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Background: To date, aberrated lipid metabolism has been recognized as an important
feature of hepatocellular carcinoma (HCC); however, it remains poorly defined. As a large
member of the low-density lipoprotein receptor family, LRP1B plays a pivotal role in
maintaining lipid homeostasis. Here we investigated the expression feature of LRPIB in
HCC and elucidated its effects on lipid metabolism of HCC cells.

Materials and Methods: LRP1B expression in HCC cells and tumor tissues was respec-
tively examined by quantitative PCR, Western blotting and immunohistochemistry. Crispr-
cas9 RNA inference and CRISPRa transcription activation system were used to downregu-
late and upregulate LRP1B expression, respectively. Oil red O staining, DiD staining
combined with flow cytometry and transmission electron microscopy were used to evaluate
the lipid content in HCC cells. Overall survival (OS) and time to recurrence (TTR) were
calculated; meanwhile, Kaplan—-Meier and the Cox proportional hazards model were used to
assess the prognosis of HCC patients.

Results: In contrast to inactivation expression in a majority of cancers, LRP1B showed
predominantly strong expression in HCC. LRP1B knockdown induced the decrease of
intracellular lipid content, downregulated expressions of lipid synthesis-related enzymes
and upregulated expressions of B-oxidation-related enzymes as well as activated the
AMPK signaling. Moreover, HSF1 directly regulated the transcription of LRP1B and was
involved in LRP1B-mediated lipid metabolism in HCC; meanwhile, the combination of
LRP1B knockdown and HSF1 inhibition suppressed synergistically the proliferation of
HCC cells. In addition, simultaneous expression of HSF1 and LRP1B was an independent
prognostic factor for HCC patients.

Conclusion: Altogether, the study reveals a novel unique role of LRP1B in HCC by serving
as a mediator in lipid metabolism, which provides an insight for making explorable ther-
apeutic strategies for HCC.
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Introduction

The updated cancer epidemiological statistics data illustrates the continuous
improvement of global cancer diagnosis and management. However, the situation
of prevention and treatment of liver cancer is not optimistic.' Hepatocellular
carcinoma (HCC) accounts for about 90% of liver cancer and represents
the second leading cause of cancer-related mortality and morbidity worldwide.”
Unfortunately, the aggressive and refractory nature of HCC often makes currently
available therapeutic options and multi-modal strategies unsatisfying.> Data from
multi-omics and pharmacogenomics suggest that the refractory characterization of
HCC results from its highly heterogeneous feature, associated with a variety of
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complex altered signaling pathways.* ¢ The heterogeneity
of HCC comes from complex multi-levels including cel-
lular behaviors, molecular diversity, genetic mutation and
metabolism within the tumor and among individuals.”
Particularly, data accumulated over recent years demon-
strate that metabolic heterogeneity has been recognized as
a significant feature of tumor, closely related to tumorigen-
esis and development.® Moreover, two recent key studies
in our institute revealed the proteogenomic characteristics
of HBV-related HCC in China and identified liver-specific
metabolism alterations (such as enhanced glucose metabo-
lism, overall activation of lipid biosynthesis, etc.) as
a distinct feature in the Chinese population with HBV-
related HCC.>'® Of note, some key proteins related to
cholesterol homeostasis are found to be significantly up-
regulated in HBV-related HCC.” Hence, the multi-omics
data suggest that targeting against liver-specific lipid meta-
bolism might provide a potential opportunity for precise
therapies of HBV-related HCC in China.

As a central organ for lipid metabolism, the liver is in
charge of lipid profiling and fatty acid composition in
body; this process requires the participation of various
molecules, associated with lipid synthesis, trafficking,
and storage.'' The low-density lipoprotein (LDL) recep-
tor-related protein 1B (LRP1B) is a novel member of the
LDL receptor family and fulfills a variety of different
physiological functions, ranging from cell signaling, lipo-
protein trafficking, transportation of nutrients and vitamins
to developmental processes.'” In recent years, LRP1B has
gained more and more attention in the cancer research
field and has been found to be involved in malignant
proliferation, angiogenesis, differentiation and metastases
in multiple types of cancers including NSCLC," prostate
cancer,'* cervical squamous cell cancer,'” renal cell
cancer'® and glioma.'” In these cancers, LRP1B has been
identified to be downregulated and serve as a potential
tumor suppressor. In addition, in a genomic context,
LRP1B mutations are often related to tumor mutation
burden (TMB) and can be regarded as an useful predictor
for treatment efficacy and outcomes in patients with cancer
such as lung cancer, melanoma, renal cell cancer, and
myeloid leukemia.'*'®!” More recently, it is also reported
that LRP1B mutations were associated with TMB and
survival in patients with liver cancer.?® Nevertheless, in
contrast to other cancers, expression status and possible
functions of LRPIB in HCC are largely unknown.
Therefore, in the study, we investigated the expression
feature of LRP1B in HCC and elucidated its effects on

lipid metabolism of HCC cells; mechanistically, revealed
the involvement of HSF1 in LRP1B-mediated lipid meta-
bolism through regulating AMPK signaling in HCC. These
findings might provide an insight for making explorable
therapeutic strategies for HCC in the future.

Materials and Methods

Reagents

Anti-HSF1 (#12972), pB-actin (#4970), anti-AMPKa
(#5831), anti-phospho-AMPKa (50081), anti-rabbit anti-
mouse HRP-linked secondary antibody IgG (#7074 and
#7076) were purchased from Cell Signaling Technology.
Anti-LRP1B (DF9609) was purchased from Affinity
Bioscience. For lipid content measurement, a lipophilic
fluorescent dye (DiD) (# V22887, ThermoFisher) and Oil
Red O Stain kit (#YB0843, ScienCell) were used. Human
FAS ELISA Kit (MS1108), ACC ELISA Kit (MS2411)
and CPT-1A ELISA Kit (CSB-E17408h) were respectively
from Shanghai Suobio Technology and Ximei Biotech.

