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at endoplasmic reticulum monitoring and regulating
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Abstract

The endoplasmic reticulum (ER)-embedded transcription factors, sterol regulatory element-binding proteins (SREBPs), master regulators
of lipid biosynthesis, are transported to the Golgi for proteolytic activation to tune cellular cholesterol levels and regulate lipogenesis.
However, mechanisms by which the cell responds to the levels of saturated or unsaturated fatty acids remain underexplored. Here,
we show that RHBDL4/RHBDD1, a rhomboid family protease, directly cleaves SREBP-1c at the ER. The p97/VCP, AAA-ATPase complex
then acts as an auxiliary segregase to extract the remaining ER-embedded fragment of SREBP-1c. Importantly, the enzymatic activity
of RHBDL4 is enhanced by saturated fatty acids (SFAs) but inhibited by polyunsaturated fatty acids (PUFAs). Genetic deletion of
RHBDL4 in mice fed on a Western diet enriched in SFAs and cholesterol prevented SREBP-1c from inducing genes for lipogenesis,
particularly for synthesis and incorporation of PUFAs, and secretion of lipoproteins. The RHBDL4-SREBP-1c pathway reveals a
regulatory system for monitoring fatty acid composition and maintaining cellular lipid homeostasis.
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Significance Statement

It is well known that the cleavage system of sterol regulatory element-binding proteins (SREBPs) is sterol-regulated by SREBP-
cleavage-activating proteins (SCAP) and insulin-induced gene (Insig) proteins. However, the regulatory mechanism of SREBP-1c
by fatty acids is still poorly understood. In this study, we identified RHBDL4/RHBDD1, a member of the rhomboid protease family,
as a key cleavage enzyme of SREBP-1c at the endoplasmic reticulum. RHBDL4 shows different activities on SREBP-1c cleavage de-
pending on the type of fatty acids. Our findings elucidated how lipogenesis is nutritionally and differentially regulated by satu-
rated and polyunsaturated fatty acids. The RHBDL4-SREBP-1c pathway represents a unique type of regulated
intramembranous proteolysis.
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Introduction

Sterol regulatory element-binding protein-1a, -1c, and -2 (SREBP-1a,
-1c, and -2) are a transcription factor family that regulate the bio-
synthesis and uptake of lipids (1, 2). SREBP-1a regulates the produc-
tion of phospholipids, fatty acids, and cholesterol, providing the
entire repertoire of membrane lipids for cell proliferation.
SREBP-1cis involved in the synthesis of fatty acids and triglycerides
(TGs) in liver and adipose tissues. SREBP-2 acts as the master regu-
lator to maintain cholesterol levels, controlling the expression of
the full set of cholesterol synthesis-related genes and the low-
density lipoprotein receptor (LDLR) gene, in response to the de-
mands on cellular sterols (3-5). SREBP-1c and SREBP-2 have con-
trasting activation mechanisms. SREBP-1c activation is mainly
thought to be regulated transcriptionally, which is dependent on
the intake of carbohydrates or elevated insulin. In contrast,
SREBP-2 activation is regulated posttranslationally through proteo-
lytic cleavage system in the cytoplasm (1, 2). The SREBP protein is
located as a precursor form in the endoplasmic reticulum (ER)
membrane and nuclear envelope. To fulfill the transcriptional
role of SREBP in nucleus, it needs to depart from the ER membrane,
following the proteolytic cleavage of SREBP. The proteolytic proc-
esses are mainly regulated by the levels of cholesterol and its sterol
derivatives in the cell, particularly in the ER. Upon sterol depriv-
ation, SREBP precursor moves from the ER and shifts to the Golgi
apparatus by escort of the sterol-sensor protein, SREBP-
cleavage-activating protein (SCAP). Subsequently, SREBP receives
two steps of intramembrane proteolysis by site-1 protease (S1P)
and site-2 protease (S2P) located in the Golgi membrane. The re-
leased N-terminal fragment of SREBP is transported to the nucleus
by importin beta. If cellular cholesterol is abundant, the
ER-retaining protein, insulin-induced genes (Insigs), interacts with
the SREBP-SCAP complex and prevents their shift to the Golgi ap-
paratus. Thus, the proteolytic cleavage of SREBP-2 is strictly regu-
lated by this sterol-dependent system to maintain cholesterol
homeostasis (6).

The proteolytic process for activation of SREBP-1c is somewhat
a different feature from that of SREBP-2. The SREBP-1c processing
system is influenced by various factors, such as insulin, carbohy-
drates, and polyunsaturated fatty acids (PUFAs), in addition to
sterols (7). PUFAs show obvious inhibitory effect on the proteolytic
process of SREBP-1 but has much less effect on SREBP-2 (8). Based
on the difference in selectivity of PUFA between SREBP isoforms,
we hypothesized that an alternative pathway for SREBP-1c activa-
tion may exist, which is independent from the proteolysis by S1P
and S2P. Using mutant SREBPs in which the known cleavage sites
of SREBP are disrupted by introducing alanine point mutations
into the S1P, S2P, and caspase 3 (CPP32) sites, we previously
showed that mutant SREBP-2 was incapable of generating the
nuclear form but that the corresponding mutant of SREBP-1c re-
tained the potential to produce its nuclear form (9). We observed
that this proteolytic process of mutant SREBP-1c was still sup-
pressed by eicosapentaenoic acid (EPA). From these differences
in cleavage modes of SREBP-2 and -1c, we suspected that control
of SREBP-1 may be dictated by unknown proteases sensitive to
PUFAs (9). Furthermore, using the antibiotic Brefeldin A as an in-
hibitor of the transport of ER proteins to the Golgi and various pro-
tease inhibitors as tools, it was shown that this alternative process
of SREBP-1c occurs at the ER by serine protease(s) probably with-
out shifting to the Golgi (9).

In an attempt to seek for the responsible enzyme, we remark the
rhomboid proteases from the protease group of regulated intra-
membrane proteolysis (RIP), in which S2P is also included (10).

The rhomboid family match the conditions in that the members
are intramembrane serine proteases and cleave the intramem-
brane helices of substrates, and these activities are regulated by
phospholipid environments in the cell membrane (11, 12). In hu-
man, five enzymatically active rhomboid proteases are known:
RHBDL1, RHBDL2, RHBDL3, RHBDL4, and PARL. Among them,
RHBDL4 was assumed to be promising candidate that resides in
the ER membrane (11, 12). In this study, we found that RHBDL4 is
responsible for the proteolytic cleavage of SREBP-1c under PUFA
regulation and that this pathway is involved in lipogenic genes
regulated by fatty acids.

