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Abstract

Cholesterol biosynthesis plays a critical role in rapidly proliferating tumor cells. X-box binding protein 1 (XBP1), which was
first characterized as a basic leucine zipper-type transcription factor, exists in an unspliced (XBP1-u) and spliced (XBP1-
s) form. Recent studies showed that unspliced XBP1 (XBP1-u) has unique biological functions independent from XBP1-s
and could promote tumorigenesis; however, whether it is involved in tumor metabolic reprogramming remains unknown.
Herein, we found that XBP1-u promotes tumor growth by enhancing cholesterol biosynthesis in hepatocellular carcinoma
(HCC) cells. Specifically, XBP1-u colocalizes with sterol regulatory element-binding protein 2 (SREBP2) and inhibits its
ubiquitination/proteasomal degradation. The ensuing stabilization of SREBP2 activates the transcription of 3-hydroxy-
3-methylglutaryl-CoA reductase (HMGCR), a rate-limiting enzyme in cholesterol biosynthesis. We subsequently show
that the XBP1-u/SREBP2/HMGCR axis is crucial for enhancing cholesterol biosynthesis and lipid accumulation as well as
tumorigenesis in HCC cells. Taken together, these findings reveal a novel function of XBP1-u in promoting tumorigenesis
through increased cholesterol biosynthesis in hepatocarcinoma cells. Hence, XBP1-u might be a potential target for anti-
tumor therapeutic strategies that focus on cholesterol metabolism in HCC.
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Introduction

Metabolic reprogramming is recognized as a key event dur-
ing tumor initiation and progression [1-3]. Recent studies
have revealed that alterations in lipid metabolisms, including
cholesterol metabolism, are important hallmarks of tumor
metabolic reprogramming [4]. Cholesterol is a 27-carbon
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tetracyclic lipid molecule and a key constituent of mam-
malian cell membranes. Its physiological functions range
from the maintenance of membrane structure to mediating
signal transduction as well as serving as a precursor of ster-
oid hormones, bile acids, vitamin D, and lipoproteins [5-7].
Cholesterol homeostasis is essential for maintaining cellu-
lar and body activities [8], and any abnormality is closely
related to tumor progression and tumor incidence [9]. To
meet the demand for rapid proliferation, tumor cells alter
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Fig.1 XBP1-u regulates HCC cell cholesterol level. A, B Accumu-
lation of lipid droplets in XBPI-silenced HCC cells, as determined
using Nile Red staining. Representative images (A; scale bars:
200 pm) and quantification results (B; n=6) are shown. C Total cho-
lesterol level in XBPI-silenced HCC-cells. D LDL level in XBPI-
silenced HCC-cells. E-F Accumulation of lipid droplets in XBP1I-
u-overexpressed HCC-cells, as determined using Nile Red staining.
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Representative images (E; scale bars: 200 pm) and quantification
results (F; n=6) are shown. G. Total cholesterol level in XBPI-
u-overexpressed HCC-cells. H LDL level in XBPI-u-overexpressed
HCC-cells. Cells transfected with shCon or pcCon were used as con-
trols. Total protein was used for normalization of total cholesterol
and LDL levels. Quantification data are shown as mean+SD (n=3;
unless further indicated). pcCon pcDNA3.1(+); **P <0.01
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their cholesterol metabolism. This is achieved by enhanc-
ing the rate of both de novo cholesterol biosynthesis and
cholesterol uptake as well as by deregulating the removal of
excess cholesterol and promoting intracellular cholesterol
storage [10—12]. Aberrant cholesterol homeostasis increases
the proliferation, migration, and invasion potential of vari-
ous tumors [13-15]; whereas cholesterol-lowering drugs,
such as statins, exhibit beneficial effects by reducing the
risk and mortality of cancer [16]. Despite the important role
of cholesterol metabolism in tumorigenesis, the underlying
regulatory mechanism remains largely unknown.

X-box binding protein 1 (XBP1), a member of the basic-
region leucine zipper family, was first characterized as a
transcription factor that bound to MHC class II promoters
[17]. XBP1 is transcribed first in an unspliced form (XBP1-
u), which upon exposure to endoplasmic reticulum (ER)
stress, is processed to a spliced form (XBP1-s) by activated
inositol-requiring enzyme 1 [18, 19]. This splicing causes
a codon shift, which excludes 26 bp from + 541 to+ 566 of
XBP1-u mRNA, leading to completely different amino acid
sequences at the C-termini of XBP1-u and XBP1-s proteins.
XBP1-s enters the nucleus and regulates the transcription
of genes related to the unfolded protein response (UPR),
thereby activating the UPR cascade [20]. Instead, XBP1-u,
which localizes to the cytoplasm and, thus, does not pos-
sess transcriptional activity, has been assumed to be merely
a precursor of XBP1-s [21]. However, recent evidence has
shown that XBP1-u is the dominant form of XBP1 under
non-ER stress conditions [22]. While the function of XBP1-
u is still rarely known, previous reports have revealed that
unlike XBP1-s who regulates target genes through its activ-
ity as a transcriptional factor, XBP1-u regulates its target
genes post-translationally. Furthermore, its biological and
physiological functions are independent of the UPR. XBP1-
u protects endothelial cells from oxidative stress by promot-
ing AKT serine/threonine kinase 1 (AKT) phosphorylation
[23], and XBP1-u contributes to tumor cell autophagy by
recruiting FoxOl1 to the 20S proteasome, and inducing its
degradation [24]. Meanwhile, our previous study revealed
that XBP1-u, but not XBP1-s, favored tumorigenesis by
enhancing the ubiquitination/proteasomal degradation of the
tumor suppressor p53 thereby enhancing tumor cells prolif-
eration [22]. Moreover, recent studies showed that XBP1-u
could maintain vascular homeostasis by binding with FoxO4
and prevent its nuclearization; and could suppress vascular
calcification by inducing p-catenin ubiquitination/proteaso-
mal degradation [25, 26]. However, the specific functions
of XBP1-u are still poorly characterized, and it remains to
be determined whether XBP1-u could regulate other tumor
hallmarks.