Cell Culture

The human HCC cell lines MHCC97L, MHCC97H and
HCCLM3 (Liver Cancer Institute, Zhongshan Hospital),
and Huh7, Hep3B and HepG2 (American Type Culture
Collection) with high/low metastatic potential, and the rat
HCC cell line RH-35 (American Type Culture Collection)
and the murine HCC cell line Hepl-6 (American Type
Culture Collection) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Genom, GNM12800) supple-
mented with 10% fetal bovine serum (FBS) (BI, 04—001-
lacs) and 1% penicillin-streptomycin (Gibco, 15140-122).
Cells were cultured at 37 °C in a humidified atmosphere of
5% CO? and treated according to experiment design. The
use of the cell lines was approved by the Ethics Committee
of Zhongshan Hospital, Fudan University.

Patients and Samples

To analyze the expression feature of LRP1B and HSFI,
eighty formalin-fixed paraffin-embedded (FFPE) HCCs
with a matched peritumoral tissue and 305 FFPE HCCs
without a matched peritumoral tissue were collected,
which were diagnosed at the Eastern Hepatobiliary
Surgery Hospital between January 2003 and March 2012.
Follow-up in these patients was conducted every 3 months
during the 1% year after surgery and every 6 months there-
after until December 2014. The overall survival (OS) and
the time to recurrence (TTR) were respectively calculated
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as the interval between surgery and death or the last
observation taken and from the date of hepatectomy until
the detection of tumor recurrence, death or last observa-
tion. Moreover, 30 fresh resected HCCs with a matched
peritumoral tissue were gained between January and
July 2017 for quantitative methylation-specific PCR
(Q-MSP). Written informed consent was obtained from
all patients. The study protocol was approved by the
Ethics Committee of Eastern Hepatobiliary Surgery
Hospital (EHBHKY2015-01-001) and was conducted in
accordance with the Declaration of Helsinki.

Quantitative PCR

Trizol Reagent (Invitrogen, 15596026) was used to extract
total RNA of cultured cells and tumor/adjacent tissues.
The reverse transcription was performed by using
PrimeScript™ RT Reagent kit (TaKaRa, M0402-1061).
SYBR Premix Ex Taq II (TaKaRa, DRR420A) was used
to preform quantitative PCR at ABI 7500 instrument
(Applied Biosystems). The cycle threshold (Ct) of pB-
actin gene was set up as a control, and relative expression
levels of target genes were calculated as 2 2* [ACt = Ct -
Ct (control)]. The sequences of primers used in the study
can be found in supplementary Table.

Immunofluorescence Assay

For cultured HCC cells, 0.1% Triton X-100 was used to
permeabilize for 15 min at room temperature; after rinsing
twice with 1xXPBS solution for 5 min, cells were incubated
with blocking buffer (1xPBS containing 5% BSA) for 30
min at room temperature. Then, cells were rinsed twice
with 1xPBS and incubated with specific primary anti-
LRPI1B antibody (1:50) overnight at 4 °C. After being
twice washed with 1xPBS solution, cells were incubated
with goat anti-rabbit secondary antibody for 1 h at room
temperature. The slices were rinsed twice with 1xPBS and
counterstained with diamidino phenylindole (DAPI);
finally observed by using fluorescence microscopy (Leica
Microsystems Imaging Solutions) for photograph.

Western Blotting

Harvested cells were washed by the ice-cold 1xPBS, and
lysed by radio immunoprecipitation assay (RIPA) lysis
buffer containing protease cocktail inhibitor (Thermo
Scientific, 89900). The cell lysates were centrifuged x
12,000 rpm at 4 °C for 30 minutes. The concentration of
supernatant was determined by using BCA protein assay
kit (Bio-Rad, 500-0001). After sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE), proteins
were transferred onto polyvinylidene fluoride (PVDF)
membranes (Millipore, ISEQ00010). After being blocked
with 5% BSA buffer, membranes were incubated with
specific primary antibodies (dilution 1:1000) at 4 °C over-
night. After washing three times with 1XTBST buffer,
membranes were incubated with HRP-conjugated second-
ary antibodies for another 1 h at room temperature.
Membranes were washed three times with 1xTBST buffer
and then visualized by using the enhanced chemilumines-
cence (ECL) reagents (Thermo Scientific, 34577). Protein
bands were quantified by ImageJ Software (Bio-Rad).

Dual Luciferase Reporter Gene Assay
HEK 293T cells were cultured in 12-well plates with
1x10° cells per well overnight. The HSF1 vector, wild-
type LRP1B promoter, mutant LRP1B promoters (MT1
and MT2) were cloned into pGL3-basic plasmid and pRL-
TK. The recombines were transfected into the cells with
the confluence of 60-70% per well. According to proto-
cols of manufacturer from Dual-Luciferases Reporter
Assay kit (Promega, E1980), cells were lysed by lysis
buffer for 20 min at room temperature after the transfec-
tion 48h; then lysates were centrifuged and supernatants
were extracted; finally, the luciferase activity was
determined.