Results

RHBDL4 cleaves precursor SREBP-1c in a fashion
independent of SCAP-Insig system

To identify the unknown enzyme responsible for PUFA-regulated
cleavage of SREBP-1c (Fig. 1A), we surveyed serine proteases asso-
ciated with RIP, based upon our previous results (9). We compre-
hensively screened mammalian rhomboid proteases. The
precursor form of human SREBP-1c tagged at the N-terminus
with HSV epitope tag was transfected into HEK293 cells along
with the five human rhomboid proteases. By western blot (WB)
analysis using an antibody to the HSV tag, production of the short
forms of SREBP-1c was examined in nuclear extracts (NE) to test
whether any of those enzymes might cleave SREBP-1c and gener-
ate the nuclear fragment. Only RHBDL4 cleaved SREBP-1c as com-
pared with empty vector controls (Fig. 1B). Transfection of
RHBDL4 also enhanced cleavage of SREBP-1a and -2 that runs at
slower mobility than SREBP-1c in NE (Fig. S1A and B). To specific-
ally evaluate the effect of RHBDL4 on SREBP-1c cleavage and re-
sultant nuclear translocation and transactivation, the Gal4-VP16
luciferase assay system was used. In this system, the expression
of SREBP-1c and -2 fusion protein exhibited a modest basal lucifer-
ase activity that was robustly enhanced by overexpression of
RHBDL4 (Fig. S1C). The serine residue at 144 amino acid in
RHBDL4 is critical for its protease activity on other substrates,
such as the a chain of the pre-T cell receptor (pTa) (13, 14). The
catalytically dead mutant, RHBDL4 S144A, attenuated the pro-
duction of cleaved SREBP-1c in NE (Fig. 1C), indicating that this
residue is critical for cleavage of SREBP-1c. Consistent as the
sterol-regulated SREBP-cleavage system, SCAP overexpression in-
creased nuclear SREBP-1c protein, and additional coexpression of
Insigl suppressed the SCAP-enhanced SREBP-1c cleavage
(Fig. 1D). Strikingly, RHBDL4-induced SREBP-1c cleavage resulted
in more pronounced accumulation of nuclear SREBP-1c compared
with SCAP. RHBDL4 products from SREBP-1c were broad, contain-
ing a part migrating more slowly than that from SCAP induction,
suggesting that the RHBDL4-induced cleavage of SREBP-1c may
occur at multiple sites proximal to the cleavage site by S2P
(Fig. 1D). In contrast, Insigl did not affect RHBDL4-induced
SREBP-1c cleavage (Fig. 1D). Next, we compared the effects of
RHBDL4 and SCAP on a 3 M mutant which entirely prevents sterol-
regulated and apoptosis-induced cleavages (9). The increase of
nuclear SREBP-1c protein after SCAP overexpression observed
for the wild type (WT) was completely abrogated by replacement
with the 3 M mutant SREBP-1c. Importantly, RHBDL4 exhibited
similarly strong activation of cleavages for both WT and 3 M mu-
tant SREBP-1c, indicating that the cleavage by RHBDL4 occurs at
different site(s) from those for S1P, S2P, and CPP32 (Fig. 1E). To
examine whether cleavage of SREBP-1c by RHBDL4 is independent
of the SCAP system, we investigated RHBDL4-mediated SREBP-1c
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Fig. 1. RHBDL4 cleaves SREBP-1c independently of the SCAP-Insig system. A) Schematic diagram of SREBP-1c cleavage by PUFA-sensitive serine protease
on the ER membrane. B-F) Indicated proteins were transiently transfected into HEK293 cells (B-E) or CHO-7 and SRD-13A (SCAP—/—) cells (F). After 24 h,
cytosolic extracts (CE) and NE were immunoblotted with the indicated antibodies. SREBP-1c cleavage by rhomboid protease family (B), SREBP-1c cleavage
by RHBDL4 mutant S144A (C), SREBP-1c cleavage after coexpression of RHBDL4 and Insigl (D), SREBP-1c mutant 3 M cleavage by RHBDL4 (E), and
SREBP-1c cleavage by RHBDL4 in SCAP null cells (F) are shown. HSV-SREBPs were immunoblotted with HSV antibodies. (-), mock; R1, RHBDL1; R2,
RHBDL2; R3, RHBDL3; R4, RHBDL4; WT, wild type; SA, the catalytically inactive mutant of RHBDL4 S144A; 3 M, three known cleavage sites for CPP32,
S2P, and S1P mutant of SREBP-1c; P, precursor; N, nuclear. G) An in vitro cleavage assay was performed using recombinant HSV-SREBP-1c-HA and
RHBDL4-VS purified from a cell-free protein synthesis system using wheat germ. Indicated proteins were analyzed by immunoblotting. Arrowheads
show precursor (P) and nuclear (N) SREBP-1c. H) Eight-week-old male C57BL/6] mice were injected with GFP- or RHBDL4-expressing adenovirus via
the tail vein. Six days after injection, the mice (n=3-4 per group) were subjected to fasting and refeeding. Immunoblot analysis of indicated proteins
in whole cell lysates (WCL) and NE from pooled mouse livers was performed.

cleavage in SRD-13A (SCAP—/-) cells lacking SCAP. HSV-tagged
SREBP-1c along with RHBDL4, RHBDL4 S144A, or SCAP was coex-
pressed in CHO-7 (WT) and SRD-13A cells, and then, nuclear
SREBP-1c cleavage was tested by WB analysis. In CHO-7 cells, as
well as SCAP, RHBDL4 exhibited robust cleavage of SREBP-1c,
which was canceled by the RHBDL4 S144A (Fig. 1F). Importantly,
cleavage of SREBP-1c by RHBDL4 was also clearly observed in
SRD-13A cells but not by the RHBDL4 S144A. These results indi-
cate that cleavage of SREBP-1c by RHBDL4 is independent of the
presence or absence of SCAP. We also examined whether
SREBP-1c cleavage by RHBDL4 is independent of S1P and S2P.
We transfected HEK293A cells with siRNAs for S1P and/or S2P
and examined the cleavage by RHBDL4. The cleavage of
SREBP-1c by RHBDL4 was still observed even if S1P or S2P alone
or both were knocked down (Fig. S1D and E). In addition, we also
examined M19 (S2P—/-) cells lacking S2P. In M19 cells, while
the cleavage of SREBP-1c by SCAP was not observed unlike
CHO-7 cells, cleavage by RHBDL4 exhibited a pattern similar to
that of CHO-7 cells (Fig. S1F). The data clearly showed that cleav-
age of SREBP-1c by RHBDL4 is also independent of S1P or S2P as
well as SCAP. SREBP-2 was also cleaved by RHBDL4 in SRD-13A
cells (Fig. S1G). Taken together, RHBDL4 cleaves SREBPs independ-
ently via preexisting pathways. Then, we tested whether RHBDL4
is the only requisite for SREBP-1c cleavage. Pure human recombin-
ant SREBP-1c protein and human RHBDL4 WT and S144A protein

