
Cell Death & Differentiation (2020) 27:1693–1708
https://doi.org/10.1038/s41418-019-0453-z

ARTICLE

Tumor suppressor ZHX2 inhibits NAFLD–HCC progression
via blocking LPL-mediated lipid uptake

Zhuanchang Wu1
● Hongxin Ma1,2 ● Liyuan Wang1

● Xiaojia Song1
● Jie Zhang1

● Wen Liu1
● Yutong Ge 1

●

Yang Sun1
● Xiangguo Yu1

● Zehua Wang1
● Jianping Wang3

● Yankun Zhang1
● Chunyang Li1 ● Nailin Li4 ● Lifen Gao1

●

Xiaohong Liang1
● Xuetian Yue5 ● Chunhong Ma1

Received: 27 July 2019 / Revised: 27 October 2019 / Accepted: 29 October 2019 / Published online: 18 November 2019
© The Author(s) 2019. This article is published with open access

Abstract
Non-alcoholic fatty liver disease (NAFLD) leads to hepatocellular carcinoma (HCC). However, the underlying mechanism
remains largely unclear. Here, we investigated the role of the tumor suppressor Zinc fingers and homeoboxes 2 (ZHX2) in
the progression of NAFLD to HCC. ZHX2 expression was significantly decreased in fatty liver tissues, especially in the liver
with NAFLD–HCC. ZHX2 overexpression disturbed lipid homeostasis of cultured HCC cells, and inhibited lipid deposition
in hepatocytes both in vitro and in vivo. Moreover, ZHX2 inhibited uptake of exogenous lipids through transcriptional
suppression of lipid lipase (LPL), leading to retarded proliferation of HCC cells. Importantly, LPL overexpression
significantly reversed ZHX2-mediated inhibition of HCC cell proliferation, xenograft tumor growth, lipid deposition, and
spontaneous liver tumor formation. Consistently, IHC staining demonstrated a negative correlation of ZHX2 with LPL in an
HCC cohort. Collectively, ZHX2 protects hepatocytes from abnormal lipid deposition in NAFLD through transcriptional
repression of LPL, which subsequently retards cell growth and NAFLD–HCC progression. These findings illustrate a novel
mechanism of NAFLD progression into HCC.

Introduction

Hepatocellular carcinoma (HCC) is the third leading cause
of cancer-related death worldwide. Numerous studies have
indicated non-alcoholic fatty liver disease (NAFLD) as a

key trigger of HCC, to which the underlying mechanism
remains elusive [1, 2]. In the past decades, the morbidity of
NAFLD has been dramatically increased, due to the marked
increase of metabolic syndromes, such as obesity and dia-
betes [3]. Therefore, there is an urgent need to clarify the
mechanisms underlying NAFLD–HCC progression for
developing new therapeutic strategies against HCC.

Over the last decades, there have been steady advances in
the understanding on the molecular mechanisms of
NAFLD–NASH–HCC progression [1, 4]. It has been
established that lipid metabolism disorder plays a critical
role in NAFLD–HCC progression [5]. Accumulating evi-
dence demonstrated that tumor suppressor genes (TSGs)
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closely regulate cell proliferation and differentiation, as well
as lipid metabolisms and NAFLD. TP53, a TSG and one of
the most frequently mutated genes in HCC, inhibits the
expression of cellular metabolism-regulating genes to pre-
vent tumor development [6]. Liver-specific deficiency of
PTEN, another well-known TSG, promotes hepatic
expression of adipocyte-specific genes and lipogenesis and
beta-oxidation-related genes [7], leading to steatohepatitis
and HCC [8]. All the evidence strongly suggests that TSGs
are important links between NAFLD and HCC. Therefore,
identifying TSGs involved in the regulation of lipid meta-
bolisms would be beneficial for understanding mechanisms
of NAFLD-related carcinogenesis of HCC.

Zinc fingers and homeoboxes 2 (ZHX2), a member of
the ZHX family, has been identified as an HCC-associated
TSG [9]. Murine studies suggested that ZHX2 is respon-
sible for postnatal repression of HCC-related genes, such as
AFP, GPC3, and H19 [10, 11]. ZHX2-mediated suppres-
sion of AFP and GPC3 transcription was also confirmed in
cultured HCC cells [12, 13]. Clinical and functional data
demonstrated that reduced ZHX2 expression in HCC
enhanced cell growth and chemo-resistance. Mechanical
studies have identified Cyclin A, Cyclin E, and MDR1 as
the transcriptional repression targets of ZHX2 [14–16].
Interestingly, recent research identified ZHX2 as a novel
regulator of plasma levels of lipids, including TG [17],
indicating a potential role of ZHX2 in lipid metabolism.
However, the roles of ZHX2 in NAFLD and NAFLD–HCC
progression remains unknown.