Crispr-Cas9 and RNA Inference

Recombinant lentiviruses were constructed by lentiviral
vectors Lenti-CRISPR-V2, pLKO.1 TRC and pWPL1.
Three single guide RNAs (sgRNAs) specific to LRP1B
and one control sgRNA were designed using the CRISPR
Design software (http://crispr.mit.edu) (supplementary

Table). The oligonucleotides were ligated into the lenti-
viral vector Lenti-CRISPR-V2 for construction of lenti-
virus expression plasmids. For RNA interference, short
interference RNA (shRNA) constructs were generated by
using oligonucleotides encoding hairpin precursors for sh-
HSF1 (supplementary Table); meanwhile a scrambled non-

targeting sequence was used as a control. Recombinant
lentivirus was amplified in HEK293T cells. The cells
(2x10°) were planted in 6-well plates. The lentiviral vector
and plasmids were transfected into cells by Lipofectamine
3000 (Invitrogen, L3000001). After indicated timepoints,
the cells were lysed and knockdown efficacy was defined
by Western blotting.
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Immunohistochemistry

Tissue microarrays were constructed according to our
previous studies.”! Paraffin sections were sliced to 4
pm thickness and placed on slides coated with 3-ami-
After
xylene and rehydration in serial concentrations of etha-
nol (100%, 95%, 85% and 75% for 5 min each), antigen
retrieval was performed in pH 6.0 citric buffer by

nopropyltriethoxysilane. deparaffinization in

microwave irradiation for 3 min. Endogenous peroxi-
dase activity and nonspecific binding sites were respec-
tively blocked by 3% H202/phosphate-buffered saline
and goat serum. Immunohistochemistry (IHC) was per-
formed according to the instructions of the manufacturer
(The UltraSensitive SP Kit; Maixin-Bio, KiT-97). Tissue
sections were counterstained with hematoxylin for 5
min; meanwhile slides without primary antibody was
set up as negative control. These stained slides were
scanned and photographed on a KFBIO KF-PRO-005-
EX digital
International Co., Ltd., Yuyao, China) and the staining

section scanner (Konfoong Biotech
IODs in images was calculated as previous studies.’’
The category of low vs high HSF1 or LRP1B expression
in IHC staining was determined by using X-tile analysis.
In brief, to assess HSF1 or LRP1B expression which
was represented as IOD/area (um?), the X-tile plots
were used and cut-points was optimized based on out-
come. Detailed analysis process was performed accord-
ing to Camp’s method.> Then, by a standard log-rank
method, statistical significance was assessed through
using the cut-off score derived from included HCC
cases; meanwhile the associated p-values were obtained

from a lookup table.

Oil Red O Staining Assay

Stock solution for 0.5% Oil Red O was prepared by dis-
solving the staining powder with isopropanol in the dark.
HCC cells were washed three times with 1xPBS; then
fixed with 4% paraformaldehyde solution for 30 min at
room temperature. After fixation, cells were stained with
filtered Oil red O staining working solution (with 60%
deionized water) for 30 min at room temperature. Images
of cells were photographed by using a fluorescent micro-
scope (Lecia, DM6 M). Moreover, after 100% isopropyl
alcohol was used to dilute the stain, the eluted Oil Red
O staining was quantified through detecting the absor-
bance at 510 nm.

DiD Staining Assay and Flow Cytometry

Analyses

HCC cells were plated for DiD staining assay. After being
washed three times in 1xPBS buffer, these cells were
incubated with DiD solution at a 1:200 dilution at room
temperature for 30 min with gentle shaking in the dark.
After incubation, cells were washed three times with
I1xPBS buffer. The labelled cells were photographed
using a fluorescent microscope (Lecia, DM6 M) at 633
nm absorbance. Moreover, these cells were collected
through centrifuge at 1000 rpm for 3 min and then were
resuspended in FACS flow buffer for analysis by the flow
cytometry (BD Biosciences, BD FACSCanto).

ELISA Assay

The levels of FAS, ACC, and CPT-1A activities in cell
extracts were determined respectively by ELISA Kits
according to the protocols of the manufacturer. The aver-
age value of three independent repeats was implemented
for statistical analyses.

Statistical Analyses

For the statistical analysis, GraphPad Prism 7 (GraphPad
Software), and SPSS version v.24.0 (IBM Corporation)
were used. The tests used included two-tailed Student’s
t-test, chi-squared test, one-way and two-way ANOVA,
Kaplan-Meier’s method and Log rank test. P-values<
0.05 or <0.01 were considered a statistically significant
difference or extremely significant difference. Preliminary
data or previous reports were the source of the sample
size. No data was removed from the analyses. As shown in
figure legends, the experiments were repeated indepen-
dently many times and the results were similar.

Results
LRPIB is High Expressed in HCC

Firstly, the pan-cancer view of LRPIB expression was
explored by using Human Protein Atlas (HPA; http://
www.proteinatlas.org) as well as UALCAN (http://ual
can.path.uab.edu/) databases. It that
LRP1IB was predominantly high-expressed in HCC,