were prepared using a cell-free protein expression system derived
from wheat germ. These proteins were mixed in detergent mi-
celles to evaluate the direct proteolytic activities of RHBDL4 de-
pendent on its catalytic amino acid (Fig. 1G and Fig. S1H). This
reconstitution of proteolysis demonstrated that RHBDL4 is able
to robustly generate nuclear-sized SREBP-1c from the decreased
precursor protein, thereby confirming that RHBDL4 rhomboid
activity is sufficient for cleavage of SREBP-1c. Moreover,
RHBDL4-induced SREBP-1 cleavage observed in cultured cells
was evaluated in mouse livers (Fig. 1H). After adenoviral
RHBDL4 infection into mice, hepatic SREBP-1 was investigated in
a refed state after fasting, the condition in which endogenous pre-
cursor SREBP-1is strongly induced. This hepatic overexpression of
RHBDL4 markedly increased levels of the nuclear form of SREBP-1
protein, indicating that RHBDL4 also cleaves SREBP-1 in vivo.

We investigated the region containing the RHBDL4-mediated
cleavage site(s) within SREBP-1c using placental alkaline phos-
phatase (PLAP)-SREBP-1c chimera proteins (Fig. S2A and B). The
data suggest that RHBDL4-mediated cleavage can occur at more
than one site: one is in the region near first transmembrane do-
main (TM1) and the other in C-loop or TM2 (Fig. S2A). Diverse pro-
karyotic and eukaryotic thomboid proteases share consensus
motifs: a less stringent Arg-(X),-Arg motif for cleavage of sub-
strate proteins within or the near the membrane domain (15).
The corresponding motif (LDRSRL) was also found in SREBP-1c,
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overlapping the one for S2P as depicted in Fig. S2C. We made sev-
eral mutants by amino acid substitution near the TM domain of
SREBP-1c and tested their cleavages by RHBDL4 (Fig. S2D).
Consistent with PLAP data, two cleaved bands (long and short
forms) from WT SREBP-1c were detected. From the mutation ana-
lysis of the LDRSRL region, mutation of serine 462 to phenylalan-
ine (S462F) prevented the shorter cleaved form of SREBP-1c, but
L459F and L464F substitutions did not.

When this mutation was introduced into the Gal4-VP16 lucifer-
ase assay, Gal4-SREBP-1c S462F completely abrogated its basal ac-
tivity, whereas the marked induction by RHBDL4 overexpression
observed in WT Gal4-SREBP-1c was partially reduced (Fig. S2E).
The data suggest that both the short and the long forms of
RHBDL4-mediated SREBP-1c cleavage contribute to SREBP-1c
transactivation in which only the short form was sensitive to
S462F mutation and that the basal activity in HEK293A cells might
reflect the levels of activity of endogenous RHBDL4. The fact that
the long form also possesses the transactivity suggests that
RHBDL4 cleaves at the site other than the TM1 region of
SREBP-1c to cause a nuclear transport of the embedded product.
More detailed identification of the cleavage sites by mass spec-
trometry or other methods remains to be determined.

The RHBDL4-SREBP-1c complex structure was modeled using
the Molecular Operating Environment (MOE) program. As shown
in Fig. S2F, the S2P recognition and cleavage site at TM1 in
SREBP-1c fits a groove near the catalytic triad site of RHBDL4 (his-
tidine 80, serine 144, and histidine 195) well, consistent with our
mutational analysis. These data suggested that the DRSR region
is important for substrate recognition and the resultant cleavage
by RHBDL4 to the short form of SREBP-1c but that the recognition
mode should be different between these two proteases in different
organelles. This is consistent with the 3 M mutant that prevents
S2P cleavage still being cleaved by RHBDL4.

RHBDL4 and SREBP-1c colocalize and interact
at the ER to release a nuclear form of SREBP-1c

RHBDL4 was reported to belocated at the ER as an intramembrane
protease where membrane-bound SREBP-1c typically resides (13).
Reconfirming this, it was demonstrated that RHBDL4 colocalized
with an ER marker protein. In addition, costaining of RHBDL4,
SREBP-1c, and the ER marker protein Calnexin or the Golgi marker
protein GM130 showed that RHBDL4 colocalized with SREBP-1c at
the ER. This indicates that SREBP-1c could be a substrate for
RHBDLA4 directly at the ER without additional ER-to-Golgi traffick-
ing as observed in the SCAP-S1P-S2P system (Fig. 2A). In immuno-
precipitation (IP) experiments with coexpressed HSV-tagged
SREBP-1c and V5-tagged RHBDL4 in HEK293A cells, the
immune-reactive V5-tagged RHBDL4 signal was detected after IP
with the HSV tag antibody, indicating the proteins can interact
(Fig. 2B). IP experiments also showed an interaction between
RHBDL4 and SREBP-2, albeit weaker than the interaction with
SREBP-1c (Fig. S2G). Other combinations of complex formation
were also examined by reciprocal IP experiments of RHBDL4 as
well as further IP experiments with each member of the SREBP-
SCAP-Insig complex. V5-tagged RHBDL4 was also immunoprecipi-
tated with both HA-tagged SCAP and Myc-tagged Insigl (Fig. 2C
and D). Validation of these IP experiments was ensured by con-
firming an interaction of SCAP with both SREBP-1c and Insigl
(Fig. 2E). The data indicated that RHBDL4 physically interacts
with SREBP-1c, SCAP, and Insigl, suggesting the possibility that
RHBDL4 can form a part of the SREBP-1c-SCAP-Insig complex at
the ER, although the two systems work separately.

To assess the consequence of the proteolytic cleavage of
SREBP-1c by RHBDLA4, the processing of SREBP-1c was visualized
and translocation to the nucleus was tested. SREBP-1c doubly la-
beled with yellow fluorescent protein (YFP) at the N-terminus
and with cyan fluorescent protein (CFP) at the C-terminus
(YFP-SREBP-1c-CFP) was transfected with mCherry-labeled
RHBDL4 or SCAP in HeLa cells, a SREBP abundant cell line. In
the absence of SCAP or RHBDL4 overexpression, both YFP- and
CFP-SREBP-1c signals were localized and merged in the cytosol
assuming to be at the ER according to the data from
Fig. 2F. After mCherry-tagged SCAP coexpression, the signal of
N-terminal YFP-SREBP-1c shifted to the nucleus, whereas the
signal of C-terminal CFP-SREBP-1c remained in the cytosol.
After coexpression of mCherry-RHBDL4, the signal of
N-terminal YFP-SREBP-1c similarly shifted to the nucleus, indi-
cating transfer of N-terminal SREBP-1c into nucleus. The
mCherry-RHBDL4 S144A showed a trend of decrease in the nu-
clear appearance of SREBP-1c (Fig. 2F), although statistically
not significant (Fig. 2G).