Here, we found that ZHX2 inhibited uptake of exogen-
ous lipids in hepatocytes and suppressed NAFLD progres-
sion by transcriptionally repressing lipid lipase (LPL)
expression. The latter caused cell growth retardation, and
inhibited progression of NAFLD to HCC. These findings
provide potential therapeutic targets for NAFLD-
associated HCC.

Methods and materials

Cells, transfection, and luciferase assays

The human HCC cell lines HepG2, Huh7, SMMC7721,
QSG7701, Bel7402, and Doxycycline (Dox)-induced
Bel7402-ZHX2-Teton cell line were used for cell pro-
liferation and/or colony formation assays. Luciferase assays
were used for transcriptional regulation analyses.

Lipidomics analysis

Bel7402-ZHX2-Teton cells were cultured with Dox (1 μg/ml)
for 48 h to induce ZHX2 expression. The cells were collected
in 1ml methanol, and thoroughly mixed on vortex for 15 s

followed by pelleting the protein precipitate at 140,000 g.
Supernatant (100 μl) was stored at −80 °C refrigerator before
lipidomics analysis by Beijing Bio-Tech Pack Technology
Company Ltd.

Clinical samples, immunohistochemical (IHC), and
immunofluorescence (IF) staining

Clinical study protocol was approved by the Shandong
University Medical Ethics Committee. Fresh HCC and
paired paracancer tissues were collected from Shandong
Provincial Hospital. Informed consent was obtained from
all patients. Tissue microarray containing 75 HCC tissues
and paired paracancer tissues was purchased from Super-
chip (Shanghai, China). LPL expression was analyzed
in tissue microarray (n= 150) by IHC staining or in fresh
tissues (n= 40) by qRT-PCR. Correlation between
ZHX2 and LPL correlation was detected in HCC tissue
microarray (n= 75) and paraffin-embedded fresh HCC
tissues (n= 45). Freshly collected paracancer tissues with
(fatty liver) or without (non-fatty liver) vacuolation were
used to detect ZHX2 expression by IF staining as pre-
viously described [18].

NAFLD, NAFLD–HCC model, and xenograft tumor
assays

To generate liver-specific ZHX2 knockout mice, C57BL/6
(BL6) mice with exon three flanked by loxP sites (gifted by
Dr Brett T. Spear from University of Kentucky) [19]. These
mice were crossed with BL/6 mice expressing Cre recom-
binase driven by liver-specific albumin promoter (Alb-Cre)
(Shanghai Model Organisms Center, Inc., China) to obtain
heterozygous for the floxed Zhx2 allele with Cre recombi-
nase. Further breeding was performed to obtain homo-
zygous for floxed Zhx2 allele with or without Alb-Cre
transgene (designated as ZHX2-KOhep or ZHX2-WT).
DNAs were extracted from the mice tail biopsies. Geno-
typing of Zhx2 (flox) and Cre transgene were performed
using primers as previously described [19]. Eight-week-old
ZHX2-KOhep (n= 6) and ZHX2-WT (n= 6) mice were fed
with HFD to induce NAFLD.

NAFLD murine models were induced by feeding with
MCD diet or HFD. Briefly, 8-week-old mice were fed with
MCD diet (MD12052, Medicinece, Jiangsu, China) for
4 weeks. Four-week-old mice were fed with HFD
(MD12032, Medicinece, Jiangsu, China) for 12 weeks.
Each group contains 6 mice.

NAFLD–HCC was induced as previously described
[20]. Briefly, 200 μg STZ (Sigma) was subcutaneously
injected into neonatal male mice (n= 36) at 2 days after
birth. At week 4, mice were intravenously injected with
AAV viruses expressing ZHX2 (AAV-ZHX2) or LPL
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(AAV-LPL) (5 × 1011 PFU) and then fed with HFD. At
month 5, tumor nodes in murine livers were analyzed by
magnetic resource scan.

H22 cell xenograft tumors were prepared in male BALB/
c nude mice (6–8 weeks) for tumor growth analyses. Mice
(n= 24) were divided in four groups (Con, ZHX2, LPL,
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and ZHX2/LPL), each group contained at least five mice.
Tumor size was monitored every 3 days. Mice were sacri-
ficed at day 15, and xenograft tumors were isolated and
weighted.

Statistical analysis

Data are presented as mean ± SEM from triplicate experi-
ments or mean ± SD from at least three samples. Sig-
nificance was determined using Student’s t-test or one-way
ANOVA. A p < 0.05 was considered as significant
difference.