In this study, we investigated the correlation between the
unspliced form XBP1-u, cholesterol metabolic reprogram-
ming in HCC cells, and tumorigenesis using a xenograft

model. We report the post-translational stabilization of sterol
regulatory element-binding protein 2 (SREBP2) by XBP1-
u, and the consequent effect on cholesterol biosynthesis
through the XBP1-u/SREBP2/3-hydroxy-3-methylglutaryl-
CoA reductase (HMGCR) pathway. This is the first study to
link the unspliced form XBP1-u with tumor cell metabolic
reprogramming, especially with de novo cholesterol biosyn-
thesis, and to provide novel insights on the regulation of
cholesterol metabolism in HCC.

Materials and methods
Cell lines and cell culture

HCC-LM3, MHCC-97H, and HepG?2 cells were purchased
from the Cell Bank of Chinese Academy of Sciences
(Shanghai, China), and cultured in Dulbecco's modified
Eagle's medium (Gibco, Life Technologies, Grand Island,
NY) with 10% FBS (Biological Industries, Beith Haemek,
Israel) and 1% penicillin—streptomycin. Cell lines were veri-
fied using short-tandem repeat profiling method, and were
tested periodically for mycoplasma contamination by using
Mycoplasma Detection Kit-QuickTest (Biotool, Houston,
TX). For gene-silencing experiments, cells were seeded in
6-well plates, and transfected with 2 pg of indicated shRNA
expression vectors. Twenty-four hours after transfection,
puromycin selection was performed to eliminate untrans-
fected cells. For overexpression experiments, cells were
seeded in 6-well plates and transfected with 2 ug of indicated
overexpression vectors. For rescue experiments, cells were
transfected with 1 pg of indicated shRNA expression vector
and 1 pg of overexpression vector using Lipofectamine 2000
(Invitrogen Life Technologies, Carlsbad, CA) and subjected
to puromycin selection (final concentration: 1.2 pg/ml) for
36 h to eliminate untransfected cells. For establishing XBP1-
silenced (HCC-LM?3/shXBP1) and XBPI-silenced, SREBP2-
overexpressed (HCC-LM3/shXBP1/SREBP2) HCC-LM3
stable cell lines, cells were seeded in 10 cm well-plates,
transfected with 12 pg each of shCon or shXBP1 and 6 pg
of pcEF9-Puro or pcEF9-Puro-SREBP2 vectors, and sub-
jected to puromycin selection. Stable cell line established
from HCC-LM3 cells transfected with shCon and pcEF9-
Puro (HCC-LM3/shCon) was used as control.

Vectors and constructs

shRNA expression vectors were constructed as described
previously [27]. Target sequences were predicted using algo-
rithm as described previously [28], and the specific target
sequences were: 5-GTA AGA AAT ATT ACT ATA A-3'
(shXBP1-1); 5'-~AGTAAGAAATATTACTATA-3' (shXBP1-
2); 5'-GTT CCA GAA TTT ACG TCA A-3' (shHMGCR-1);
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«Fig. 2 Cholesterol is crucial for XBP1-u regulation on HCC cell
tumorigenic potential. A, B Proliferation potential of XBPI-silenced
(A) and XBPI-u-overexpressed (B) HCC-LM3 cells, as determined
using EdU-incorporation assay. Representative images (left; scale
bars: 200 pm) and ratio of proliferative cells (right; n=6) are shown.
C, D Colony formation potential of XBPI-silenced (C) and XBPI-
u-overexpressed (D) HCC-LM3 cells. Representative images (left)
and the number of the colonies formed (right; n=6) are shown. E
Viability of XBPI-silenced HCC-LM3 cells treated with cholesterol
(final concentration: 10 pg/mL) at indicated time points (n=3). F,
G Proliferation potential of XBPI-silenced HCC-LM3 cells treated
with cholesterol (final concentration: 10 pg/mL), as determined
using EdU-incorporation assay. Representative images (F; scale bars:
200 pm) and ratio of proliferative cells (G; n=6) are shown. H Col-
ony formation potential of XBPI-silenced HCC-LM3 cells treated
with cholesterol (final concentration: 10 pg/mL). Representative
images (left) and the number of the colonies formed (right; n=6) are
shown. Cells transfected with shCon or pcCon were used as controls.
Quantification data are shown as mean=+SD. pcCon, pcDNA3.1(+);
*P<0.05; ¥**P<0.01

5'-AGG TCA ACA TTA ACA AGA A-3' (shHMGCR-2);
5'-GCC CCA GCC TCA ACC TCA A-3' (shSREBP2-1);
and 5'-GGA AGA GCC TTG TCT TCT T-3' (shSREBP2-2).
XBPI-u (NM_005080.3), XBPI-s (NM_001079539.1), and
ubiquitin overexpression vectors (pcXBP1-u, pcXBP1-
s, and pcUbi, respectively) were constructed as described
previously [22]. For full-length SREBP2 (NM_004599.4)
and HMGCR (NM_000859.3) overexpression vectors (pcS-
REBP2 and pcHMGCR, respectively), human complemen-
tary DNA (cDNA) obtained by reverse-transcribing the total
RNA extracted from HCC-LM3 cells using the PrimeScript
RT Reagent Kit with gDNA Eraser (Takara Bio, Dalian,
China) was used as the template for amplifying the corre-
sponding regions using the Takara PrimeSTAR Max DNA
Polymerase (Takara Bio). The amplicons were then cloned
into the BamHI and EcoRI (for pcHMGCR) or into Nhel
and Xhol (for pcSREBP2) sites of pcEF9-Puro vector [29].