We then tested if nuclear translocation also resulted in trans-
activation of SREBP-1c using a luciferase-based reporter assay
with a SREBP binding cis-element (SRE) in the promoter region.
Coexpression of the precursor forms of SREBP-1c with either
SCAP or RHBDL4 significantly elevated the transcriptional activ-
ity, although less strongly after RHBDL4 expression (Fig. 2H).
Taken together, these data in cell lines indicate that RHBDL4 over-
expression results in N-terminal SREBP-1c cleavage, nuclear
translocation, and consequent transcriptional activity.

RHBDL4 siRNA knockdown reduces nuclear
SREBP-1 protein and suppresses target gene
expression

We hypothesized from control data in our overexpression experi-
ments that there may be a contribution from endogenous
RHBDL4. To test the physiological contribution of RHBDL4 to
SREBP-1 processing, RHBDL4 knockdown experiments were per-
formed to investigate the effects on the levels of cleaved SREBP-1
protein in NE and its target gene expression in HepG2 and HEK293
cells. Two independent RHBDL4 siRNAs effectively abolished en-
dogenous RHBDL4 protein in both cell lines. We observed that the
classical sterol regulation in these cells obscured the effect from en-
dogenous RHBDL4 (Fig. S3A and B). To suppress the endogenous ef-
fect mediated from SCAP, 25-hydroxycholesterol was added to
inhibit the SCAP-S1P-S2P process. HepG2 and HEK293 cells trans-
fected with RHBDL4 siRNA showed a clear decrease in nuclear
SREBP-1 protein levels without any change in precursor levels of
SREBP-1 treated with 25-hydroxycholesterol (Fig. S3A and B). Gene
expression analysis revealed RHBDL4 siRNA diminished Rhbdl4
(Rhbdd1) mRNA, with a slight concomitant reduction of Srebp-1
(Srebf1) mRNA in HepG?2 cells. SREBP-1 target genes, stearoyl-CoA
desaturase 1 (Scd1), fatty acid desaturase 1 (Fads1), and thyroid hor-
mone responsive (Thrsp), were all significantly suppressed by both
of the two RHBDL4 siRNAs (Fig. S3C). However, neither the decrease
innuclear SREBP-1c protein nor the decrease in expression of down-
stream target genes by RHBDL4 knockdown was observed when the
SCAP system was working without 25-hydroxycholesterol treat-
ment (Fig. S3C). The data indicate that endogenous RHBDL4 is in-
volved in SREBP-1 activation and subsequent gene regulation of
its target genes independently from sterol regulation. The
RHBDL4 knockdown also reduced the gene expression of Srebp-2
(Srebf2) and its target gene, Ldlr (Fig. S3C). In contrast, SIP (Mbtps1)
was up-regulated, implicating both SCAP and RHBDL4 systems
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might be coregulated as observed in the obscure data without
25-hydroxycholesterol treatment (Fig. S3C).

RHBDL4 is responsible for activation of hepatic
SREBP-1 cleavage and lipogenic gene expression
in mice on a Western diet

To clarify the role of RHBDL4 in SREBP-1 cleavage in the liver,
RHBDL4 knockout (KO) mice were generated using CRISPR/Cas9.
RHBDL4 KO mice were alive and exhibited no apparent anthropo-
metric phenotypes (Fig. S4A and B). On a normal chow diet, the
disappearance of hepatic RHBDL4 protein and mRNA was con-
firmed in the livers of RHBDL4 KO mice, but there were no marked
changes in either precursor or nuclear SREBP-1 protein between
WT and RHBDL4 KO mice (Fig. 3A and B). The animals were then
fed on a Western diet (WD) enriched with cholesterol and SFA
for 14 days whereby the precursor form of SREBP-1in liver was ro-
bustly induced due to the gene induction by the LXR-SREBP-1c
pathway, resulting in a striking increase in the nuclear form in
WT mice. In spite of a similar robust increase in precursor
SREBP-1 protein after feeding with a WD, the amount of SREBP-1
protein in NE in RHBDL4 KO mice was strongly reduced (Fig. 3A
and Fig. S4C and D). This is indicative of the suppression of
SREBP-1 processing in the absence of RHBDL4. RHBDL4 appears
to contribute to the cleavage of SREBP-1 in the liver as a response
to feeding on a WD. Precursor and nuclear SREBP-2 proteins were
not different between the WT and KO mice (Fig. 3A and Fig. S4C
and D). We also evaluated the effect of RHBDL4 KO on another
SREBP-1c-induced condition: a high-sucrose fat-free (HS) diet.
The reduction in nuclear form SREBP-1 from RHBDL4 KO mice
was also observed on a HS diet but less prominently when com-
pared with the effects after feeding on a WD (Fig. S4E).

gRT-PCR analysis in mouse livers determined the effects of
RHBDL4 disruption on the expression of SREBP target genes
(Fig. 3B). Srebp-1c (Srebf1) gene expression was markedly induced
by feeding on a WD, whereas Srebp-2 (Srebf2) gene did not change
among the four groups. Hepatic de novo lipogenic genes as
SREBP-1 target genes, such as acetyl-CoA carboxylase alpha
(Acaca), fatty acid synthase (Fasn), Scd1, ELOVL fatty acid elongase
6 (Elovl6), and Thrsp, were increased in WT on a WD and markedly
suppressed in RHBDL4 KO mice. These changes corresponded to
the changes in amounts of nuclear SREBP-1 in the two groups
(Fig. 3B). We also examined the expression of ER stress-related
genes and found that Chop (Ddit3) did not change significantly,
while Xbpls was increased in WD-loaded KO mice (Fig. S4F).
Gene expression for cholesterol synthesis and uptake tended to
be decreased by WD for hydroxy-3-methylglutaryl-CoA synthase
1 (Hmgcs1) and squalene epoxidase (Sqle) genes, with no significant
differences between WT and KO. Hydroxy-3-methylglutaryl-CoA
reductase (Hmgcr) and Ldlr were increased by WD and decreased
in WD-loaded KO. However, expression of nuclear SREBP-2 did
not exhibit significant differences among the four groups, suggest-
ing a regulation mechanism other than SREBP-2 (Fig. 3B). To
evaluate the effects of SREBP-2 activation by statin and ezetimibe
in RHBDL4 KO mice, we followed a previous paper (16) and treated
mice with lovastatin and ezetimibe (S/E) (Fig. S4G and H). WB ana-
lysis on livers showed that precursor and nuclear forms of
SREBP-2 were increased in both WT and KO mice in the S/E group,
while precursor and nuclear forms of SREBP-1 were decreased in
S/E-loaded mice, consistent with a previous paper (17). In add-
ition, gRT-PCR results showed that the expression of SREBP-2
and its target genes was significantly increased by S/E, but there
was no significant difference between WT and KO. As previously
reported (16, 17), gene expression of SREBP-1c was decreased by