Results

Decreased expression of ZHX2 in fatty liver tissues
and hepatocytes

Previous reports demonstrated that ZHX2 expression was
decreased in HCC [14, 15]. Interestingly, immuno-
fluorescence (IF) and immunohistochemical (IHC) staining
showed that ZHX2 expression significantly decreased in
paracancer liver tissues with vacuolation compared with
that without vacuolation (Fig. 1a). Liver tissue with
vacuolation is a sign of lipid deposition [21], above results
indicated that lipids may regulate ZHX2 expression. To
address this issue, oleic acid (OA) or fat emulsion (FE) was
employed to treat HepG2 cells. As shown in Fig. 1b, ZHX2
expression was clearly decreased on both mRNA and pro-
tein levels in OA- and FE-treated HepG2 cells in a dose-
dependent manner. Consistent with the in vitro assays,
mRNA, and protein levels of ZHX2 were significantly

decreased in MCD diet- and HFD-induced fatty livers
compared with livers from non-fat diet (NFD) fed mice
(Fig. 1c). Furthermore, ZHX2 mRNA and protein levels
were significantly decreased in the liver from STZ–HFD
induced NAFLD–HCC mice, and the reduction of ZHX2
was clearly observed in both liver steatosis and HCC stage
(Fig. 1d, e), indicating the potential involvement of ZHX2
in progress of NAFLD to HCC.

ZHX2 inhibits hepatic lipid accumulation and NAFLD
progression

To clarify the role of ZHX2 in hepatic lipid homeostasis,
total lipids of Bel7402 with or without Dox-induced ZHX2
ectopic expression were extracted to perform lipidomics. As
shown in Fig. 2a, ZHX2 ectopic expression dramatically
decreased most of lipid components, including TG, phos-
phatidylcholines (PC), and ceramide (Cer). Especially, the
normalized abundance of total TG was clearly reduced in
Dox-treated Bel7402-ZHX2-Teton cells (Fig. 2b). Accord-
ingly, ectopic expression of ZHX2 clearly inhibited TG
accumulation in Bel7402 cells, and knockdown of endo-
genous ZHX2 markedly increased TG level in Huh7 cells
(Fig. 2c). Results of Bodipy staining, which indicates
intracellular lipid levels, showed that ZHX2 inhibited lipid
accumulation in HCC cell lines (Fig. 2d). These results
were further verified by flow cytometry analyses (Fig. 2e)
and fluorescence images (Fig. S1A, B). All the results
suggest that ZHX2 is an inhibitory regulator in hepatic lipid
homeostasis.

To confirm the in vitro findings, Alb-cre was used to
delete loxP-flanked Zhx2 in murine hepatocytes to establish
liver-specific ZHX2 knockout mice (ZHX2-KOhep) (Fig.
S1C). ZHX2-KOhep mice and control littermates (ZHX2-
WT) were fed with HFD to induce NAFLD. Hepatic ZHX2
deficiency presented a fatty color for the liver, and increased
vacuolation in the liver tissue of ZHX2-KOhep mice, sug-
gesting aggravated liver lipid deposition. A similar trend
was also observed by Oil Red O staining (Fig. 2f). Con-
sistently, hepatic levels of total TG and cholesterol were
significantly higher in ZHX2-KOhep mice than ZHX2-WT
mice (Fig. 2f). In MCD-diet fed mice, knockdown of ZHX2
by lentivirus expressing ZHX2 shRNA significantly
increased liver lipid deposition and hepatosteatosis (Fig.
S1D). Collectively, our data indicate that ZHX2 inhibits
lipid deposition in the liver, and ameliorates NAFLD
in mice.

ZHX2 inhibits HCC cell proliferation by limiting lipid
uptake

A number of recent reports have demonstrated the impor-
tance of exogenous lipids in tumor cell proliferation,

Fig. 1 ZHX2 expression was decreased in lipids-treated HepG2 cells
and fatty livers. a Expression of ZHX2 in human non-fatty liver
specimens and fatty liver specimens were determined by IHC and IF.
The representative images were shown on the left panel. The right
panel showed the percentages of ZHX2 positive cells and florescence
intensity of ZHX2 in the specimens. n= 10; ***p < 0.001. b ZHX2
expression was detected in oleic acid (OA)- or fat emulsion (FE)-
treated HepG2 cells by RT-PCR and Western blot. The quantification
data were shown on the upper panel. n ≥ 6; **p < 0.01. Western blot
results were shown on the lower panel. c ZHX2 expression was
determined in fatty livers from MCD diet- or HFD-induced mice by
RT-PCR and Western blot. The quantification of ZHX2 mRNA levels
was shown on the upper panels. n ≥ 4; ***p < 0.001. ZHX2 protein
levels were shown on the lower panel. d STZ–HFD was used to induce
NAFL–HCC murine model. Steatosis and HCC as two stages in the
progression of NAFLD to HCC were determined by H&E staining and
shown on the left panel. The right panel showed the ZHX2 expression
at mRNA and protein levels in liver tissues from the mice fed with
non-fatty diet (NFD) and pathological tissues induced by STZ–HFD.
**p < 0.01, ***p < 0.001. e ZHX2 expression in mice liver tissues was
confirmed by IHC staining and showed on left panel. Right panel
showed the quantification of ZHX2 IHC staining. ***p < 0.001. Data
presented are mean ± SEM, n= 6
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metastasis and survival [22, 23]. Consistently, HepG2 cell
proliferation was decreased in the medium with 1% fatty
acid-free BSA compared with that with 10% FBS, and 0.1%