was observed
while low-expressed or negatively expressed in the major-
ity of remaining cancers. The finding encouraged us to
investigate the feature of LRP1B expression in various
liver cancer cell lines and clinical tissue samples. As
Figure 1A shows, the mRNA level of LRP1B was detect-
able in various liver cancer cell lines including Hep3B,
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Figure | Expression of LRPIB in HCC cell lines and tissues is different. (A) Relative mRNA levels of LRPIB in different HCC cell lines including Hep3B, HepG2, Huh7,
MHCC97L, MHCC97H, HCCLM3, RH-35 and Hep-6. (B) Expression of LRPIB protein in liver cancer cell lines mentioned above by Western blotting. $-actin was regarded
as an internal control. (C) Relative levels of LRPIB protein to B-actin in liver cancer cell lines. (D) Representative images of LRPIB in HCC cells by immunofluorescence
staining. Immunofluorescence assay result of HCC cells (from MHCC97H) expressing the primary antibody of LRPIB, followed by Alexa Fluor 555-conjugated secondary
antibody (red) is shown. Cell nuclei were counterstained with diamidino phenylindole DAPI (blue). Scale bar = 100 pum, magnificationx200 (left). Scale bar = 200 pm,
magnification x 400 (right). (E) Representative IHC staining of LRPIB in 80 pairs of HCC tissues (T) and matched adjacent liver tissues (Adj). Inmunoreactivity of LRPIB was
mainly located in the cytoplasm. (F) Integrated optical density (IOD) for LRPIB staining was obtained. The measurement values represented the meanzstandard deviation
(SD). Statistical significance was analyzed by two-tailed unpaired Student’s t-test (A, C, F). Triplicate experiments independently with similar results.

HepG2, Huh7, MHCC97L, MHCC97H, HCCLM3, RH-
35, and Hepl-6, displaying a possible increased tendency
as the increase of metastatic potential in these cells.
Moreover, the levels of LRP1B protein in these cell lines
were consistent with mRNA levels, higher levels in
HCCLM3, MHCC97H, MHCC97L and Huh7 cells while
a lower level in Hep3B cells (Figure 1B-C). Moreover,

higher expression of LRP1B in liver cancer cells was
observed, as compared to non-cancerous cells (sFigure
1). In addition, the result from cellular immunofiuores-
cence staining showed the typical cytoplasmic positivity
of LRP1B in HCC cells (Figure 1D). Furthermore, by
using tissue chip construction followed by immunohisto-
chemical staining and IPP software analysis, we detected
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LRP1B expression in 80 pairs of HCC tissues and adjacent
tissues and found that the IOD/um® value of LRPIB
staining in HCC tissues was 0.62+0.12, significantly
higher than that in matched adjacent tissues (0.39+0.01;
P=0.004) (Figure 1E-F).

Effects of LRPIB on Lipid Metabolism of
HCC Cells

In normal cells, LRP1B is involved in lipid transport and
synthesis;*> however, its effect on lipid metabolism in
HCC cells is still unclear. To investigate effects of
LRPI1B on lipid accumulation and storage in HCC cells,
we performed an efficacious knockdown of LRPIB
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expression by using the lentivirus-induced CRISPR/Cas9
system in HCC cells (sFigure 2). After LRP1B knock-
down, HCC cells presented a significantly attenuated
growth from the 2™ day (sFigure 3). Next, we observed
the cellular lipid accumulation after LRP1B knockdown
by using Oil Red O staining and found that lipid accumu-
lation was significantly reduced in HCC cells with LRP1B
knockdown, as compared to the controls and the untreated
cells (Figure 2A). Moreover, we reconfirmed the phenom-
ena by DiD staining followed by flow cytometry and
further verified the decrease of lipid content after LRP1B
knockdown (Figure 2B). In addition, the result from trans-

mission electron microscopy also showed that lipid

B..

Huh7

Control

Hl Huh7
[ Control
257 Em LRP1B knockdown

20

Precent of positive cells(%)

LRP1B knockdown

LRP1B knockdown

Figure 2 Knockdown of LRPIB suppresses the lipid metabolism of HCC cells. (A) Oil Red O staining assay was used to determine the effect of LRPIB knockdown on
intracellular lipid deposits in Huh7 cells (x200). Histogram indicated that OD values measured at the 510 nm wavelength and represented the meanSD. **p<0.01 vs control.
(B) Representative images of DiD staining in Huh7 cells with or without LRPIB knockdown. The red indicated the positive lipophilic cells (x100). Histogram indicated the
proportion of lipophilic cells in various Huh7 cells by using flow cytometry. (C) Transmission electron microscopy revealed representative manifestation of intracellular lipid

droplets in different groups.
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droplets in HCC cells with LRP1B knockdown were sig-
nificantly shrunk or reduced as compared to the control
and the untreated cells (Figure 2C).

Abnormal lipid metabolism of cancer cells mainly
manifested in de novo fatty acid synthesis and enhanced
lipid synthesis, and reduced fatty acid breakdown.**
Hence, we detected the mRNA levels of several key
enzymes for fatty acid synthesis-fatty acid synthase
(FAS), acetyl-CoA carboxylase (ACC), sterol regulatory
element binding protein 1c (SREBPlc), ATP-citrate
lyase (ACLY), stearoyl-CoA desaturase-1 (SCD1) as well
as important enzymes for f-oxidation of fatty acids-carni-
tine palmitoyltransterase-1 (CPT-1), CPT-2, long-chain
acyl-CoA dehydrogenase (LCAD), and medium-chain
Acyl-CoA dehydrogenase (MCAD). As Figure 3A-B
shows, the mRNA levels of FAS, ACC, SREBPIc, and
ACLY significantly decreased while the mRNA levels of