S/E, while SREBP-1 target genes tended to increase, but no differ-
ence was found between WT and KO. These results indicated
that RHBDL4 has a specific effect on SREBP-1 activation of lipogen-
esis rather than SREBP-2 activation of sterol regulation. To further
understand the roles of RHBDL4 in the liver from gene expression
profiles, livers from RHBDL4 KO and WT mice fed on a normal
chow and on a WD were subjected to RNA-seq analysis. The ana-
lysis identified 309 genes up-regulated after WD feed compared
with the normal chow group, and 85 genes were down-regulated
by RHBDL4 KO compared with WT (Fig. 3C). Gene ontology ana-
lysis on the 48 overlapping genes resulted in enrichment of
SREBP-regulated genes and the LXR pathway, consistent with in-
duction of the LXR-SREBP-1c axis (Fig. 3D). Thus, our identification
of RHBDL4 as being responsible for SREBP-1 cleavage and down-
stream effects on transcription was validated for having an
endogenous role in the liver. It is noteworthy that SREBP-1 cleav-
age by RHBDL4 is prominent only after feeding on a WD.

RHBDL4 directs SREBP-1c activation to PUFA
synthesis and remodeling and very-low-density
lipoprotein secretion

The genes down-regulated by RHBDL4 KO resulted in similar gene
ontology enrichment, suggesting a deep relationship between
RHBDL4 and SREBP in lipid metabolism, especially for plasma
lipoprotein assembly and remodeling (Fig. 3D). As confirmed by
gRT-PCR (Fig. 3E), other gene clusters up-regulated after WD feed-
ingin WT mice but abrogated in RHBDL4 KO mice including genes
involved in the incorporation of fatty acids into glycerolipids for
the formation of TGs, such as glycerol-3-phosphate acyltransfer-
ase (Gpam); diacylglycerol O-acyltransferase 2 (Dgat2); peroxisome
proliferator-activated receptor gamma (Pparg); lipid influx-related
genes, such as Lipinl (Lpinl); and patatin-like phospholipase
domain-containing protein 3 (Pnpla3), along with lipoprotein re-
modeling genes for the secretion of very-low-density lipoprotein
(VLDL), such as apolipoprotein A4 (ApoA4) (18) and lysophospha-
tidylcholine acetyltransferase 3 (Lpcat3) (19). Changes in these
genes suggest that RHBDL4 could be involved in lipid flux between
organs via circulation. Genes involved in modification or remodel-
ing of PUFA were also enriched (Fig. 3F): Elovl2 (20), Elovl5 (21),
Fads1, and Fads2 (22) for the production of long PUFA, Lpcat3 (23),
and 1-acylglycerol-3-phosphate O-acyltransferase 3 (Agpat3) (24)
for the incorporation of EPA and docosahexaenoic acid (DHA), re-
spectively, into membrane phospholipids. Major facilitator super-
family domain-containing protein 2a (Mfsd2a) is a DHA-specific
transporter protein showing an outstanding difference by
RHBDL4 absence (25-27). These data suggest that RHBDL4 plays
a role to maintain membrane PUFA levels counter-balancing lipo-
toxic stress of SFA and cholesterol by activating these SREBP-1 tar-
get genes through the RHBDL4-SREBP-1c and LXR-SREBP-1c
pathways. The findings also suggest a potential feedback system
between SREBP-1 and PUFA. In terms of physiological relevance,
up-regulated gene clusters in RHBDL4 KO mice on a normal
chow diet included ER stress- and UPR-related gene pathways,
whereas down-regulated genes related to the heat stress response
and plasma lipoprotein remodeling (Fig. S41). In accordance that
ER stress was reported after RHBDL4 deletion in cell culture ex-
periments (13), RHBDL4 might be involved in ER membrane stress-
es through lipid perturbations.

RHBDL4 deletion ameliorates lipid accumulation
by WD

The plasma and liver lipids, fatty acid composition, and histo-
logical analyses were shown in Fig. 4. Both genotypes after WD
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Fig. 3. RHBDL4 contributes to SREBP-1 cleavage and activation in the WD-fed mice. Eight-week-old male WT and RHBDL4 KO mice were fed on normal chow
or a WD for 14 days. A) Immunoblot analysis of the indicated proteins in the membrane fraction and NE of pooled mouse livers (n = 4 per group). P, precursor;
N, nuclear. Asterisk shows nonspecific bands. B) gRT-PCR analysis of lipogenic genes from mouse livers. C, D) RNA-seq analysis of livers of WT and KO mice
fed on normal chow or a WD for 14 days (false discovery rate [FDR] < 0.05, n =4). C) Venn diagram of overlap between up-regulated genes from mice fed on a
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up-regulated genes compared with normal chow. E, F) gRT-PCR analysis of lipo

protein assembly and remodeling genes (E) and PUFA-producing genes (F)

in mouse livers. Data are represented as means + SEM. Quantification was performed on eight samples. *P < 0.05; *P < 0.01; **P < 0.001.

feeding increased liver and plasma cholesterols and liver TGs.
RHBDL4 KO mice showed significantly less plasma and liver TGs
than WT mice, consistent with the differences in lipogenic and
lipoprotein-related genes in the liver (Fig. 4A). Gas chromatog-
raphy analysis of the fatty acid composition of liver lipids showed
that RHBDL4 KO mice had decreased total fatty acid contents
(Fig. 4B). Most individual fatty acids including SFA and PUFA ex-
hibited significant reduction in RHBDL4 KO livers consistent
with suppressed lipogenesis. Notably, quantities of arachidonic
acid (AA), EPA, docosapentaenoic acid (DPA), and DHA were de-
creased in RHBDL4 KO mice, consistent with decreased expression
of genes required for the incorporation of AA and DHA. On a rela-
tive molar% basis, y-linolenic acid was increased, whereas palmi-
toleic acid and dihomo-y-linolenic acid were decreased (Table S1).
The ratio of representative o3 PUFA to 6 PUFA was also reduced,
indicating a trend of proinflammation. Liver histology from hema-
toxylin and eosin (H&E) staining indicated no marked changes in
RHBDL4 KO mice compared with WT on a normal chow (Fig. 4C).
Asshownin Oilred O (ORO) staining, feeding on a WD caused hep-
atosteatosis in both genotypes with amelioration of the size and
the number of lipid droplets in RHBDL4 KO mice especially in cen-
tral vein areas compared with WT (Fig. 4D).