FE partially rescued HepG2 cell proliferation (Fig. S2A).
To further elucidate the involvement of ZHX2-mediated
lipid deposition in its tumor suppressor function, Bel7402
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and HepG2 cells were cultured in low glucose medium to
minimize de novo lipid synthesis. As shown in Fig. S2B and
Fig. 3a, ZHX2 overexpression inhibited HCC cell pro-
liferation in low glucose medium with 10% FBS, but the
inhibitory effect of ZHX2 was absent when cells were
cultured with 1% fatty acid-free BSA. However, the inhi-
bitory effect of ZHX2 re-emerged when supplement with
0.1% FE (Fig. 3a), indicating that ZHX2’s inhibitory effect
is partially dependent on exogenous lipids. To verify this
finding, Bel7402-ZHX2-Teton and ZHX2-overexpressed
Huh7 were cultured in low glucose medium containing
VLDL, which can provide exogenous lipids [24]. As shown
in Fig. 3b, ZHX2-mediated inhibitory effect on cell pro-
liferation was more obvious in the medium with VLDL than
that without VLDL. Reciprocally, ZHX2 knockdown led to
more significantly enhanced cell proliferation in Bel7402
and Huh7 cells when cultured in the medium with VLDL
than that without VLDL (Fig. 3c). These results suggest that
ZHX2 inhibits cell proliferation in an exogenous lipid
utilization-dependent manner.

To further validate the role of ZHX2 in limiting uptake of
exogenous lipids and inhibiting cell proliferation, Dil-
labeled VLDL was employed as the tracker of exogenous
lipid uptake in Huh7. Fluorescence images showed that
fluorescence intensity of Dil-VLDL was weak in ZHX2-
postive cells compared with ZHX2-negative Huh7 cells
(Fig. 3d and Fig. S2C). This was further confirmed in
Bel7402 and Huh7 cells with manipulation of ZHX2
expression. Both flow cytometry and fluorescence images
showed that overexpression of ZHX2 inhibited Dil-VLDL
uptake and knockdown of ZHX2 increased Dil-VLDL
uptake (Fig. 3e and Fig. S2D). More importantly, VLDL led
to increase of free fatty acids (FFAs) and ATP in Huh7
cells, both of which are important resources for cell pro-
liferation. Overexpression of ZHX2 inhibited VLDL-
induced increasing of FFAs and ATP, while knockdown
of ZHX2 increased VLDL-induced increase of FFAs and
ATP in Bel7402 (Fig. 3f). Taken together, all the data

suggest that ZHX2 blocks lipid uptake of HCC cells, and
therefore inhibits cell proliferation.

LPL is the direct target of ZHX2

To identify the potential ZHX2 targets that regulate hepatic
lipid homeostasis, RT-PCR was used to screen well-known
lipid homeostasis related genes. As shown in Fig. 4a, LPL
expression was clearly decreased in Bel7402-ZHX2-Teton
cells. This result was confirmed in Bel7402, HepG2,
QSG7701, and SMMC7721 cells with ZHX2 over-
expression or knockdown (Fig. 4b). As ZHX2 is a tran-
scriptional regulator [9], we hypothesized that ZHX2 might
represses LPL expression at transcriptional level. To test
this hypothesis, luciferase reporter assays were performed.
Ectopic expression of ZHX2 significantly repressed activity
of LPL promoter (–1678 to +67nt), and knockdown of
endogenous ZHX2 clearly activated LPL promoter
(Fig. 4c). Of note, ZHX2 suppressed LPL promoter activity
in a dose-dependent manner (Fig. 4d).

To identify the core region of LPL promoter responded
to ZHX2, a series of truncated LPL promoter reporter
plasmids were constructed. Transient co-transfection fol-
lowed by luciferase reporter assay showed that truncated
LPL promoter retained responsive to ZHX2 until the −96 to
−38nt were deleted, suggesting that ZHX2 transcriptionally
regulated LPL via region of −96 to −38nt in its promoter
(Fig. 4e). Moreover, ChIP assay further confirmed the
recruitment of ZHX2 in LPL promoter. As shown in Fig. 4f,
ZHX2 dramatically enriched in the region (−96 to +67nt)
of LPL promoter when Bel7402-ZHX2-Teton were induced
by Dox. Thus, ZHX2 transcriptionally represses LPL
expression by binding, directly or indirectly, to the pro-
moter region of LPL.