EA Huh7
EE3 Control

>

E& Huh? B
E= Control
147 E3 LRP1B knockdown

Relative mRNA levels to Huh7 cells
Relative mRNA levels to Huh7 cells

MCAD

| B LRP1B knockdown *

LCAD

MCAD, LCAD and CPT-1 obviously increased after
LRP1B knockdown in HCC cells, as compared to the
other two groups. Meanwhile, further measures of FAS,
ACC and CPT-1 activity were performed by using enzyme
activity detection kits and the result showed that the activ-
ity of FAS and ACC decreased while the activity of CPT-1
increased after LRP1B knockdown (Figure 3C-E). These
results suggested that LRP1B might promote lipid synth-
esis, inhibit lipolysis and finally regulate the lipid metabo-
lism reprogramming in HCC cells. Of note, in recent
years, AMPK signaling has been recognized as a main
regulator of cellular lipid metabolism.>> Herein, we
detected the levels of p-AMPK and AMPK proteins in
HCC cells and found that p-AMPK/AMPK ratio was sig-
nificantly increased after LRP1B knockdown (Figure 3F),
suggesting the involvement of LRP1B in lipid metabolism
in HCC cells might be related to AMPK signaling.
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Figure 3 LRPIB regulated expression and activity of lipid metabolism-related enzymes and signaling. (A) Relative mRNA levels of several key enzymes for fatty acid
synthesis-FAS, ACC, SREBPIc, ACLY, SCDI in Huh7 cells with or without LRPIB knockdown were assessed by quantitative PCR. (B) Relative mRNA levels of important
enzymes for B-oxidation of fatty acids-CPT-1, CPT-2, LCAD, MCAD in Huh7 cells with or without LRPIB knockdown were assessed by quantitative PCR. (C-E) Relative
activity of FAS (C), ACC (D), CPT-1 (E) in Huh7 cells after LRP1B knockdown was determined by relevant Kit. (F) Expressions of p-AMPK and AMPK in Huh7 cells with or
without LRPIB knockdown were detected by Western blotting. B-actin was set up as an internal control. Then, relative levels of p-AMPK/AMPK to B-actin in Huh7 cells
from the same experiments as shown. *p < 0.05; **p < 0.01. Data represented the meanzSD. Statistical significance was analyzed by two-tailed unpaired Student’s t-test.
Triplicate experiments independently with similar results.
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High Expression of LRPIB is Induced by
HSFI in HCC

In cancers, the regulation of LRP1B expression is often
closely related to its promoter methylation status.’®>® To
explore the high-expression mechanism of LRPIB in
HCC, we used the upstream 5 kb sequence of LRPIB
gene as a source to predict its promoter and then used
MethPrimer software to scan the distribution of CpG
islands of human LRP1B gene. The results showed that
there were 4 potential CpG islands in the promoter region
of human LRPIB gene, mainly located in exon 1 and
upstream regions (0—437, +589-807, +1856-1982, +3103-
3342) (sFigure 4). In order to further clarify the methyla-
tion status of the LRP1B gene promoter in HCC tissues,
we used quantitative methylation-specific PCR (Q-MSP)
to analyze the methylation level of the LRP1B gene pro-
moter in 30 HCC samples and matched adjacent samples,
but did not find the difference between HCC and matched
adjacent samples (sFigure 4), suggesting that high-
expression of LRP1B in HCC as compared to noncancer-
ous tissues might result from other factors rather than its
epigenetic regulation.

Our previous serial studies revealed that transcription
factor-heat shock factor 1 (HSF1) was highly expressed in
HCC and closely related to the malignant biological beha-
vior of HCC cells as well as played a key role in the
regulation of HCC metabolism.>* > Therefore, to examine
whether LRP1B expression can be regulated by HSF1 in
HCC, we applied firstly TFBIND (http://tfbind.hgc.jp/)
and ALGGEN-PROMO (http://alggen.lsi.upc.es) online
software to analyze the transcription factor binding sites

in the LRP1B promoter region and found that several
potential HSF1-binding sites were simultaneously pre-
dicted (Figure 4A). Afterwards, we used the dual lucifer-
ase reporter assay to verify the actual binding. The result
showed that, compared to the control group, the relative
luciferase activity in cells co-transfected with HSF1 vector
LRP1IB promoter
increased; while the

and wild-type was significantly
luciferase activity when co-
transfected HSF1 vector with mutant LRP1B promoter
(MT1 and MT2) was significantly decreased (Figure 4B).
To explore the effect of HSF1 on LRP1B expression, we
effectively down-regulated HSF1 expression in HCC cells
by using a lentivirus-induced RNA interference system
and found that LRPIB expression was significantly
reduced after HSF1 knockdown in HCC cells (Figure

4C; sFigure 5). Collectively, the results above indicated

that LRP1B expression can be directly regulated by HSF1
in HCC.

Involvement of HSFI in LRPI|B-Mediated
Lipid Metabolism in HCC

Based on the findings above, we questioned whether HSF1
participates in lipid metabolism of HCC cells via regulat-
ing LRP1B. To address the issue, we upregulated HSF1
expression in HCC cells and found the upregulation of
HSF1 promoted the intracellular lipid accumulation in
HCC cells (sFigure 6). Subsequently, we upregulated
HSF1 in LRPIB-knockdown HCC cells
(Figure 4D) and observed by using DiD staining that the

expression

genetic upregulation of HSF1 in LRP1B deficiency condi-
tion slightly and non-significantly increased the number of
staining positive cells as compared to cells with LRP1B
knockdown, but maintained a significant decrease as com-
pared to control cells without LRP1B knockdown (Figure
4E-F). This result suggested that HSF1 may be involved in
lipid metabolism via affecting other bypasses except the
LRPI1B-mediated pathway.

To further support our hypothesis that HSF1 is
involved in LRP1B-mediated lipid metabolism in HCC,
we chose Hep3B cells, which harboring low LRP1B base-
line expression, and down-regulated efficaciously HSF1
expression. Due to the fact that LRP1B mRNA sequence
is too long (>15000 bp), which will lead to the dilemma of
constructing LRP1B overexpression vector, we applied the
CRISPRa transcription activation system to directly acti-
vate the transcription of LRP1B and upregulated its
knockdown
(Figure 4G); then measured the lipid content in these
cells. The result showed that the activation of LRP1B
transcription strikingly increased the number of staining

expression in Hep3B cells with HSF1

positive cells in control Hep3B and HSF1-knockdown
Hep3B; notably, when the direct activation of LRPIB
transcription, staining positive number of Hep3B with
HSF1 knockdown significantly reduced as compared to
Hep3B without HSF1 knockdown (Figure 4H-I). This
suggested that in HCC cells, LRP1B-mediated lipid meta-
bolism requires mostly the existence of HSF1.