PUFA inhibits and SFA activates
RHBDL4-dependent SREBP-1c cleavage

It is well known that hepatic SREBP-1c and target lipogenic genes
are suppressed by dietary PUFA (8, 28, 29), but the precise

molecular mechanism is enigmatic. We investigated this in
RHBDL4 KO mice (Fig. SA and B and Fig. SSA and B). One single
day addition of EPA, a representative PUFA on the last day of 14
days WD feeding, caused marked suppression of the nuclear
SREBP-1 protein in WT livers as previously reported (28, 29)
(Fig. 5A). In contrast, in RHBDL4 KO mice on a WD, the nuclear
SREBP-1 amount was already reduced, and only marginal further
inhibition was observed with EPA. This suggested that RHBDL4 is
partially responsible for EPA-regulated SREBP-1 cleavage. The ex-
pression profile of SREBP-1 target genes on an EPA-containing diet
is shown (Fig. 5B). As previously reported, Srebp-1c (Srebf1) expres-
sion exhibited a robust reduction by EPA, whereas Srebp-2 (Srebf2)
reduction was weak (8). Lipogenic genes of SREBP-1 targets, such
as Fasn, Scdl, and Elovl6, were similarly reduced in RHBDL4 KO
mice on WD feeding but underwent no further suppression after
EPA supplementation, indicating that the substrate cleavage abil-
ity by RHBDL4 on SREBP-1 was prevented by EPA feeding.
Inhibition of these lipogenic genes by EPA was strongly observed
in WT mice but was diminished in RHBDL4 KO mice. The data
can be interpreted that a long known suppression of SREBP-1c
and lipogenic genes by PUFA was at least partially attributed to
RHBDL4 cleavage activity for SREBP-1c. Expression of SREBP-2
downstream target genes, such as Hmgcsl and Hmgcr, did not
show changes between WT and RHBDL4 KO mice irrespective of
EPA addition.

In vivo, dietary PUFA suppresses hepatic SREBP-1c mRNA
expression and reduces the precursor protein levels. This confounds
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any attempt to estimate PUFA inhibition on SREBP-1 cleavage direct-
ly. Instead, we investigated the effect of supplementing various fatty
acids to the medium at different concentrations on RHBDL4-
dependent SREBP-1c cleavage in HEK293 cells by WB analysis under
fixed overexpression of both SREBP-1c and RHBDL4. Figure 5C shows
that AA, EPA, and DHA representative PUFAs all inhibit the induc-
tion of cleaved SREBP-1c by RHBDL4 in a dose-dependent manner
without affecting the level of RHBDL4 protein. Effects of other vari-
ous fatty acids were also tested (Fig. S5C and D). Most unsaturated
fatty acids showed dose-dependent inhibition, whereas palmitic
acid (PA) as a representative SFA did not inhibit at these tested con-
centrations. In contrast to no effect at lower concentrations in
Fig. S5C, PA at the concentrations of 50 uM or higher showed marked
dose-dependent escalation of the RHBDL4-induced cleavage of
SREBP-1c (Fig. 5D). EPA (10 pM) efficiently reversed the agonistic ef-
fect of PA (100 uM) (Fig. 5E). IP analysis exhibited that EPA treatment
did not affect the interaction between RHBDL4 and SREBP-1c, sug-
gesting that EPA did not affect accessibility of RHBDL4 to SREBP-1c
(Fig. SS5E). To examine whether fatty acid-induced ER stress is in-
volved in the cleavage of SREBP-1c, we investigated a WB analysis
using the ER stress markers XBP1s and CHOP antibodies. The results
showed that there were no significant changes in the protein levels
of XBP1s and CHOP under the experimental conditions of the pre-
sent study (Fig. S5F). We also investigated effect of EPA on pTa
and myelin protein Z (MPZ) L170R that were reported to be cleaved
by RHBDL4 (13). EPA also exhibited suppressive effects on RHBDL4
cleavage activities for these known substrates, which suggested

EPA inhibition of the substrate cleavage ability by RHBDL4 is not
specific to SREBP-1c (Fig. S5G and H). These results suggest that
the balance of fatty acid saturation potentially presumably at the
ER membrane is likely to be an important factor for the regulation
of the substrate cleavage ability by RHBDL4. RHBDL4 may thereby
be involved in ER membrane stresses through sensing and regulat-
ing the degree of fatty acid saturation.

RHBDL4-mediated SREBP-1c activation engages
p97/VCP-UFD1L-NPLOC4 complex

RHBDL4 has been reported to be involved in the ubiquitin-
dependent ER-associated protein degradation (ERAD) of single-
spanning and polytopic membrane proteins together with the
ternary complex containing p97/valosin-containing protein
(VCP), UFD1L, and NPLOC4 (30, 31). This complex might involve
dislocation of RHBDL4 substrates from the membrane into cytosol
after cleavage. To evaluate whether these factors affect
RHBDL4-mediated SREBP-1c activity, the Gal4-VP16 luciferase as-
say was performed. The addition of p97, UFD1L, and/or NPLOC4
additively enhanced luciferase activity as compared with
RHBDL4 alone (Fig. 6A and C). It should be noticed that the auxil-
iary effects of these factors were negligible without RHBDL4, indi-
cating a functional association with RHBDL4-mediated SREBP
activation (Fig. 6B). Other potential modifying factors were also
tested: Ubxd8 as a PUFA acceptor and UBA domain-containing 2
(UBAC2) that belongs to the pseudo-rhomboid family lacking
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protease activity (32, 33). Although Ubxd8 did not affect SREBP-1c
cleavage activity, UBAC2 robustly inhibited RHBDL4-p97-
mediated SREBP-1c activation (Fig. 6D). Inhibition of RHBDL4-
dependent SREBP-1c cleavage by PUFA shown in Fig. 5 was
completely recaptured in this reporter assay (Fig. 6E). EPA sup-
pression was minimal in the absence of RHBDL4, supporting the
hypothesis that PUFA mediates the regulation of SREBP-1c cleav-
age via RHBDL4 (Fig. 6E).

To explore the function of p97, UFD1L, and NPLOC4 on an en-
dogenous basis, individual siRNAs were used in HepG2 cells.
Effective knocking-down by each of the three factor siRNAs was
confirmed at both mRNA and protein levels (Fig. 6F and G).
NPLOC4 siRNA was found to suppress UFD1L protein level com-
pletely without affecting its mRNA level, suggesting that
NPLOC4 is required for UFD1L stability (Fig. 6F). Results showed
that SREBP-1 protein in NE from the cleavage ability by RHBDL4
was considerably reduced by p97 siRNA and UFD1L siRNA but
not by NPLOC4 siRNA. Precursor SREBP-1 and RHBDL4 proteins
detected in the cytosolic fraction were not changed by any of
the tested siRNAs, indicating the effects on SREBP-1 cleavage. As
for the effects on SREBP-1 target genes, p97, UFD1L, and NPLOC4
siRNAs caused a decrease in Scdl, Fadsl, and Thrsp (Fig. 6G).
These data suggest that UFD1L and NPLOC4 may regulate the ex-
pression of SREBP-1c-targeted lipid synthesis genes by a pathway
that does not directly involve cleavage of SREBP-1c by RHBDL4.
p97 siRNA induced Srebp-1 (Srebfl) expression (Fig. 6G), whereas
p97, UFD1L, and NPLOC4 siRNAs induced Rhbdl4 (Rhbddl) and
SI1P (Mbtpsl) expression and suppressed Insigl and Insig2

expression, further supporting adaptive regulation between the
RHBDL4 system and SCAP system (Fig. 6G and Fig. S6A).