Animal experiment

For the in vivo tumor study, BALB/c-nu/nu mice (male,
body weight, 18-22 g; 6 weeks old) were purchase from
the Third Military Medical University (Chongqing, China).
Animal studies were conducted in the Chongqing University
Cancer Hospital, and approved by the Laboratory Animal
Welfare and Ethics Committee of Chongqing University
Cancer Hospital. All animal experiments conformed to the
approved guidelines of the Animal Care and Use Committee
of the Chongqing University Cancer Hospital. All efforts
to minimize suffering were made. To generate an experi-
mental subcutaneous tumor model, BALB/c-nu/nu mice
were randomly divided into three groups (n=6), and each
group was injected subcutaneously with 5x 10° of indicated
cells. Tumor size (V) was evaluated by vernier caliper every
2 days with reference to the following equation: V=ax b*/2,

where a and b are the major and minor axes of the tumor,
respectively [30]. The investigator was blinded to the group
allocation and during the assessment.

Western blotting and quantitative
reverse-transcribed PCR (qRT-PCR) analysis

Detailed methods for performing western blotting and qRT-
PCR analysis are described in the Supplementary Materials
and Methods. The sequences of the primers and the antibod-
ies used are listed in the Tables S1 and S2, respectively.

Statistical analysis

All values of the experimental results were presented as
mean + SD (n=3; unless further indicated). Statistical
analysis was performed using two-tailed unpaired Student’s
t-test conducted using SPSS Statistics v. 17.0. For clinical
samples and xenograft experiments, one-way ANOVA was
performed. A value of P <0.05 was considered statistically
significant.

Results
XBP1-u promotes HCC cholesterol biosynthesis

To explore whether XBP1 was involved in lipid metabo-
lism of tumor cells, we first silenced XBPI in HCC-LM3,
MHCC-97H, and HepG2 hepatocarcinoma cells using two
shRNA expression vectors targeting XBP1 (Supplementary
Fig. S1A) and examined its effect on lipid accumulation.
XBP1 silencing significantly decreased the accumulation of
lipid droplets in these cells, as indicated by Nile Red-pos-
itive cells (Fig. 1A, B). Furthermore, XBP1 silencing also
significantly suppressed total cholesterol and low-density
lipoprotein (LDL) levels in HCC cells (Fig. 1C, D).
Similar as reported by previous studies, XBPI-s over-
expression significantly increased lipid droplets accumula-
tion as well as the levels of total cholesterol and LDL in
HCC cell (Supplementary Fig. SIB-E) [31, 32]. However,
as we reported previously, XBP1-u is the major fraction of
XBP1 in colorectal cancer cells under non-ER stress condi-
tion [22]. The same phenomenon was confirmed in HCC
cells (Supplementary Fig. S2A, B). Furthermore, our results
showed that under non-ER stress condition, the half-life time
of XBP1-u is longer than XBP1-s in these cells (Supplemen-
tary Fig. S2C, D), and the shXBP1 vectors silenced mainly
XBP1-u (Supplementary Fig. S2E, F). Hence, we next exam-
ined the effect of XBP1-u on lipid accumulation and cho-
lesterol level under non-ER stress condition. To this end,
first we confirmed the specificity of XBPI-u overexpression
vector. Overexpression of XBP1-u did not change the level of
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«Fig.3 Inhibition of cholesterol biosynthesis suppresses XBP1-u-
mediated HCC cell tumorigenic potential. A Accumulation of lipid
droplets in XBPI-u-overexpressed HCC-LM3 cells treated with sta-
tin (final concentration: 15 pM), as analyzed using Nile Red staining.
Representative images (left; scale bars: 200 pm) and quantification
results (right; n=6) are shown. B, C Total cholesterol (B) and LDL
(C) levels in XBPI-u-overexpressed HCC-LM3 cells treated with
statin (final concentration: 15 pM). D Viability of XBPI-u-overex-
pressed HCC-LM3 cells treated with statin at indicated time points
(final concentration: 15 pM). E, F Proliferation potential of XBPI-
u-overexpressed HCC-LM3 cells treated with statin (final concen-
tration: 15 pM), as determined using EdU-incorporation assay.
Representative images (E; scale bars: 200 pm) and ratio of prolif-
erative cells (F; n=6) are shown. G Colony formation potential of
XBPI-u-overexpressed HCC-LM3 cells treated with statin (final con-
centration: 15 pM). Representative images (left) and the number of
the colonies formed (right; n=6) are shown. Cells transfected with
pcDNA3.1(+) and treated with DMSO were used as controls. Quanti-
fication data are shown as mean +SD (n =3, unless further indicated).
*P<0.05; ¥**P<0.01

XBP1-s (Supplementary Fig. S3A) as well as the expression
levels of UPR-related genes ATF4, BIP and CHOP (Sup-
plementary Fig. S3B-D) in HCC-LM3, MHCC-97H, and
HepG2 cell lines, indicating that XBPI-u overexpression did
not affect XBP1-s level and did not activate the UPR path-
way. Surprisingly, overexpressing XBP1-u robustly increased
lipid accumulation in HCC-LM3, MHCC-97H, and HepG2
cell lines (Fig. 1E, F). XBP1-u overexpression also conspicu-
ously promoted the levels of total cholesterol and LDL in
HCC cells (Fig. 1G, H), suggesting that it is involved in the
regulation of cholesterol metabolism. Interestingly, changes
in XBP1-u expression did not alter the level of high-density
lipoprotein (Supplementary Fig. S3E, F).

To further confirm that XBP1-u could regulate cholesterol
metabolism in an XBP1-s-independent manner, we treated
HCC-LM3, MHCC-97H, and HepG2 cells overexpress-
ing XBPI-u with 4pu8C, an inhibitor of inositol-requiring
enzyme-la (IRE-1a), the core enzyme that mediates XBP1-
u splicing, and confirmed that treatment with 4pu8C further
suppressed the amount of XBP1-s in HCC cells under non-
stress condition (Fig. S4A—-C). However, compared to con-
trols, XBPI-u overexpression still clearly induced the level
of total cholesterol even in 4pu8C-treated HCC cells (Fig.
S4D-F). In line with this, robust increase of LDL level could
also been observed in XBPI-u-overexpressed HCC cells
treated with 4pu8C (Fig. S4G-1).