Prognostic Value of LRPIB Combined
with HSFI in HCC

Previous studies including our work have verified the
clinical prognostic value of HSF1 in HCC.?’** Herein,
we further investigated the prognostic value of LRP1B
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represented the meanSD. Statistical significance was analyzed by two-tailed unpaired Student’s t-test. Triplicate experiments independently with similar results.

combined with HSF1 in HCC through screening the
expressions of LRP1B and HSFI1 in 305 HCC samples
with complete clinical information. The result from uni-
variant analysis showed that LRP1B expression was cor-
related with patient age and serum AFP level (P = 0.038
and 0.008, respectively) (Table 1). Further results from
Kaplan-Meier analysis showed that LRP1B expression
represented a negative correlation with overall survival
period of HCC patients (P = 0.006) (Figure 5A), while
displayed a positive correlation with recurrence (P =
0.012) (Figure 5B); moreover, the OS of patients with
simultaneous high expression of both LRP1B and HSF1
was significantly lower than that of patients with single
high expression or simultaneous negative expression of
LRPIB and HSF1 (P = 0.002) (Figure 5C), while the

recurrence presented a significant increase in patients

with simultaneous high expression of both LRP1B and
HSF1 (P = 0.018) (Figure 5D). Furthermore, data from
multivariate analysis showed that the simultaneous expres-
sion of HSF1 and LRP1B was an independent prognostic
factor for OS (hazard ratio [HR]: 1.317; 95% CI: 1.121-
1.549; P = 0.001) and recurrence (HR: 1.261; 95% CI:
1.093-1.456; P = 0.002) (Table 2).

Synergistic Suppression of LRPIB
Knockdown and HSFI Inhibition in the
Proliferation of HCC Cells

In recent years, high-fat diet has been demonstrated to

34 and

promote the initiation and development of cancer
enhance the proliferation of cancer cells via a variety of
oncogenic signaling.>>~° Therefore, we observed the effect

of high-fat on the proliferation of liver cancer cells. The
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Figure 5 LRPIB and HSFI is correlated with poor survival and prognosis in patients with HCC. (A-B), Kaplan-Meier analysis of cumulative overall survival time (OS) (A)
and time to cumulative recurrence (TTR) (B) in HCC patients with LRPIB high expression compared to those with LRPIB low expression. (C-D), The cumulative OS (C)
and TTR (D) analysis of HCC patients with simultaneous high expression of both LRPIB and HSFI. Statistical significance was analyzed by Log rank test.

result from experiment in vitro showed that lipid-rich
culture significantly upregulated the expressions of
LRPIB and HSF1 in HCC (sFigure 7).
Furthermore, we established the subcutaneous hepatoma
in C57BL/6J mice with Hepl-6 cells and performed
a high-fat diet feeding for 30 days. The result also showed

cells

that a high-fat diet enhanced the growth of allograft
tumors and upregulated the expressions of LRP1B and
HSF1 as well as FA synthesis-related enzymes while
downregulated the expressions of [-oxidation-related
enzymes (sFigure 7). In addition, based on the finding
and observations above that simultaneous high expression
of both LRP1B and HSF1 indicates the poor prognosis of
patients with HCC, we sought to preliminarily explore the
potential role of simultaneously targeted inhibition of
LRPIB and HSF1 in treating HCC. Hence, we treated
LRP1B-knockdown HCC cells with HSF1 specific inhibi-
tor-KRIBB11 (10 uM) and observed the change of prolif-
eration in these cells. The result showed that, compared to

significantly reduced the proliferation of HCC cells
(Figure 6A). Moreover, we further found that LRP1B
knockdown combined with KRIBB11 treatment in HCC
cells significantly reduced the expression and activity of
lipid synthesis-related enzymes, while enhancing the
expression and activity of P-oxidation-related enzyme
(Figure 6B-F).

Discussion

In recent years, due to the development of multi-omics
techniques including proteomics, genomics and metabolo-
mics, the molecular feature of liver cancer has gradually
been revealed.”' %>’ Notably, metabolic alteration is being
regarded as a key hallmark of liver cancer but still remains
unclear in HCC.'?* Previous well-studied metabolic
alterations in HCC are mainly glucose, glutamine and
methionine metabolism,**™*' less attention has been paid
to lipid metabolism features of HCC. As obesity- and
NAFLD-related HCC cases increase in China, it is urgent
to exploit the patterns and influences of lipid metabolism
in HCC. Accumulating evidence shows that HCC is

LRP1B knockdown or KRIBBI11 treatment, LRPI1B
knockdown combined with KRIBB11 treatment
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Table | Correlation of LRPIB and HSFI Expression and Clinicopathologic Parameters in HCC Patients
Variable HSF1 LRPIB
Low High P Low High P

sex 0.751 0.453
Male 170 55 93 132
Female 25 7 I 21

age 0.233 0.038"
<50 90 34 42 82
>50 105 28 62 71

HBsAg 0.703 0418
negative 25 9 16 18
positive 167 52 87 132

serum AFP 0.004* 0.008%*
<20ng/mL 77 12 46 43
>20ng/mL 116 49 57 108

Liver cirrhosis 0.117 0.141
no 68 15 39 44
yes 127 47 65 109

TNM 0.32 0.355
| 73 14 37 50
I 92 41 56 77
N-1v 30 7 I 26

Child-Pugh class 0.496 0.682

177 58 96 139

B 18 4 8 14

Tumor size 0.284 0.282
<5cm 97 26 54 69
5cm 98 36 50 84

Tumor number 0.594 0413
single 151 50 84 117
multiple 44 12 20 36

tumor differentiation 0.072 0.520
well 22 3 12 13
moderate 173 58 92 139
poor 0 | 0 |

vascular invasion 0.033* 0.889
no 83 17 41 59
yes 112 45 63 94

Note: *P<0.05 shown in bold means statistical significance.