An auxiliary role of p97 was investigated in the context of short
and long forms of RHBDL4-mediated SREBP-1c cleavage and acti-
vation (Fig. S6B). The decreased, but still remnant, activity in
S462F SREBP-1c by RHBDL4 (Fig. S1F) was enhanced by p97 to a
similar extent to wild SREBP-1c, whereas the decrease by S462F
was not changed by p97, indicating that p97 enhancement is spe-
cific to the longer membrane embedded form. These data suggest
that the effect of p97 on RHDBL4 cleavage might be related to its
segregase activity in extracting the longer cleaved SREBP-1c out
of ER membranes. Roles of the versatile factor p97 in lipid metab-
olism are not fully understood and are the target of future studies.
ERAD is likely to be involved, since RHBDL4 that carry a mutation
of the ubiquitin interaction motif show decreased cleavage activ-
ity for SREBP-1c (Fig. S6C).

Discussion

The current study demonstrated that rhomboid protease RHBDL4,
a membrane-bound serine protease, directly cleaves SREBP-1c at
the ER. This is consistent with previous data indicating that
Rbd2, the Golgi yeast rhomboid homolog, cleaves Srel, the
SREBP homolog in yeast that is important for the response to hyp-
oxia at the Golgi (34, 35). Our data highlight that RHBDL4 at the ER
or nuclear envelope is regulated by fatty acids. PUFA and mono-
unsaturated fatty acid (MUFA) are inhibitory, whereas SFA act to
enhance the substrate cleavage ability by RHBDL4. In a series of
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both in vitro and in vivo experiments, we confirmed that RHBDL4
is responsible for a PUFA-regulated SREBP-1c cleavage system and
comprise a hepatic SREBP-1c-lipogenesis pathway that is regu-
lated by feeding on a WD and by dietary PUFA. Since RHBDL4
has been recognized as a part of ERAD system, our findings that
RHBDL4 induces nuclear SREBP-1c proteins on lipotoxic condi-
tions need to be interpreted under this system in lipid-rich and,
thus, ER stress-prone conditions, which requires further investi-
gation including ubiquitination of SREBPs.

The process for the cleavage and transactivation of SREBP, es-
pecially SREBP-2, is tightly controlled. This occurs mediated
through the cholesterol-sensing complex of SREBP2-SCAP-Insigs
on the ER as the main machinery for cholesterol feedback regula-
tion, which has been intensively analyzed and revealed by the
Goldstein and Brown group. In contrast, SREBP-1c is involved in
lipogenesis regulated nutritionally. Nuclear SREBP-1c activity is
strongly enhanced by cholesterol and SFA intakes. However,
SREBP-1cis also supposed to bind to SCAP-Insigs and, thus, cannot
transfer to the Golgi apparatus for cleavage by S1P and S2P in
those lipotoxic conditions. In this study, we elucidated this para-
dox by RHBDL4 (Fig. 7). Retaining at the ER in cholesterol abun-
dance, N-terminal domain of SREBP-1c can be then cleaved by
RHBDL4 activated in SFA abundance for nuclear transport. For
gene induction, RHBDL4 prefers SREBP-1c-mediated lipogenesis
to SREBP-2-mediated cholesterol synthesis. In the cell culture ex-
periments, RHBDL4 is molecularly able to cleave and execute nu-
clear transport for both SREBP-1c and SREBP-2 proteins. In vivo,
detailed distinctive roles of RHBDL4 on the two isoforms of
SREBPs regulated by PUFA, SFA, and cholesterol along with

mutual interaction with SCAP-Insig-SREBP system are a future
consideration.

Our data indicate that there are different (short and long) frag-
ments after RHBDL4 cleavage. Once cleaved near TM1, the short
form can be released into the nucleus (Fig. 7). Another cleaved prod-
uct (long fragment) is likely to be still embedded in the ER mem-
brane and requires another step for nuclear translocation (Fig. 7).
We propose that the p97-UFD1L-NPLOC4 complex facilitates this
process by extracting the ER membrane-stacking fragment. p97
can exhibit this unfoldase/segregase using intrinsic ATPase (36—
39). A previous study on RHBDL4 and p97 suggests that their direct
interaction involves ERAD (13). In contrast, the RHBDL4 system we
observed here was activating the substrate function of SREBP-1c
like Nrf1 (40), implicating the p97-RHBDL4-SREBP-1c pathway as a
reactive oxygen species (ROS) countermeasure. As supporting evi-
dence for the involvement of p97 in this context, a p97 mutation
knock-in ameliorated hepatosteatosis on high-fat fed mice due to
impaired SREBP-1c activation (41). Current findings on SREBP-1 as
a new RHBDL4 target also suggest that RHBDL4 can cleave type II
membrane proteins along with previous known targets of type
I. Alow stringency of the recognition involves necessity for further
topological exploration of this family.

That the protease activity of RHBDL4 varies according to the
presence of different fatty acids highlights its role as a potential
sensor of fatty acid saturation or possibly a sensor of the compos-
ition of the ER membrane. RHBDL4 cleavage activity on SREBP-1c
was down-regulated by MUFA and PUFA but up-regulated in the
presence of a relatively high amount of SFA. This provides an ex-
planation for the long known regulation of SREBP-1c by UFA.
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However, clear trends that were dependent on fatty acid chain
length or degree of unsaturation did not emerge (Fig. S5C and
D). As a novel membrane protease feature of a rhomboid family
conferred by membrane immersion, intrinsic transmembrane
segment dynamics of the rhomboid-substrate complex are
thought to be important depending upon saturation of membrane
fatty acids (42). Accordingly, our data imply that the
RHBDL4-SREBP-1c interaction is preferable in the context of high
SFA over PUFA and potentially relies on the ER membrane to
form stable TM helices. It also needs to test the possibility of
RHBDL4 as a direct acceptor or sensor for fatty acids. Further stud-
ies are needed to establish structure-function relationships.
Taken together with knowledge of the unique features of rhom-
boid family proteins in possessing a high efficiency at lateral diffu-
sion (43), the current findings of RHBDL4 sensing SFA/UFA make it
tempting to speculate that potential allostatic responses to the
RHBDL4-SREBP-1c pathway may be linked to the regulation of
ER membrane fluidity.