To evaluate the role of LPL in NAFLD progression, Dil-
VLDL was used to treated HCC cells with LPL manipula-
tion. As shown in Fig. 5a, ectopic expression of LPL
increased uptake of Dil-VLDL, while knockdown of
endogenous LPL decreased uptake of Dil-VLDL in Huh7
cells, indicating the involvement of LPL in uptake of
lipoproteins. This result was further confirmed by flow
cytometry (Fig. 5b). Furthermore, in vivo study showed that
liver-specific overexpression of LPL increased levels of TG
and cholesterol in the mice livers and promoted NAFLD
progression (Fig. S3A). Our findings are in line with a
recent study reporting that LPL simultaneously bound to
lipoproteins and cell surface proteins, leading to uptake of
lipoproteins [25].

To investigate the role of LPL in HCC development, cell
proliferation was measured in HCC cell lines with modu-
lated LPL expression. As shown in Fig. 5c, d, over-
expression of LPL dramatically increased HCC cell
proliferation and colony formation, while knockdown of

Fig. 2 ZHX2 inhibits lipid accumulation in hepatocytes and delays the
progression of NFALD. a Heat map of lipid metabolites were identi-
fied by LC-MS in Bel7402 with or without Dox-induced ZHX2
expression. ZHX2 expression was confirmed by western blot.
b Normalized abundance of total TG analyzed from lipidomics data of
Bel7402 in a n= 3; **p < 0.01. c–e HCC cell lines with ZHX2
overexpression or knockdown were treated with PA to induce stea-
tosis. Levels of TG (c), fluorescence of Bodipy (d), and flow cyto-
metry (e) were used to determine accumulation of lipids. Statistic
results of lipids intensity were shown on the right panel. n ≥ 4; *p <
0.05, **p < 0.01. f The mice with liver-specific knockout of ZHX2 and
the control littermates were used to induce NAFLD by feeding with
HFD. The representative images of whole mouse liver, Oil Red O, and
H&E staining were shown on the left panel. Right panel showed the
statistic result of TG and cholesterol levels in liver homogenates. *p <
0.05. Data presented are mean ± SEM, n= 6
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LPL clearly inhibited HCC cell proliferation and colony
formation. Furthermore, LPL expression, both in mRNA
and protein level, was significantly higher in HCC tissues

compared with paracancers (Fig. 5e and Table S1). And the
levels of LPL expression in stages III/IV of HCC were
higher than stages I/II of HCC (Table S2). Consistently,
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KM plotter analysis (www.kmplot.com) showed a negative
correlation of LPL expression with overall survival in HCC
patients (Fig. 5f) [26]. Taken together, all these data suggest
that, as the transcriptional target of ZHX2, LPL not only
mediates lipids uptake of HCC cell lines but also promotes
HCC tumor growth.

ZHX2 blocks lipids uptake and NAFLD progression
by repressing LPL

To define the role of LPL in ZHX2-inhibited lipid
deposition, the lipid content was measured in HCC cells
treated with exogenous lipid. As expected, ZHX2
decreased uptake of Dil-VLDL, while ectopic expression of
LPL abolished the inhibition of ZHX2 on the uptake of Dil-
VLDL in Bel7402 (Fig. 6a). Reciprocally, knockdown of
endogenous LPL clearly reversed ZHX2 knockdown-
enhanced Dil-VLDL uptake in Huh7 cells (Fig. 6b). Fur-
thermore, LPL overexpression ameliorated ZHX2-
decreased TG accumulation in Bel7402 cells (Fig. 6c).
Taken together, all the data suggest that ZHX2 inhibits
accumulation of lipids in HCC cells by repressing LPL
expression.

The role of LPL in ZHX2-mediated retardation of
NAFLD was further investigated using murine models.
Thus, mice were injected with AAV-ZHX2 and/or AAV-
LPL via tail vein, and then fed with HFD. As shown in
Fig. 6d, H&E and Oil Red O staining demonstrated that
ZHX2 overexpression significantly inhibited hepatic lipid
deposition and maintained normal hepatic structure, which
were significantly dampened by overexpression of LPL.
Also, ZHX2 overexpression decreased levels of hepatic TG
and cholesterol, while ectopic LPL expression reversed
ZHX2-decreased TG and cholesterol in liver homogenizes
(Fig. 6e). Similar results were also achieved in MCD-diet
fed mice with ZHX2 and/or LPL expression (Fig. S3B). All
these results demonstrate that ZHX2 inhibits lipid deposi-
tion in liver and hampers the progression of NAFLD by
suppressing LPL expression.