Together, these results show that XBP1-u is involved in
lipid metabolism in HCC cells, particularly in the regulation
of LDL cholesterol levels, in an XBP1-s- and UPR stress-
independent manners.

Cholesterol is critical for XBP1-u-induced HCC cell
proliferation and colony formation

Given that cholesterol is crucial for tumorigenesis, we next
examined whether XBPI-u-induced cholesterol biosynthe-
sis could mediate HCC tumorigenesis. To this end, we first
assessed the effect of XBP1-u expression on the prolifera-
tion and colony formation potential of HCC cells. XBP1
silencing clearly suppressed the viability of HCC-LM3
cells (Supplementary Fig. S5A), as well as the number of
5-ethynyl-2'-deoxyuridine (EdU)-positive cells (Fig. 2A),
whereas XBPI-u overexpression significantly increased both
parameters (Fig. 2B and Supplementary Fig. S5B). Further-
more, the number of colonies formed by HCC-LM3 cells
decreased significantly upon XBP1 silencing (Fig. 2C), but
increased significantly following XBPI-u overexpression
(Fig. 2D). These results indicate that XBP1-u is crucial for
HCC cell proliferation and colony formation.

Next, to understand the role of cholesterol in XBP1-u-
induced HCC cell proliferation and colony formation, we
added cholesterol to the culture medium of XBP-silenced
HCC-LM3 cells. The addition restored cell viability, the
ratio of EdU-positive cells, and colony formation potential
(Fig. 2E-H).

To further confirm the role of cholesterol in XBP1-
u mediated HCC cells tumorigenic potentials, we treated
HCC-LM3 cells overexpressing XBP1-u with statin, a cho-
lesterol lowering compound. Treatment with statin abrogated
the increase in lipid droplet accumulation, total cholesterol,
and LDL levels in HCC-LM3 cells induced by XBPI-u
overexpression (Fig. 3A—C). Furthermore, it cancelled the
increase in cell viability, the ratio of EdU-positive cells,
and colony formation induced by XBPI-u overexpression
(Fig. 3D-G). These results indicate that XBP1-u-regulated
cholesterol biosynthesis is crucial for the tumorigenic poten-
tial of HCC.

XBP1-u regulates cholesterol metabolism
by modulating HMGCR transcription

It is well known that statin binds and inhibits the activity
of HMGCR, the rate-limiting enzyme of the mevalonate
pathway in cholesterol biosynthesis. Hence, to elucidate the
molecular mechanism of XBP1-u regulation on cholesterol
biosynthesis in HCC cells, we first examined the effect of
XBP1-u on the expression of HMGCR. XBP]I silencing
suppressed HMGCR mRNA expression (Fig. 4A), whereas
XBP1-u overexpression significantly enhanced it (Fig. 4B).
The same pattern was observed with respect to HMGCR
protein expression (Fig. 4C, D). These results indicate that
XBP1-u regulates HMGCR at the transcriptional level.

To investigate whether XBP1-u affected cholesterol
metabolism in HCC cells and, consequently, proliferation

@ Springer
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Fig.4 XBP1-u regulates HMGCR expression in HCC cells at its
transcriptional level. A, B HMGCR mRNA expression level in XBP1-
silenced (A) and XBPI-u-overexpressed (B) HCC-LM3, MHCC-97H,
and HepG?2 cells, as analyzed using gqRT-PCR. C, D HMGCR protein
expression level in XBP1-silenced (C) and XBP1-u-overexpressed (D)
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HCC-LM3, MHCC-97H, and HepG2 cells, as analyzed using west-
ern blotting. Cells transfected with shCon or pcCon were used as
controls. f-actin was used for qRT-PCR normalization and as western
blotting loading control. Quantification data are shown as mean+SD
(n=3). pcCon, pcDNA3.1(+); **P<0.01
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and colony formation, through its regulation of HMGCR,
we overexpressed HMGCR in XBP1-silenced HCC-LM3,
MHCC-97H, and HepG2 cells (Fig. 5SA and Supplemen-
tary Fig. S6A, B). Overexpression of HMGCR restored
lipid droplet accumulation, total cholesterol, and LDL in
HCC-LM3 cells (Fig. 5SB-E) as well as in MHCC-97H and
HepG?2 cells (Supplementary Fig. S6C, D and Supplemen-
tary Fig. STA-D). Meanwhile, silencing HMGCR using
shRNA expression vectors targeting HMGCR cancelled the
effect of XBP1-u overexpression on promoting the level of
HMGCR expression (Supplementary Fig. STE-G). Accord-
ingly, HMGCR silencing cancelled the positive regulatory
effect of XBPI-u overexpression on total cholesterol and
LDL levels (Supplementary Fig. S7TH, I). HMGCR over-
expression abrogated also the suppressive effect of XBPI
silencing on HCC cell viability (Fig. SF and Supplementary
Fig. S8A, B), the number of EdU-positive cells (Fig. 5G,
H and Supplementary Fig. S8C, D), and colonies formed
(Fig. 5I and Supplementary Fig. S9A, B). Together with
the results showing that HMGCR inhibitor, statin, abrogated
cholesterol biosynthesis and HCC cell proliferation induced
by XBP1-u overexpression, these results strongly indicate
that XBP1-u regulation of HMGCR transcription is critical
for its tumor cell proliferation-promoting function.