The bona fide function of mammalian SREBP-1c has been rec-
ognized as regulating lipogenesis: the production of fatty acids
and TGs for the supply of membrane lipids and energy storage, in-
dependent or dependent on cellular cholesterol levels. The cur-
rent data in this study support RHBDL4 is a protease regulating
this conventional role of SREBP-1c. Furthermore, RHBDL4 is deep-
ly involved in regulation of PUFA metabolism (transport, synthe-
sis, uptake, and remodeling of phospholipids) in the cell
membrane. Taken together with the reciprocal regulation by
PUFA and SFA, RHBDL4 might be a sensing and effector of fine-
tuning machinery to monitor and maintain fatty acid composition
in the ER membrane along with lipogenesis (Figs. 3F and 7). In add-
ition, according to the gene expression profile from of RHBDL4 KO
mice, RHBDL4 seems to regulate ER stress-related genes. From a

pathophysiological standpoint, @3 PUFAs possess antilipotoxicity
and anti-inflammatory actions, protecting from fatty liver, insulin
resistance, and anti-inflammatory action. The RHBDL4-SREBP-1c
pathway could contribute to protect from the external stress by
excessive SFA and cholesterol intakes and various inflammatory
stimuli.

RNA-seq ontology analysis of RHBDL4 KO mice indicated that
the substrate cleavage ability by RHBDL4 is related to cellular re-
sponses to hypoxia, ROS, monocyte inflammation, and fibrosis in
addition to ER stress. We speculate that these regulations may be
mediated by ER membrane fatty acid unsaturation both through
SREBP-1-dependent and SREBP-1-independent pathways through
other substrates of RHBDL4. While RHBDL4 absence suppressed
SREBP-1c-mediated lipogenesis and hepatosteatosis on a short-
term WD, we are currently evaluating chronic phenotypes of
RHBDL4 KO mice after long WD feeding to ascertain its patho-
logical and clinical relevance. In the future, it will be needed to
evaluate the role of RHBDL4 for lipid metabolism independent
on SREBP-1c.

Materials and methods

Mice

Eight-week-old male C57BL/6] (WT) mice were obtained from
CLEA Japan. For WD analysis, 8-week-old male mice were fed for
14 days and sacrificed in a fed state. The WD consisted of 21%
fat, 20% protein, and 50% carbohydrates (Research Diets,
D12079B). For EPA-E treatment experiments, mice were fed on a
WD for 14 days and treated with 5% EPA-E once a last day. For
high-sucrose diet (HS) analysis, 8-week-old male mice were fed
for 7 days and sacrificed in a fed state. HS consisted of 70% su-
crose, 10% starch, and 20% casein supplemented with
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methionine, vitamins, and minerals (Oriental Yeast). For 0.1% lov-
astatin and 0.025% ezetimibe (S/E) analysis, 8-week-old male mice
were fed for 7 days and sacrificed in a fed state. All animal hus-
bandry procedures and animal experiments were performed in
accordance with the Regulation of Animal Experiments of the
University of Tsukuba and were approved by the Animal
Experiment Committee, University of Tsukuba.

RHBDL4 KO mice

Generation of RHBDL4 KO mice using a CRISPR/Cas9 system: The
px330 vector (Addgene plasmid 42230) was a gift from Dr. Feng
Zhang (44). The construct including green fluorescent protein
(GFP)-stop codon was inserted at the end of Exonl of the Rhbdl4
(Rhbdd1) gene, generating RHBDL4 KO. RHBDL4 CRISPR F
(5'-caccGTGTATGTGTGCCATAGCACAGG-3’) and RHBDL4 CRISPR
R (5'-aaacCCTGTGCTATGGCACACATACAC-3’) oligo DNAs were
annealed using standard methods. Annealed DNA was purified by
ethanol precipitation. Short double-stranded DNA fragments
were inserted into the BbsI restriction site of the px330 vector.
The constructed plasmid was designated px330-RHBDL4. Female
C57BL/6] mice were injected with one shot of pregnant mare serum
gonadotropin and one shot of human chorionic gonadotropin at
48h between injections and mated with male C57BL/6] mice.
Fertilized one-cell embryos were collected from oviducts. Then,
5ng/uL of px330 vector (circular) and 10ng/ul dsDNA donors
were injected into the pronuclei of one-cell-stage embryos
according to standard protocols (45). Injected one-cell embryos
were then transferred into pseudopregnant Institute of Cancer
Research (ICR) mice.

In vitro cleavage assay

Recombinant HSV-human SREBP-1c-HA, human RHBDL4-V5, and
RHBDL4 S144A-VS proteins were prepared using a wheat germ
cell-free protein synthesis system with liposomes (CFS) as de-
scribed previously (46). Proteins were purified using HA and
V5-magnetic beads (MBL), respectively, and subjected to an in vi-
tro cleavage assay as described previously (12). Briefly, purified
proteins were reacted in 50 mM Tris-HCI (pH 7.5), 150 mM NacCl,
and 0.25% n-dodecyl-beta-D-maltoside (DDM) buffer for 2 h at
37°C and analyzed by SDS-PAGE and WB analysis (46).

Adenoviral overexpression of RHBDL4

For preparation of recombinant adenovirus, Myc-mouse RHBDL4
and GFP were subcloned into pENTR4 vectors (Invitrogen).
Recombinant adenovirus plasmids were homologously recom-
bined with pAd/CMV/V5-DEST vectors (Invitrogen), as per manu-
facturer’s protocols. Recombinant adenoviruses were produced in
HEK293A cells (Invitrogen) and purified by CsCl gradient centrifu-
gation, as described previously (47). For adenovirus infection,
mice were i.v. injected with adenovirus at a total dose of 5x 10
OPU/mouse; total infection amounts of adenovirus were adjusted
using GFP adenovirus (47). Six days after infection, fasting and re-
feeding experiments were performed as described previously (48).

Histological analysis and metabolic
measurements

Mouse livers were fixed, embedded in paraffin, sectioned, and
stained with H&E. For ORO staining, liver tissues were harvested
in cold phosphate buffered saline (PBS), fixed overnight at 4°C in
4% paraformaldehyde in PBS, cryoprotected in 30% sucrose in
PBS, embedded in optimal cutting temperature compound

(Sakura Finetek Inc.), and frozen. Frozen tissues were cut into
15-pm-thick cryosections and stained with ORO (Sigma-Aldrich).
Plasma and liver parameters were measured as described previ-
ously (47). Fatty acid composition by gas chromatography was
measured as described previously (28).
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