPII vesicle proteins to facilitate ER-
to-Golgi transport; alternatively, they may hinder Insig-SCAP
binding and thereby facilitate ER exit. In addition, it is possible
that RNF5 might also regulate SCAP in other organelles.
Indeed, we were able to detect RNF5 in both ER and Golgi
fractions, whereas Zhong et al. (14) reported that RNF5 was
presented in both ER and mitochondria fractions. Of note, this
is one of the two reports showing that nondegradative ubiquiti-
nation of SCAP modulates cholesterol biosynthesis.

Interestingly, Zhang et al. (23) found that RNF145 sup-
presses SREBP2 activation. In addition, studies also showed
that RNF145 mediates polyubiquitination and proteasomal
degradation of HMGCR (42, 43). These studies clearly demon-
strate the role of RNF145 in inhibiting cholesterol biosynthesis,
whereas we found here that RNF5 promotes SREBP2 activation
and cholesterol biosynthesis. Whether RNF5 and RNF145
coordinate to form a ubiquitin coding system as an additional
mechanism to regulate cholesterol homeostasis requires fur-
ther investigation.

RNF145 is expressed in liver and the expression of RNF145 is
induced by LXR ligand and high-cholesterol feeding-respon-
sive gene, indicating that RNF145 serves as an alternative feed-
back inhibition pathway to control cholesterol biosynthesis
(23). We also investigated whether RNF5 expression was also
regulated by a similar mechanism. We examined the effect of
25-HC, a potent LXR agonist, on RNF5 expression. However,
25-HC treatment failed to alter RNF5 expression (Fig. S6). This
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implies that RNF5 regulation of cholesterol might be involved
in pathways other than lipid metabolism. RNF5 is involved in
the regulation of altered metabolism fueled by glutamine in
response to ER stress-inducing chemotherapy in breast cancer
(13). In addition, RNF5 mediates the clearance of the inflam-
matory-inducing protein S100A8. In a murine model of DSS-
induced colitis, RNF5 KO mice exhibited more severe disease
symptoms than did the WT littermates (34). Moreover, RNF5 is
also involved in the control of unfolded protein response sig-
naling in response to anti-tumor immune therapy (35). These
studies reveal the link between RNF5 and cancer survival, ER
stress, unfolded protein response, and inflammatory response.
Notably, SREBP activation also plays critical roles in tumori-
genesis, ER stress response, and inflammation (9, 36-38).
Whether the RNF5 regulation of SREBP is involved in these
pathways awaits further examination.

Finally, as mentioned earlier, RNF5 modulates the protea-
somal degradation of STING, the central mediator of antiviral
type I IEN signaling. Zhong et al. (14) found that when viruses
infect cells they trigger ER-to-mitochondrion translocation of
RNFEF5. In the mitochondria, RNF5 mediates the Lys-48 —linked
polyubiquitination of STING, leading to the proteasome-de-
pendent degradation of STING and the suppression of type I
IFN expression. It was proposed that viruses use this mecha-
nism to evade host immune surveillance. Interestingly, York et
al. (39) found that inhibition of the cholesterol biosynthetic
pathway via the deletion of SCAP or SREBP2 led to the activa-
tion of type I IFN signaling. Our finding in this paper may pro-
vide an important link between these pathways. It seems plau-
sible that, when viral infection triggers the translocation of
RNF5 out of the ER membrane, it would cause the inhibition of
SREBP2 and thereby activate type I IFN signaling. This would
counteract the viral strategy of using RNF5 against host immu-
nity. We are currently investigating this possibility.

In conclusion, we identified a mechanism that is crucial for
the regulation of cholesterol homeostasis. We elucidated that
RNF5-induced Lys-29-linked polyubiquitination of SCAP
activates SREBP2 to promote cholesterol biosynthesis. We
present evidence showing that the formation of Lys-29 —linked
polyubiquitin chain alters the SCAP conformation to modulate
lipid metabolism. These findings provide insights into a ubiq-
uitination-dependent pathway that controls SCAP, an impor-
tant mediator in both lipid and immune homeostasis.