XBP1-u regulates HMGCR expression
through SREBP2

Previous results have shown that unlike XBP1-s, which
localizes to the nucleus, XBP1-u possesses a strong nuclear
exclusion signal at its C-terminus, localizes to the cyto-
plasm, and regulates its target genes post-translationally
through phosphorylation and ubiquitination [21, 22, 26].
Hence, XBP1-u regulation of HMGCR transcription must
occur in an indirect manner, possibly through post-trans-
lational protein stabilization. We investigated the effect of
XBP1-u on SREBP2 and c-Myc, two transcriptional acti-
vators of HMGCR. whose stabilities are controlled post-
translationally by ubiquitination [33, 34]. XBP] silencing
significantly suppressed SREBP2 protein levels in HCC-
LM3 cells (Fig. 6A); whereas its effect on c-Myc was much
lower (Supplementary Fig. S10A). Similarly, while XBPI-u
overexpression robustly increased SREBP2 protein levels
in HCC-LM3 cells (Fig. 6B), it only slightly affected those
of c-Myc (Supplementary Fig. S10B). XBP1-u regulation
of SREBP?2 levels was confirmed also in MHCC-97H and
HepG2 cells (Supplementary Fig. SI0C-F). To determine
whether XBP1-u regulation of HMGCR occurred through
SREBP2, we constructed two shRNA expression vectors
and confirmed their silencing effect against SREBP2 and,
indirectly, HMGCR (Supplementary Fig. S10G, H). Next,
we observed that knockdown of SREBP2 in HCC cells over-
expressing XBP1-u abrogated the XBPI-u-mediated increase

in HMGCR expression (Fig. 6C). Together, these results
indicate that SREBP2 plays a crucial role in XBP1-u regula-
tion of HMGCR expression.

As XBP1-u did not affect SREBP2 mRNA expression
in HCC-LM3, MHCC-97H, and HepG2 cells (Supplemen-
tary Fig. S11A), we postulated that XBP1-u might regu-
late SREBP2 at the protein level. To evaluate this possi-
bility, we first confirmed the subcellular localization of
XBP1-u and SREBP2. Immunofluorescent staining using
anti-XBP1-u and anti-SREBP2 antibodies showed that
endogenous XBP1-u colocalized with SREBP2 in the cyto-
plasm (Fig. 6D). Upon activation, SREBP2 protein enters
the nucleus where it regulates the transcription of its target
genes, and where it is ubiquitinated [8]. Indeed, overexpres-
sion of SREBP2 and XBP1-u caused their localization to
become nuclear, thus coinciding with the site of SREBP2
ubiquitination (Supplementary Fig. S11B). In contrast,
SREBP?2 knockdown prevented the nuclear colocalization
of XBP1-u (Supplementary Fig. S11C). Furthermore, immu-
noprecipitation assays showed the presence of XBP1-u in the
protein fractions immunoprecipitated using anti-SREBP2
antibody and vice versa, revealing a physical interaction
between XBP1-u and SREBP2 (Fig. 6E).

Next, we investigated whether XBP1-u was involved in
SREBP?2 protein stability. We inhibited de novo protein
synthesis using cycloheximide and observed that XBPI-u
overexpression conspicuously suppressed SREPB2 degrada-
tion rate in HCC cells (Fig. 6F, G), whereas XBP-silencing
clearly enhanced it (Supplementary Fig. S11D, E). This
finding indicates that XBP1-u is important for maintaining
SREBP?2 protein stability.

Ubiquitination/proteasomal degradation is essential
in SREBP2 post-translational regulation. Treatment with
MG132, a proteasomal inhibitor, prevented the drop in
SREBP2 level in XBP1-silenced HCC-LM3 cells (Fig. 6H),
indicating that XBP1 silencing blocked SREBP2 pro-
teasomal degradation and promoted instead its stability.
Moreover, as shown in Fig. 61, XBPI silencing robustly
enhanced SREBP2 protein ubiquitination, whereas XBPI-
u overexpression suppressed it (Fig. 6J). Together, these
results clearly show that XBP1-u enhances SREBP2 pro-
tein stability by suppressing its ubiquitination/proteasomal
degradation.

To determine which region in XBP1-u was crucial for
its regulation of SREBP2, we overexpressed the N and C
termini of XBP1-u conjugated with the FLAG tag (FLAG-
XBP1-u-N and FLAG-XBP1-u-C, respectively; Supplemen-
tary Fig. S11F). Only overexpression of the C terminus, but
not the N terminus, induced SREBP2 accumulation and
increased HMGCR levels in HCC cells (Fig. 6K). Con-
form with this, C-terminus of XBP1-u, which is different
from that of XBP1-s, suppressed SREBP2 ubiquitina-
tion (Fig. 6L). Meanwhile, while XBPI-s overexpression
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«Fig.5 HMGCR is crucial for XBP1-u regulation on cholesterol bio-
synthesis and tumorigenic potential of HCC cells. A Protein expres-
sion level of HMGCR in XBPI-silenced, HMGCR-overexpressed
HCC-LM3 cells, as analyzed using western blotting. B, C Accumu-
lation of lipid droplets in XBPI-silenced, HMGCR-overexpressed
HCC-LM3 cells, as analyzed using Nile Red staining. Representative
images (B; scale bars: 200 pm) and quantification results (C; n=26)
are shown. D, E Total cholesterol and LDL levels in XBPI-silenced,
HMGCR-overexpressed HCC-LM3 cells. F Viability of XBPI-
silenced, HMGCR-overexpressed HCC-LM3 cells at indicated time
points. G, H Proliferation potential of XBP1-silenced, HMGCR-over-
expressed HCC-LM3 cells, as determined using EdU-incorporation
assay. Representative images (G; scale bars: 200 pm) and ratio of
proliferative cells (H; n=6) are shown. I Colony formation potential
of XBP]-silenced, HMGCR-overexpressed HCC-LM3 cells. Repre-
sentative images (left) and the number of the colonies formed (right;
n=06) are shown. Cells transfected with shCon and pcEF9-Puro were
used as controls. f-actin was used as western blotting loading control.
Total protein was used for normalization of total cholesterol and LDL
levels. Quantification data are shown as mean+SD (n=3, unless fur-
ther indicated). *P <0.05; **P<0.01

promoted the mRNA and protein expression levels of
SREBP?2 and its downstream target gene HMGCR (Supple-
mentary Fig. S12A-C), it failed to slow down the degrada-
tion rate of SREBP2 protein (Supplementary Fig. S12D-E).
These results suggest that different from XBP1-s which reg-
ulates SREBP2/HMGCR pathway through transcriptional
regulation of SREBP2, XBP1-u is required for stabilizing
SREBP?2 protein. These distinct mechanisms of XBP1 iso-
forms regulation on SREBP2 are most plausibly due to the
difference in their C-termini as the result of the splicing-
induced codon shift.