ZHX2 inhibits cell proliferation and liver tumor
growth by repressing LPL

Since ZHX2 was negatively associated with LPL, we
hypothesized that ZHX2 might exert its HCC suppressor
function through repression of LPL. Hence, cell prolifera-
tion was measured in HCC cells with manipulated expres-
sion of ZHX2 and LPL. Figure 7a showed that ZHX2
inhibited cell proliferation, and LPL overexpression
reversed ZHX2’s inhibitory effect. Reciprocally, ZHX2
knockdown significantly promoted cell growth, which was
markedly reversed by LPL knockdown in Huh7 and
Bel7402 cells (Fig. 7b). Furthermore, ZHX2 overexpression
suppressed the growth of xenograft tumors, while ectopic
expression of LPL enhanced tumor growth, and clearly
reversed the ZHX2-inhibited xenograft tumor growth
(Fig. 7c). Western blotting of PCNA confirmed the impacts
of LPL on ZHX2-mediated inhibition of cell proliferation
(Fig. 7d).

Aiming to further establish the concept of ZHX2/LPL
axis in NAFLD–HCC progression, ZHX2 (AAV-ZHX2)
and LPL (AAV-LPL) were introduced into STZ–HFD mice
either separately or simultaneously. As expected, the num-
ber of tumor nodes in mice injected with AAV-ZHX2 were
significantly less compared with the control mice, suggest-
ing that ZHX2 suppresses the progression of NAFLD to
HCC. Notably, LPL overexpression induced by AAV-LPL
not only increased the number of tumor nodes but also
reversed the inhibitory effect of ZHX2 on tumor formation
in STZ–HFD mice (Fig. 7e). These results were also sup-
ported by IHC staining of Ki67. ZHX2 overexpression
decreased Ki67+ cells, while ectopic LPL elevated Ki67+

tumor cells and restored Ki67 expression in ZHX2 tumor
cells (Fig. S3C). Collectively, all above data suggest that
ZHX2 hampers NAFLD–HCC progression by suppressing
LPL expression.

ZHX2 negatively associates with LPL expression in
human HCC samples

In order to further validate the involvement of ZHX2/LPL
axis in human HCC tissues, IHC staining of ZHX2, and
LPL were performed using serial sections from HCC tis-
sues. Consistent with our previous report [15], expression
levels of ZHX2 in stages III/IV of HCC were lower than
stages I/II of HCC (Table S3). Interestingly, co-IF staining
showed that paracancer tissues with higher ZHX2 nuclear
expression displayed lower LPL levels. Conversely, cancer
tissues with lower ZHX2 expression had higher LPL levels
(Fig. 8a). Among the 120 HCC specimens, positive ZHX2
and LPL staining was found in 54.2% (65 of 120) and 65%
(78 of 120) of tumors, respectively. Statistical analysis
revealed the significant negative correlation between ZHX2

Fig. 3 ZHX2 inhibits cell proliferation of HCC cells by blocking lipids
uptake. (a) Bel7402 cells with or without ZHX2 overexpression were
cultured in low glucose medium with 1% fatty acid-free BSA or 1%
fatty acid-free BSA plus 0.1% fat emulsion to assess cell proliferation.
Bel7402 and Huh7 cells with ZHX2 overexpression (b) or knockdown
(c) were cultured in low glucose medium with or without VLDL. Cell
proliferation was assessed by a CCK8 assay kit. d Dil-VLDL treated
Huh7 cells with overexpression of EGFP-tagged ZHX2. ZHX2 loca-
lization and VLDL intensity were shown by the representative images.
e Bel7402 and Huh7 cells with overexpression or knockdown of
ZHX2 were treated with Dil-VLDL. Dil-VLDL intensity was accessed
by flow cytometry. f Huh7 cells with ZHX2 overexpression or
knockdown were treated with VLDL to measure levels of free fatty
acids (FFAs) and ATP. *p < 0.05, **p < 0.01. Data presented are
mean ± SEM, n ≥ 3
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and LPL expression in total specimens, stages I/II and III/IV
of HCC (Fig. 8b). In addition, ZHX2 truncated protein
ZHX2(242–446), which contains the HD1 and HD2 with

nuclear localization signal (NLS) [15], inhibited LPL
expression at protein levels. While ZHX2(242–439), which
contains HD1 and HD2 without NLS [15], had no effect on