Abbreviations: HBsAg, hepatitis B surface antigen; AFP, alpha-fetoprotein; TNM, tumor-node-metastasis.

typically characterized by perturbations in fatty acid and
lipid metabolism, mainly reflected in dysregulation of
genes and serum metabolites involved in fatty acid synth-
esis and trafficking.***

As a large member of the low-density lipoprotein

receptor family, LRPIB plays a dual role in lipid

homeostasis, not only providing the essential lipids to
maintain cell function, but also regulating the metabolism
of cholesterol lipoproteins in the circulation.** A majority
of studies in the cancer field have demonstrated that
LRP1B is negatively or lowly expressed in cancers includ-

ing esophageal squamous carcinoma (ESC),”® non-small
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Table 2 Univariate and Multivariate Analysis of Different Prognostic Parameters in Patients with HCC Patients
Factors os TTR
Univariate | Multivariate Univariate | Multivariate
P HR 95% ClI P P HR 95% CI P
Sex: male vs female 0.374 1.262 | NA 0.373 0.974 NA NA 0.730
Age: < 50 vs > 50 0.742 NA NA 0.804 0.469 NA NA 0.910
HBsAg: negative vs positive 0.897 NA NA 0.200 0.637 NA NA 0.121
Serum AFP (ng/mL): < 20 vs > 20 0.051 2.331 | 1.526-3561 | <0.001" | 0.053 1.882 | 1.325-2.674 | <0.001*
Liver cirrhosis: no vs yes 0.797 1.540 | 1.025-2.315 | 0.038% 0.891 1.619 | 1.129-2.320 | 0.009*
TNM: 1 vs Il vs llI-IV 0.005%* 1.856 | 1.410-2.441 | <0.001* | 0.001%* 1.871 | 1.460-2.397 | <0.001%*
Child-Pugh: A vs B 0.068 NA NA 0.533 0.973 NA NA 0.641
Tumor size: <5 cm vs > 5 cm <0.001%* 2.992 | 2.038-4.394 | <0.001* | <0.001%* 2.387 | 1.712-3311 | <0.001*
Tumor number: single vs multiple 0.036%* 2.233 | 1.525-3.269 | <0.001* | 0.119 2.397 | 1.696-3.388 | <0.001*
tumor differentiation: well vs moderate vs poor | 0.548 NA NA 0.072 0.454 1.900 | 1.089-3.317 | 0.024*
vascular invasion: no vs yes 0.009 1.665 | 1.138-2.435 | 0.009* 0.001* 1.588 | 1.137-2.217 | 0.007*
HSFI expression 0.010%* 1.730 | 1.182-2.532 | 0.005* | 0.191 1.661 | 1.171-2.357 | 0.004*
LRPIB expression 0.028%* 1.686 | 1.153-2.467 | 0.007* 0.036* 1.514 | 1.089-2.105 | 0.014*
HSFI/LRP I Bcomgination: low vs High 0.014%* 1.317 | 1.121-1.549 | 0.001* | 0.066 1.261 | 1.093—1.456 | 0.002*

Note: *P < 0.05 shown in bold means statistical significance.

Abbreviations: OS, cumulation overall survival; TTR, time to recurrence; HR, hazard ratio; Cl, confidence interval; NA, not adopted.

cell lung cancer (NSCLC),* thyroid cancer,*® cervical
cancer’’ and melanoma,48 and identified LRPIB as
these
Intriguingly, in contrast to the cancers mentioned above,

a potential tumor suppressor in cancers.
HCC presents a predominantly strong expression of
LRP1B. High expression of LRP1B in HCC was further
identified in various cell lines, harboring different genetic
backgrounds and representative characteristics, and clini-
cal samples by us in the study. The result suggested
a possibly unique role for LRP1B in HCC, different from
tumor suppression in other majority cancers.

In view of the fundamental function of LRPIB as
a member of the low-density lipoprotein receptor family,
we focused mainly on the effect of LRP1B on lipid meta-
bolism of HCC cells, although we also identified the
inhibition of LRP1B in the proliferation, clone formation
and pseudopodia formation of HCC cells in another study,
suggesting a positive role of LRP1B in maintaining the
malignant behaviors of HCC cells. In the study, we found
that lipid accumulation, storage or lipid droplets were
significantly reduced after LRP1B knockdown. The result
indicated the important role of LRP1B in remaining intra-
cellular lipid content in HCC cells. Meanwhile, based on
the fact that lipids can provide sufficient energy and sub-

stances for cancer cells,**>°

it also suggested a potential
therapeutic strategy for HCC treatment that targeting

against LRP1B will suppress the energy production in

HCC cells through limiting the supplement of lipid and
lipoprotein.