XBP1-u regulates cholesterol metabolism
through the SREBP2/HMGCR axis

To investigate whether the SREBP2/HMGCR pathway was
essential for XBP1-u regulation of cholesterol metabolism
in HCC cells, we overexpressed SREBP2 in XBP1-silenced
HCC-LM3 cells (Fig. 7A). SREBP2 overexpression restored
lipid droplet accumulation previously suppressed by XBPI
silencing (Fig. 7B, C), as well as abrogated the decrease in
total cholesterol and LDL levels (Fig. 7D, E). In contrast,
silencing of SREBP2 prevented lipid droplet accumulation
and canceled the effect of XBPI-u overexpression on total
cholesterol and LDL levels (Supplementary Fig. S13A-C).
These results suggest that the SREBP2/HMGCR pathway is
important for XBP1-u regulation of cholesterol metabolism
in HCC cells.

Given that cholesterol is critical for tumorigenesis, we
next examined whether the XBP1-u/SREBP2 pathway was
involved in HCC cell proliferation and colony formation.
As shown in Fig. 7F, SREBP2 overexpression abolished the
effect of XBP1 silencing on HCC-LM3 cell viability, while
also restoring the number of EdU-positive cells and colonies

(Fig. 7G-I). As expected, SREBP2 silencing had the oppo-
site effect and reduced the viability of HCC-LM3 cells,
EdU-positive cells, and colonies in XBPI-u-overexpressing
cells (Supplementary Fig. S14A-D).

We next investigated whether XBP1-u could act antago-
nistically to SREBP2 and HMGCR inhibitors. To this end,
we evaluated the effect of XBPI-u overexpression on the
viability of HCC cells treated with betulin or statin, two
cholesterol-lowering compounds that inhibit SREBP2 and
HMGCR, respectively. While HCC cell viability decreased
in a dose-dependent manner upon betulin addition, XBPI-u
overexpression promoted viability at every dose (Supple-
mentary Fig. SISA), resulting in a nearly four-fold increase
in the half-maximal inhibitory concentration (ICs) for betu-
lin (Supplementary Fig. S15B). Similarly, XBPI-u overex-
pression promoted HCC cell viability upon statin treatment,
leading to a more than five-fold increase in the ICj, for sta-
tin (Supplementary Fig. S15C, D). Together, these results
reveal that XBP1-u works antagonistically to the SREBP2/
HMGCR pathway, leading to enhanced cholesterol metab-
olism and, consequently, greater proliferation and colony
formation by HCC cells.

XBP1-u mediates the hepatocarcinogenesis
potential by positively regulating SREBP2

To elucidate the pathological function of the XBP1-u/
SREBP2 pathway in vivo, especially during tumorigen-
esis, we constructed XBP1-silenced (HCC-LM3/shXBP1)
and XBPI-silenced, SREBP2-overexpressed (HCC-LM3/
shXBP1/pcSREBP2) HCC-LM3 stable cell lines (Fig. 8A).
Together with control cells (HCC-LM3/shCon), these test
cells were transplanted subcutaneously into BALB/c-nu/nu
mice. As shown by the volume and morphological appear-
ance of the tumors (Fig. 8B, C), knockdown of XBP1 sig-
nificantly suppressed tumor growth, whereas SREBP2 over-
expression restored it. These results were further confirmed
by the changes in tumor weight (Fig. 8D). As indicated by
western blotting (Fig. 8E) and immunohistochemical stain-
ing (Fig. 8F), SREBP2 and HMGCR were downregulated
in the tumor lesions formed by XBPI-silenced HCC-LM3
cells and restored in those formed by HCC-LM3/shXBP1/
pcSREBP2 cells. Hence, SREBP2 is essential for XBP1-
induced hepatocarcinogenesis in vivo.

Furthermore, XBP1 silencing clearly suppressed lipid
accumulation in tumors formed by HCC cells (Fig. 8G),
whereas SREBP?2 overexpression restored it. Similar results
were obtained for total cholesterol and LDL levels (Fig. 8H,
I). These findings indicate that XBP1-u/SREBP2 induces
hepatocarcinogenesis in vivo by stimulating cholesterol
metabolism.

Together, our results reveal a critical role of XBP1-u, the
unspliced form of XBP1, in regulating hepatocarcinogenesis
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«Fig.6 XBP1I-u stabilizes SREBP2 protein by inhibiting its ubiquitin-
proteasomal degradation. A, B SREBP2 protein expression level in
XBP]I-silenced (A) and XBPI-u-overexpressed (B) HCC-LM3 cells,
as analyzed using western blotting. C HMGCR and SREBP?2 protein
expression levels in SREBP2-silenced, XBPI-u-overexpressed HCC-
LM3 cells, as analyzed using western blotting. D Colocalization of
endogenous SREBP2 and XBP1-u, as determined by immunofluores-
cence staining using anti-SREBP2 and anti-XBP1-u antibodies (scale
bars: 20 um). E Physical interaction between XBP1-u and SREBP2,
as determined using anti-XBPIl-u immunoblotting of cell lysate
immunoprecipitated with anti-SREBP2 antibody and vice versa. F,
G Degradation rates of SREBP2 protein in XBPI-u-overexpressed
HCC-LM3 cells, as analyzed using western blotting at indicated
time points after the addition of cycloheximide (final concentration:
200 pg/ml). Western blotting result (F) and the half-life of SREBP2
protein (G) are shown. H SREBP2 protein expression level in XBPI-
silenced HCC-LM3 cells treated with MG132 (final concentration:
20 pM) for 8 h, as analyzed using western blotting. I, J SREBP2
ubiquitination levels in HCC-LM3 cells transfected with pcSREBP2,
pcUbi, and shXBP1 (I) or pcXBP1-u (J), as analyzed using anti-
ubiquitin immunoblotting of cell lysates immunoprecipitated with
anti-SREBP2 antibody. K SREBP2 and HMGCR protein expression
levels in HCC-LM3 cells transfected with FLAG-XBPI1-u, FLAG-
XBP1-u-N and FLAG-XBP1-u-C, as determined using western blot-
ting. L SREBP2 ubiquitination level in HCC-LM3 cells transfected
with pcFLAG-XBP1-u-C, pcSREBP2, and pcUbi, as analyzed using
anti-ubiquitin immunoblotting of cell lysates immunoprecipitated
with anti-SREBP2 antibody. Cells transfected with shCon and/or
pcCon, or pcFlag, were used as controls. B-actin was used as western
blotting loading control. Quantification data are shown as mean+SD
(n=3). pcCon, pcDNA3.1(+); pcSREBP2: full-length SREBP2 over-
expression vector; /B immunoblotting; /P immunoprecipitation; Ubi
ubiquitination; **P <0.01