Experimental procedures
Cell lines and culture medium

HEK293, HeLa, HepG2, and HuH-7 cells were maintained in
DMEM supplemented with 10% (v/v) FBS. SRD-15, an Insig-
deficient line derived from CHO) cells were maintained in
DMEM/Ham’s F-12 supplemented 5% (v/v) FBS. SRD-13A, an
SCAP-deficient line derived from CHO was maintained in
DMEM/Ham’s F-12 supplemented with 5% (v/v) FBS, 5 ug/ml
cholesterol, 1 mm sodium mevalonate, and 20 puM sodium
oleate. SRD-15 cells were originated from the laboratory of Rus-
sell A. DeBose-Boyd (22) and SRD-13A cells were originated
from the Brown and Goldstein Laboratory (6). In some experi-
ments, cells were cultured in sterol-depleted medium supple-
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mented with 50 uM sodium mevalonate, 12.5 um fluvastatin,
and 5% (v/v) lipoprotein-deficient serum (LPDS) in the absence
or presence of 1 ug/ml 25-hydroxylcholesterol (25-HC) for
indicated periods to manipulate SREBP processing. KY6, an
SCAP-deficient stable line derived from HEK293 cells was
established and maintained following a method described pre-
viously (26). All media were supplemented with 100 units/ml
penicillin and 100 ug/ml streptomycin. All cells were grown in
a humidified incubator at 37 °C and 5% CO,,

Plasmids and siRNA transfection

The coding sequence of human RNF5 (NM_006913) was
cloned into p3XFLAG-CMV-7.1 vector (Sigma-Aldrich) or
a previously described pcDNA-2Xvector (8) to construct
FLAG-RNF5 and Myc-RNF5 expression plasmids, respec-
tively. The coding sequence of human SCAP (NM_012235)
was cloned into pcDNA-2Xvector to construct Myc-SCAP
expression plasmid. A synthesized oligonucleotide encoding
three consecutive hemagglutinin (HA) tag was cloned into
pcDNA3.1/Hygro(+) vector (Thermo Fisher Scientific) to con-
struct pcDNA-3XHA vector. Coding sequence of human
SCAP and human ubiquitin monomer (NM_001281716) was
cloned into pcDNA-3XHA vector to construct HA-SCAP and
HA-ubiquitin expression plasmid, respectively. Point muta-
tions in RNF5, SCAP, and ubiquitin plasmids were generated by
inverse PCR using KOD-Plus Mutagenesis Kit (Toyobo).
Stealth RNAi siRNA Negative Control, Med GC (code:
12935300) and RNF5 Stealth siRNA were purchased from
Thermo Fisher Scientific (assay ID: HSS155076, HSS155077,
HSS155078), and control siRNA-A and RNF5 siRNA were pur-
chased from Santa Cruz Biotechnology (codes: sc-37007 and
5¢-95209, respectively). Transfection of plasmids was per-
formed using Lipofectamine 3000 Reagent, whereas transfec-
tion of siRNA was performed using Lipofectamine RNAIMAX
Reagent (Thermo Fisher Scientific) following manufacturer’s
protocols.

Antibodies

Monoclonal anti-RNF5, anti-SREBP1, and anti-Insigl anti-
bodies were purchased from Santa Cruz Biotechnology (codes:
sc-81716, sc-13551, sc-390504). Monoclonal anti-FLAG, anti—
B-actin, polyclonal anti—c-Myc antibodies were purchased
from Sigma-Aldrich (codes: F1804, A1978, C3956). Anti-cal-
nexin, anti-golgin-97, and anti-STING antibodies were pur-
chased from Cell Signaling Technologies (codes: 2433, 13192,
13647). Rabbit anti-Sec6la antiserum was purchased from
EMD Millipore (code: 07-204). Rabbit anti-SREBP2 antiserum
was produced as described previously (40). Mouse monoclonal
anti-HA antibody was purchased from BioLegend (code:
901501). Mouse anti-GFP antibody was purchased from Clon-
tech (code: 632381). Rabbit monoclonal anti-SCAP antibody
was purchased from Bethyl Laboratory (code: A303-553A).
Purified mouse anti-GM130 (clone 35) mAb (code: 610822)
and mouse anti-KDEL mAb (code: M181-3) were obtained
from BD Transduction Laboratories and Medical & Biological
Laboratories, respectively. Alexa Fluor 647— conjugated goat
anti-rabbit IgG antibody (code: A21245) was purchased from
Thermo Fisher Scientific. Peroxidase-conjugated affinity-puri-
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fied donkey anti-mouse IgG and peroxidase-conjugated
affinity purified donkey anti-rabbit IgG were purchased
from Jackson ImmunoResearch Laboratories (codes: 715-
035-151, 111-035-144).