Fig. 4 ZHX2 binds to LPL promoter to repress ZHX2 expression at
transcriptional level. a Lipid homeostasis related genes were screened
in Bel7402 cells with or without Dox-induced ZHX2 overexpression
by RT-PCR. n= 3; *p < 0.05, **p < 0.01. b LPL expression was
determined in Bel7402 and HepG2 cells with ZHX2 overexpression or
QSG7701 and SMMC7721 cells with ZHX2 knockdown by RT-PCR
and Western blot. c Luciferase activity of pGL3-LPLp was measured
in Bel7402 and HepG2 cells with ZHX2 overexpression or QSG7701
and SMMC7721 cells with ZHX2 knockdown. d LPL promoter

reporter vector was co-transfected with increased amounts of ZHX2
expression vector in HepG2 cells to measure LPL promoter activity.
e Series of LPL promoter truncates were constructed, then co-
transfected with ZHX2 expression vector in SMMC7721 for luciferase
assays. f The genomic DNA fragments were pulled down from
Bel7402-ZHX2-teton cells by using anti-HA antibody, then used the
specific primers targeting −96∼+ 67nt to do qPCR. n= 4; *p < 0.05,
**p < 0.01
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LPL expression (Fig. S3D). Furthermore, survival analysis
of HCC patients suggested that patients with high ZHX2
but low LPL had a significantly better prognosis in survival,

and that patients with low ZHX2 but high LPL had much
poorer overall survival (Fig. 8c). Therefore, our results
indicated that ZHX2 is negatively correlated with LPL

1702 Z. Wu et al.



expression in HCC, and that high ZHX2 expression is
beneficial for the survival of HCC patients.

Discussion

Liver plays a central role in lipid homeostasis. Both NAFLD
and HCC are lipid metabolism disorder-associated liver dis-
eases [1, 5], to which increased accumulation of lipids in
hepatocytes is a leading cause [27]. It is reported that altered
expression of several genes encoding FATPs, CD36,
SREBP1, and PPARγ may influence lipid accumulation in
hepatocytes [28]. However, key regulators responsible for
abnormal hepatic lipid accumulation during NAFLD–HCC
are largely unknown. Here, we showed that ZHX2 expression
was reduced in fatty liver tissues and altered ZHX2 disturbed
lipid homeostasis of hepatocytes and NAFLD–HCC pro-
gression. To our best knowledge, this is the first study
revealing the critical roles of ZHX2 in hepatic lipid deposition
and NAFLD–HCC progression. Our findings highlighted that
ZHX2 is critical regulator of lipid homeostasis for both nor-
mal and malignant hepatocytes.

Many studies including ours demonstrate ZHX2 as an
HCC-associated tumor suppressor [9, 12, 15, 29]. ZHX2
inhibits HCC growth through suppression of HCC bio-
markers (AFP, GPC3, and H19) and cell cycle genes
(Cyclin A and Cyclin E) [12, 13, 15]. Recent research
reported that ZHX2 regulates plasma lipids homeostasis
[17], indicating the potential involvement of ZHX2 in lipid
metabolism and related diseases, such as NAFLD and HCC.
However, till now, the exact role of ZHX2 in NAFLD and
HCC are unknown. In the present study, we have proved
that suppressed hepatic lipid accumulation and protected
mice from MCD and HFD induced NAFLD (Figs. 1 and 2).
Lipids play important roles in tumor biology, including
energy supply, cell signaling transduction, and cell mem-
brane formation [30]. Our data demonstrated that ZHX2
controlled exogenous lipids uptake in HCC cells, thus
limited energy resources of HCC cells to inhibit its pro-
liferation (Fig. 3). Furthermore, in vivo data showed that
ZHX2 markedly suppressed NAFLD–HCC progression in

STZ–HFD mice model (Fig. 7). Accumulating evidence
showed that high proliferative tumor cells increase uptake
of exogenous lipids [31]. Targeting the fatty acid transporter
CD36 almost completely inhibited tumor metastasis in mice
model [22]. Our finding suggests ZHX2 is an useful target
for blocking exogenous lipid uptake in HCC. It has been
well known that de novo lipid synthesis is critical for tumor
cells to meet their high proliferative demands [30]. It is
unclear whether ZHX2 inhibits de novo lipid synthesis to
exert its tumor suppressor function in HCC, which will be
an interest research direction.

LPL is a key enzyme of lipid metabolism, and is synthe-
sized mainly in adipose tissue, skeletal muscles, and mam-
mary gland [22]. LPL regulates lipid metabolism mainly
through two ways. On the one hand, LPL catalyzes hydrolysis
of TG, the main component of chylomicrons and VLDL [25].
On the other hand, non-catalytic function of LPL involved in
the uptake of lipoprotein remnant via its functional coordi-
nation with HSPG, LDL receptors and VLDL receptors
[25, 32]. In the hepatocytes, LPL is synthesized at fetal liver,
then turned dim soon after birth [25], similar to the expression
pattern of AFP, which is the first identified target of ZHX2
and promotes HCC development [12, 33]. Here, we have
identified LPL as the novel target of ZHX2 (Fig. 4). This is
consistent with earlier observations that LPL expression was
increased in BALB/cJ mice with a mutated Zhx2 gene and
decreased in that with transgene Zhx2 [17].