via the SREBP2/HMGCR axis. XBP1-u stabilizes SREBP2
by preventing its ubiquitination, thereby activating the
SREBP2/HMGCR axis and enhancing cholesterol bio-
synthesis. Ultimately, together with XBP1-s regulation
on SREBP?2 transcription, this stimulates the tumorigenic
potential of HCC cells (Fig. 8J).

Discussion

Recent studies have revealed that aberrant cholesterol
homeostasis is closely related to tumor cell proliferation
and tumorigenesis [35]. Excess cholesterol, which is found
in HCC, breast cancer, prostate cancer, and colorectal car-
cinoma, benefits tumor cell proliferation [36-38]. Besides
providing tumor cells with energy and major components of
the cell membrane, cholesterol directly activates oncogenic
cascades through the Hedgehog and Wnt signaling pathways
[13, 36, 39, 40]. Cholesterol also contributes to increased
tumor incidence, as it downregulates the expression of genes
involved in T-cell differentiation, causing a reduction in can-
cer immunosurveillance [41-43]. This is achieved chiefly
through increased cholesterol uptake and endogenous de
novo biosynthesis by tumor cells. Upregulation of fac-
tors involved in cholesterol uptake, such as LDL receptor

as well as those participating in cholesterol biosynthesis,
such as HMGCR, oxidative squalene cyclase, and squalene
epoxidase, is frequently observed in tumor patients [44—48].
Despite its importance, the detailed molecular mechanism
responsible for an altered cholesterol metabolism in tumor
cells has not been fully elucidated. In this study, we found
that XBP1-u is crucial for de novo cholesterol biosynthe-
sis. XBP1-u, which is upregulated in tumor cells, promotes
ubiquitination and destabilization of SREBP2. This, in turn,
activates the SREBP2/HMGCR axis, leading to enhanced
cholesterol accumulation and tumorigenic potential of HCC
cells. Hence, these results reveal a novel regulatory mecha-
nism of cholesterol metabolic reprogramming in HCC cells.

XBP1-u is the unspliced isoform of XBP1 [18, 49]. Under
ER stress, XBP1 is spliced into XBP1-u and XBP1-s, whose
different C-termini affect the isoform subcellular localiza-
tion and function [18, 19, 21]. Our results show that endog-
enous XBP1-u colocalizes with SREBP2 in the cytoplasm
and cannot enter the nucleus by itself. Following activation,
SREBP2 enters the nucleus, where it transactivates its tar-
get genes, and where its ubiquitination takes place. Because
XBP1-u can translocate into the nucleus upon overexpres-
sion of SREBP2, it likely enters the nucleus together with
SREBP2.

XBP1-s possesses a transactivation domain in its C-ter-
minus, enabling it to function as a transcriptional factor
[21]; whereas XBP1-u does not possess such a domain and
appears to regulate its targets through post-translational
modification. Our previous study revealed that XBP1-u, but
not XBP1-s, could promote cell cycle progression and pro-
liferation in tumor cells by enhancing the degradation of the
tumor suppressor p53 through stabilization of its negative
regulator MDM?2 [22]. Furthermore, XBP1-u could mod-
ulate the autophagic process of tumor cells by recruiting
FoxOl1 to the 20S proteasome and enhancing FoxO1 deg-
radation [24], and protect endothelial cells from oxidative
stress by promoting Aktl phosphorylation [23]. XBP1-u is
also crucial for maintain vascular homeostasis, as it directly
associated with the N-terminus of forkhead box protein
04 (Fox0O4) in the cytoplasm, thereby preventing FoxO4
nuclear translocation and promoting vascular smooth muscle
cells differentiation. Moreover, a very recent study showed
that XBP1-u is crucial for suppressing vascular calcification
[25]. Under normal physiological conditions, XBP1-u blocks
[B-catenin nuclear translocation by promoting its ubiquitina-
tion/proteasomal degradation, leading to the transcriptional
suppression of f-catenin/T cell factor (TCF)-mediated oste-
ogenic markers runt-related transcription factor 2 (Runx2)
and msh homeobox2 (Msx2) [26]. Our present results show
that XBP1-u enhances de novo cholesterol biosynthesis
and, consequently, HCC cell proliferation and tumorigenic
potential by inhibiting SREBP2 protein ubiquitination.
This evidence indicates for the first time, how alterations
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«Fig.7 SREBP2 is critical for XBPI-u-induced cholesterol biosyn-
thesis and tumorigenic potential of HCC cells. A Protein expression
levels of SREBP2 and HMGCR in XBPI-silenced, SREBP2-overex-
pressed HCC-LM3 cells, as analyzed using western blotting. B, C
Accumulation of lipid droplets in XBPI-silenced, SREBP2-overex-
pressed HCC-LM3 cells, as analyzed using Nile Red staining. Rep-
resentative images (B; scale bars: 200 pm) and quantification results
(C; n=06) are shown. D, E Total cholesterol (D) and LDL (E) levels
in XBP1-silenced, SREBP2-overexpressed HCC-LM3 cells overex-
pressing SREBP2. F Viability of XBPI-silenced, SREBP2-overex-
pressed HCC-LM3 cells at indicated time points. G, H Proliferation
potential of XBPI-silenced, SREBP2-overexpressed HCC-LM3 cells,
as determined using EdU-incorporation assay. Representative images
(G; scale bars: 200 pm) and ratio of proliferative cells (H; n=6) are
shown. I Colony formation potential of XBPI-silenced, SREBP2-
overexpressed HCC-LM3 cells. Representative images (left) and
numbers of the colonies formed (right; n=6) are shown. Cells trans-
fected with shCon and pcEF9-Puro were used as controls. f-actin was
used as western blotting loading control. Total protein was used for
normalization of total cholesterol and LDL levels. Quantification data
are shown as mean+ SD (n=3, unless further indicated). pcSREBP2
full-length SREBP2 overexpression vector; *P <0.05; **P <0.01