Immunoprecipitation

Immunoprecipitation was performed following previously
described methods with minor modifications (8). Briefly, anti-
RNF5 and isotype matched control antibody were used with
Protein G Sepharose 4 Fast Flow (GE Healthcare Life Sciences)
to perform anti-RNF5 IP. Anti-HA-tag, Anti-DDDDK-tag, and
Anti-Myc-tag mAb-Magnetic Beads (codes: M132-11, M185-
11, M047-11) were used to perform anti-HA, anti-FLAG, and
anti-Myc IP, respectively, following manufacturer’s protocols.

Subcellular fractionation

HuH-7 cells were cultured for subcellular fractionation fol-
lowing a method described previously (8). In one experiment,
cell was cultured in sterol-depleted medium for 16 h before
harvest.

Real-time quantitative PCR and immunoblot analysis

RNA extraction, reverse transcription, real-time quantitative
PCR, and immunoblot analysis were carried out as described
previously. The sequences for quantitative PCR are listed in
Table S1.

Confocal microscopy

The localization of RNF5 and SCAP was determined by con-
focal microscopy following a protocol modified from a method
described previously (41). Briefly, HeLa, HuH-7, and HEK293
cells were seeded on glass coverslips and cultured for 16 h. The
cells were then co-transfected with EGFP-SCAP and mCherry-
RNF5 expression plasmids using Lipofectamine 3000 Reagent.
The cells were switch to fresh medium 12 h post transfection
and cultured for 1-2 days. The cells were then fixed with 4%
(w/v) paraformaldehyde in PBS for 15 min, and permeabilized
with 0.1% Triton X-100 for 5 min at room temperature. After
blocking with 5% FBS (in PBS) for 1 h, specimens were incu-
bated with anti-KDEL (1:500), anti-GM130 (1:500), anti-cal-
nexin (1:1000), or anti-Golgin-97 (1:1000) in 2% FBS for 1.5 h,
followed by incubation with Alexa Flour 647— conjugated goat
anti-mouse or anti-rabbit IgG antibodies (1:600) for 1 h. Nuclei
were stained with DAPI for 15 min. The specimens were
washed extensively, and mounted on a glass slide with ProLong
Gold Antifade Mount (Thermo Fisher Scientific). Images were
obtained using a ZEISS LSM 800 confocal laser scanning micro-
scope (ZEISS) equipped with a Plan-Apochromat 63x/1.40 Oil
DIC M27 objective lens or Plan-Apochromat 40x/1.40 Oil DIC
M27 objective lens. Images were processed with a Zen software
(Zeiss).

Measurement of cellular and de novo biosynthesis of
cholesterol

The cellular cholesterol content in HuH-7 cells was mea-
sured as described previously (8). The experimental procedures
for quantifying de novo synthesized cholesterol were modified
from a previous method (41). In brief, HuH-7 cells were seeded
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in 6-well plates at a density of 3 X 10° cells per well for 24 h. The
cells were then transfected with control or RNF5-specific
siRNA and grown for 24 h. The cells were then switched to
sterol-depleted medium with or without the addition of 1
pg/ml 25-HC. After growing for another 16 h, the cells were
switched to fresh DMEM supplemented with 5% LPDS and 1.6
wCi/ml [**CJacetate and incubated for 6 h. The cells were then
harvested and washed twice with PBS. The cell pellets were
mixed with 1 ml of 8 N potassium hydrate and 1 ml of ethanol
and then heated at 100 °C for 2 h. The mixtures were extracted
twice with 2 ml of petroleum ether to collect the cholesterol
containing fractions. The cholesterol extracts were then ana-
lyzed by TLC on Silica Gel 60 (Merck) and quantified with a
FLA3000 imaging system (Fujifilm). The de novo biosynthesis
of cholesterol was determined by normalizing the signal of
[**C]cholesterol by the total cellular protein level.

Statistical analysis

All experiments were performed at least three times on dif-
ferent days. For qPCR and cholesterol quantification experi-
ments, data from at least two independent experiments per-
formed in triplicates (n = 3) are pooled for statistical analysis.
Data are presented as means = S.D., and significant difference
was determined by computing p values between control and
treated groups using a two-tailed equal variance Student’s ¢ test
where the null hypothesis was rejected when p value is less than
0.05. Statistical analysis was performed using Microsoft Excel
software.
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