It was reported that an upregulated lipogenic pathway
exists in HCC.>" As the first rate-limiting enzyme for fatty
acid synthesis, ACC can catalyze fatty acid synthesis and
inhibit the oxidative decomposition of fatty acids while the
other enzyme FAS is often in an over-activated state in
cancers, leading to aberrated lipid metabolism.>* In con-
trast, as the rate-limiting enzyme in the process of fatty
acid B-oxidation, CPT-1 controls fatty acids to enter the
mitochondria.>® Through detecting the expressions and
activities of these enzymes after LRP1B knockdown, we
found the significant decrease of ACC and FAS and the
increase of CPT-1 after LRP1B knockdown. It suggested
that LRP1B-mediated lipid accumulation may result from
regulating the balance between FA synthesis and (-
oxidation. Furthermore, AMPK is a sensor of cell energy
metabolism and its activation can inhibit the expression of
SERBP-1c, an important upstream factor of ACC and
FAS, finally leading to the suppression of de novo synth-
esis of fatty acid.”* More recently, it has been reported that
upregulation of AMPK activity, a typical nutrient defi-
ciency condition, promoted the expressions of CPT-1 and
CPT-2 and finally initiated the B-oxidation in HCC.>
Hence, we observed the change of AMPK activation
after LRPIB knockdown in HCC cells and found the
upregulated activation of AMPK signaling. Herein, it
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Figure 6 LRPIB knockdown combined with KRIBBI | treatment significantly reduced

the proliferation of HCC cells. (A) Cell proliferation in Huh7 cells with single LRPI1B

knockdown or KRIBBI | treatment, LRPIB knockdown +KRIBBI | treatment was assessed by a CCK-8 assay. Untreated Huh7 was set up as a control. (B=C) The mRNA
levels of several key enzymes for fatty acid synthesis-FAS, ACC, SREBPIc, ACLY, SCDI (B) and important enzymes for B-oxidation of fatty acids-CPT-1, CPT-2, LCAD,
MCAD (C) in Huh7 cells mentioned above were assessed by quantitative PCR. (D-F) Relative activity of FAS, ACC and CPT-1 in Huh7 cells mentioned above were assessed
by associated ELISA assays. *P <0.05 vs control; # P <0.05 vs knockdown. Data represented the meanzSD. Statistical significance was analyzed by two-tailed unpaired

Student’s t-test. Triplicate experiments independently with similar results.

was hypothesized that the involvement of the AMPK path-
way may be in the regulation of LRP1B in lipid metabo-
lism in HCC cells.

In the study, to further clarify the mechanism of
LRPIB in lipid metabolism, we investigated which factors
accounted for the high expression of LRP1B in HCC.
Previous researchers have found that loss of LRP1B func-
tion in other cancers often results from homozygous
deletion or CpG island hypermethylation-induced tran-
scriptional silencing.?® Herein, we examined the methyla-
tion level of CpG island in the promotion of LRP1B gene
in HCC tissues and matched adjacent tissues and found no
significant difference. It suggested that high expression of
LRP1B in HCC may not be directly related to epigenetic
regulation. In addition to epigenetic regulation, the tran-
scription of a gene is also closely related to upstream
transcription factors. In our previous studies, HSF1 was

identified as a key transcription factor, which played
a pivotal role in regulating the metabolic feature of HCC
cells.? 2 Hence, we investigated whether HSF1 can
directly modulate the transcription of LRP1B and con-
firmed the hypothesis by using a dual luciferase report
assay. Subsequently, we concluded that LRP1B-mediated
lipid metabolism requires the existence of HSF1 in HCC
cells. Nevertheless, the specific molecular mechanism
needs to be further explored.

Finally, to evaluate the potential prognostic value of
LRP1B combined with HSF1 in HCC, we analyzed the
association of LRP1B and HSF1 expression with prog-
nosis of 305 HCC patients and found that a high expres-
sion of LRP1B and HSF1 was closely related to shorter
OS and a higher risk of recurrence; and the simultaneous
expression of HSF1 and LRP1B was an independent prog-
nostic factor for HCC patients. The result will provide
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evidence for the precise stratification of HCC patients in
the future. At the same time, the finding encourages us to
explore the possibility of HCC targeted therapy against
LRP1B and HSF1. We applied, respectively, genetic and
chemical inhibitors of LRP1B and HSF1 to combinedly
treat HCC cells and demonstrated the synergistic suppres-
sion of LRP1B knockdown and HSF1 inhibition in the
proliferation of HCC cells as well as activity of lipid
metabolism-related enzymes. Pharmacologic inhibition of
the HSF1 pathway is promising in the field of treating
cancers.”® Our findings will provide a choice for making
multidisciplinary therapeutic strategies for HCC in the
future.

However, there are several limitations in our study. We
had not planned to observe the direct effect of intracellular
lipid accumulation through applying specific drugs on the
growth of liver cancer cells, but an important study
demonstrated recently that lipid synthesis promotes the
tumorigenesis of hepatocytes;’’ meanwhile we observed
that a high-fat diet enhanced the growth of subcutaneous
tumors in vivo. Altogether, it suggests a key relationship
between lipogenesis and growth of HCC cells. In addition,
the exhaustive molecular mechanism for explaining the
association of LRP1B with HSF1 or AMPK, which con-
sequently leads to lipid metabolism reprogramming in
HCC, is still to be elucidated. Nevertheless, from the
available data, we are able to reveal a novel unique onco-
genic role of LRP1B in HCC by serving as a mediator in
lipid metabolism, whereas the direct regulation of LRP1B
transcription by HSF1 provides an insight for synergisti-
cally inhibiting the proliferation of HCC cells. Hence,
targeting LRP1B-mediated lipid metabolism might be
a potential therapeutic strategy for HCC treatment in the
future.
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