in cholesterol metabolism underlie the XBP1-u-mediated
tumorigenic potential, linking XBP1-u with tumor cell meta-
bolic reprogramming. Furthermore, they strongly support a
specific biological and pathological function for XBP1-u. It
is noteworthy that recent study also reported that the stabil-
ity of the XBP1-u protein was reduced and its proteasomal
degradation was accelerated in high phosphate (Pi) condition
[26]. Thus, although further investigation is needed, the half-
life and major form of XBP1 isoforms might depend on the
cell types and other factors such as environment. Neverthe-
less, together with the fact that XBP1-s could also regulate
SREBP?2 at transcriptional level, our findings indicate that
both XBP1 isoforms could regulate cholesterol metabolism
in HCC cells through transcriptional and post-translational
regulations.

HMGCR is the first enzyme of the mevalonate pathway,
the rate-limiting step in de novo cholesterol biosynthesis
[50]. Both HMGCR and its transcription activator SREBP2
correlate positively with cholesterol accumulation in var-
ious tumor cells including hepatic, prostate, colorectal,
and breast cancers, and in turn promotes their progression
[51-54]. Thus, targeting the mevalonate pathway to sup-
press cholesterol biosynthesis has attracted attention as a
potential anti-tumor therapeutic strategy. Recent studies
have shown that statins, cholesterol-lowering drugs that
inhibit the mevalonate pathway by binding to the active
site of HMGCR, and betulin, an inhibitor of SREBP2
activation, could suppress tumor cell growth and promote
apoptosis [55, 56]. Our results indicate that XBP1-u acts
as an antagonist of these cholesterol-lowering compounds
and significantly decreases the sensitivity of HCC cells
towards them. Accordingly, elevated XBP1-u levels might
block anti-tumor therapeutic strategies targeting the meva-
lonate pathway. Hence, while further detailed pre-clinical

and clinical investigations are needed, our findings show
the possibility of employing XBP1-u as a marker to deter-
mine the suitability of patients for therapeutic strategies
targeting mevalonate pathway, as well as the possibility
of potentiating the effect of anti-tumor drugs targeting the
mevalonate pathway by suppressing XBP1-u expression.

In summary, we demonstrate a novel regulatory mecha-
nism of XBP1-u on the SREBP2/HMGCR axis in HCC
cells, linking the tumorigenic potential of XBP1-u with
tumor cell metabolic reprogramming. These findings not
only provide new insights on the molecular mechanism of
cholesterol metabolic reprogramming in HCC, but high-
light also the specific biological and pathological func-
tions of XBP1-u. Furthermore, our findings suggest the
possibility of treating tumors by targeting XBP1-u or by
combining XBP1-u suppression with drugs targeting the
mevalonate pathway in HCC. Finally, as HMGCR is also
critical for cholesterol accumulation in non-tumor cells,
XBP1-u might be a potential target for other hypercholes-
terolemia-related diseases.
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«Fig.8 XBPl-u mediates hepatocarcinogenesis potential by posi-
tively regulates SREBP2. A Protein expression levels of SREBP2
and HMGCR in HCC-LM3/shCon (shCon), HCC-LM3/shXBP1
(shXBP1) and HCC/shXBP1/pcSREBP2 (shXBP1/pcSREBP2) cells,
as analyzed using western blotting. B-D Tumorigenesis potentials
of HCC-LM3/shCon, HCC-LM3/shXBP1, and HCC-LM3/shXBP1/
pcSREBP2 cells, as determined in vivo by subcutaneous injection of
these cells into Balb/c-nu/nu mice (n=6). Tumor volumes at the indi-
cated time points (B), morphological images (C) and tumor weight
(D) at day 16 after transplantation are shown. E XBP1-u, SREBP2,
and HMGCR protein expression levels in the xenografted tumors
formed by the indicated cells, as determined using western blotting.
F Immunohistochemistry staining using anti-SREBP2, anti-XBP1-
u, and anti-HMGCR antibodies showing the expression levels of
SREBP2, XBPI-u, and HMGCR in tissue sections of xenografted
tumors in BALB/c-nu/nu mice injected with the indicated cell lines
(scale bars: 50 pm). G Accumulation of lipid droplets in the tissue
section of xenografted tumors in BALB/c-nu/nu mice injected with
the indicated cell lines (scale bars: 50 pm). H, I Total cholesterol
(H) and LDL (I) levels in the xenografted tumors in BALB/c-nu/nu
mice injected with the indicated cell lines (n=3). J Schematic dia-
gram showing the mechanism of XBP1-u regulation on the SREBP2/
HMGCR axis. B-actin was used as western blotting loading control.
Quantification data are shown as mean + SD. **P < (.01
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