LPL plays important roles in lipid metabolisms and
related diseases. LPL deficiency led to hyperlipidemia
[34, 35]. Recent study reported that LPL promoted breast
cancer cell growth and survival [23]. However, its function
in HCC is still not clear. In this study, we showed that LPL
enhanced exogenous lipid uptake, prompted proliferation of
HCC cells and negatively associated with survival of
patients (Fig. 5). All these data pinpoint the critical role of
LPL in HCC progression. It should be also stressed that
ZHX2 inhibited exogenous lipid uptake and NAFLD–HCC
progression via repressing LPL (Figs. 6 and 7). This is
supported by the clinical data, showing low ZHX2 but high
LPL expression had a poorer overall survival as compared
with those with high ZHX2 but low LPL levels (Fig. 8).
Therefore, ZHX2-LPL axis has emerged as a novel reg-
ulatory mechanism of NAFLD–HCC progression. Of note,
we could not exclude LPL’s catalytic function in HCC
development. Whether LPL catalytic function also play a
role in HCC development is not clear. This will be of
interest to investigate in future studies.

In conclusion, ZHX2 transcriptionally represses LPL
expression, and subsequently inhibits exogenous lipid
uptake of hepatocytes. The present study has established the
ZHX2-LPL axis that maintains hepatocytic lipid home-
ostasis, hampers NAFLD development and NAFLD–HCC
progression, and suppresses HCC tumor growth. Our

Fig. 5 LPL inhibits exogenous lipid uptake and cell proliferation of
HCC cells. a Dil-VLDL accumulated in Huh7 cells with over-
expression or knockdown of ZHX2. n= 4; ***p < 0.001. b Flow
cytometry was used to analyze Dil-VLDL uptake in Huh7 cells with
ZHX2 overexpression or knockdown. n= 3; *p < 0.05, **p < 0.01. c,
d SMMC7721 and HepG2 cells with LPL overexpression or knock-
down were used to measure cell proliferation (c) and colony formation
(d). n ≥ 4; *p < 0.05, ***p < 0.001. e LPL expression was investigated
in an HCC cohort. Representative IHC images of LPL staining in the
tissue microarray were shown on the left panel. Statistic data of LPL
mRNA levels in 20 pairs of samples were shown on the right panel.
*p < 0.05. f High levels of LPL were associated with poor overall
survival of 364 HCC patients from a KM plot database
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Fig. 6 ZHX2 inhibits the progression of NAFLD by repressing LPL
expression. a, b Dil-VLDL accumulated in Huh7 and Bel7402 cells
after transfected with indicated plasmids. n= 4; ***p < 0.001. c Total
TG levels were measured in Bel7402 cells with ZHX2 and LPL
overexpression, simultaneously or individually. n= 4; **p < 0.01.
d AAV-ZHX2 and AAV-LPL were injected in mice via tail vein

simultaneously or individually. Then the mice were fed with HFD to
induce fatty liver. The representative images of mice livers, H&E, and
Oil Red O staining were shown. e Mice liver tissues were collected
and homogenized to measure total levels of TG and cholesterol. n= 6;
*p < 0.05
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Fig. 7 ZHX2 inhibits cell proliferation and tumor growth by repressing
LPL. Cell proliferation was measured in HepG2, Huh7, SMMC7721 and
QSG7701 cells with overexpression of ZHX2 and LPL (a) and Bel7402
and Huh7 cells with knockdown of ZHX2 and LPL (b), using a CCK8
assay kit. n ≥ 3; *p < 0.05. c, d H22 cells were subcutaneously injected
into nude mice to form xenograft tumor. Afterwards, ZHX2 and LPL
expression vectors were injected every two days in the xenograft tumors,
simultaneously or individually. Images, weight and growth curve of
xenograft tumors were presented to illustrate the impact of ZHX2 and
LPL expression on carcinogenesis (c). n ≥ 5; *p < 0.05, **p < 0.01.

ZHX2 and LPL expression and cell proliferation marker PCNA were
determined by Western blot. Representative blotting were shown from
xenograft experiments (d). e C57BL/6 mice were injected with AAV-
GFP, AAV-ZHX2, AAV-LPL, and AAV-ZHX2 plus AAV-LPL via the
tail vein, then the mice were used to induce liver tumors by STZ–HFD.
Tumor nodes on the mice lives were identified by the magnetic resource
imaging using 3.0 T NMR (left panel). At the end of experiment, mice
were euthanized to calculate numbers of tumor nodes in the livers (right
panel). Mean ± SEM, n= 3; *p < 0.05
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findings not only provide new insights in the mechanisms of
NAFLD–HCC progression, but also foster a novel ther-
apeutic strategy for NAFLD-associated HCC management.
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