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Alpha-fetoprotein (AFP) is the most widely used biomarker for the diagnosis of hepatocellular carcinoma (HCC). However, a
substantial proportion of HCC patients have either normal or marginally increased AFP levels in serum, and the underlying
mechanisms are not fully understood. In the present study, we provided in vitro and in vivo evidence that heat shock protein gp96
promoted AFP expression at the transcriptional level in HCC. NR5A2 was identified as a key transcription factor for the AFP gene, and
its stability was enhanced by gp96. A further mechanistic study by co-immunoprecipitation, GST pull-down, and molecular docking
showed gp96 and the SUMO E3 ligase RanBP2 competitively binding to NR5A2 at the sites spanning from aa 507 to aa 539. The
binding of gp96 inhibited SUMOylation, ubiquitination, and subsequent degradation of NR5A2. In addition, clinical analysis of HCC
patients indicated that gp96 expression in tumors was positively correlated with serum AFP levels. Therefore, our study uncovered a
novel mechanism that gp96 regulates the stability of its client proteins by directly affecting their SUMOylation and ubiquitination.

These findings will help in designing more accurate AFP-based HCC diagnosis and progression monitoring approaches.
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Introduction

Alpha-fetoprotein (AFP), a 70-kDa glycoprotein, is the main
serum protein produced during fetal life (Deutsch, 1991). Un-
like other members of the serum-albumin family, the AFP gene
is transcriptionally silent in the adult liver but is reactivated
in hepatocellular carcinoma (HCC), where elevated serum AFP
levels have been found in ~70%—-85% of HCC patients (Galle
et al., 2019). Since serum AFP is mainly produced by hepatic
tumor cells, a concentration of 20 ng/ml is generally used as a
pathological threshold value, and >400 ng/ml is usually con-
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sidered diagnostic for HCC (Sauzay et al., 2016; Galle et al.,
2019). Although new oncologic markers have been discovered,
AFP remains the most widely used biomarker in HCC diagnosis
(Sauzay et al., 2016; Galle et al., 2019).

Several regulatory mechanisms of pathological AFP expres-
sion have been reported in HCC (Sauzay et al., 2016). Numer-
ous transcription factors are crucial for the regulation of the
AFP promoter (Kajiyama et al., 2006; Peterson et al., 2011;
Sauzay et al., 2016). Human AFP gene comprises five regula-
tory regions: a tissue-specific promoter, a repressor upstream
of the promoter, and three enhancers located 2.5, 5.0, and
6.5 kb upstream of the promoter, respectively (Bernier et al.,
1993; Sauzay et al., 2016). Potential AFP transcription fac-
tors include hepatocyte nuclear factor-1 (HNF1), liver recep-
tor homolog-1 [LRH-1, also known as al-fetoprotein transcrip-
tion factor or nuclear receptor subfamily 5 group A member 2
(NR5A2)], retinoid X receptor (RXR), CAAT/enhancer binding
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protein (C/EBP), homeobox protein NK-2 (Nkx2.8), zinc-fingers
and homeoboxes 2 (Zhx2), and zinc finger and BTB domain con-
taining 20 (Zbtb20) (Bernier et al., 1993; Kajiyama et al., 2006;
Peterson et al., 2011; Sauzay et al., 2016). Zhx2 and Zbtb20
bind specifically to the AFP promoter and inhibit its activity;
their levels are increased with the decrease in AFP expression
after birth (Xie et al., 2008; Peterson et al., 2011). AFP expres-
sion could also be regulated post-transcriptionally by miRNAs,
including miRNA-122, miRNA-620, miRNA-1236, miRNA-1270,
and miRNA-329, which directly target the 3’-UTR of AFP mRNA
(Kojima et al., 2011; Gao et al., 2015). In addition, epigenetic
regulation, such as methylation or acetylation, of the AFP gene
also influences AFP expression (Chen et al., 2020; Xue et al.,
2020). Nevertheless, serologic surveillance showed that a sig-
nificant proportion (~15%-30%) of HCC patients have either
normal or minimally increased AFP levels (Gurakar et al., 2018).
Meanwhile, other liver diseases, such as hepatitis and cirrhosis,
may also lead to elevated serum AFP levels. Therefore, the exact
regulatory mechanisms of AFP expression in HCC are not well
understood and need further investigation (Sauzay et al., 2016;
Galle et al., 2019).

Heat shock protein (HSP) gp96 is the most abundant protein
in the endoplasmic reticulum (ER) (Wu et al., 2016). Similar
to most HSPs, gp96 acts as a molecular chaperone in protein
folding and facilitates the degradation of misfolded proteins.
Unlike its cytosolic counterpart HSP90, gp96 has a relatively
strict binding selectivity and only binds to certain client proteins,
including Toll receptor (Toll-like receptors), the majority of « and
B integrin subunits, the Wnt co-receptor LRP6, GARP, insulin-
like growth factor, binding immunoglobulin protein, epidermal
growth factor receptor-2 (HER2), and uPAR (Liu etal., 2010; Hong
et al,, 2013; Li et al., 2015; Wu et al., 2015, 2016; Hou et al.,
2015b; Ansa-Addo et al., 2016; Marzec et al., 2016; Duan et al.,
2021). These client proteins are involved in balancing cancer-
induced ER stress responses and regulating inflammation in the
tumor microenvironment (Marzec et al., 2012). An elevated level
of gp96 correlates with the development, invasion, and metas-
tasis of tumors, which validates the pro-oncogenic function of
cellular gp96 (Li et al., 2015; Wu et al., 2015, 2016; Hou et al.,
2015b; Ansa-Addo et al., 2016; Duan et al., 2021). Furthermore,
cellular and cell membrane gp96 has been shown to promote
anti-apoptotic characteristics and metastasis of HCC via the
interaction with p53 and uPAR, indicating the association of high
gp96 expression levels with tumor metastasis and recurrence
(Wuetal., 2015; Hou et al., 2015b; Cho et al., 2022; Pugh et al.,
2022).

The present study aimed to comprehensively examine the
effects of gp96 on AFP expression and serum AFP levels in
HCC by generating hepatic gp96 knockout (gp96K0) mice and
performing clinical sample analysis. The gp96-mediated regu-
latory network was further dissected. The results uncovered a
novel regulatory pathway of AFP expression and suggested that
detection of gp96 levels may increase the sensitivity of HCC
diagnosis by the AFP test.

Results
Hepatic knockout of gp96 dramatically decreases AFP levels in
DEN-induced HCC

In this study, we used the well-established diethyl-
nitrosamine (DEN)-induced HCC model, where liver-specific
gp96KO mice and Het mice were intraperitoneally injected with
DEN to induce hepatic tumors (Rachidi et al., 2015). Deletion
of gp96 (Hsp90b1) in the liver of gp96KO mice was confirmed
by real-time PCR and western blotting (Figure 1A; Rachidi et al.,
2015). Eight months after DEN injection, both gp96KO and Het
mice developed visible liver tumors; tumor histological features
were shown by hematoxylin and eosin (HE) staining (Figure 1B;
Rachidi et al., 2015). Compared to the normal liver tissues from
phosphate-buffered saline (PBS)-treated Het mice, liver tumors
from DEN-induced Het mice showed a drastic increase in gp96
and AFP levels (Figure 1C). Consistent with a previous study,
fatty nodules were observed in liver tumor tissue sections of
gp96KO mice (Supplementary Figure S1A; Rachidi et al., 2015).
gp96KO mice showed the decreased tumor weight and lower
tumor burden compared to Het mice under DEN treatment
(Figure 1D). Global gene expression in liver tumor tissues of
DEN-treated gp96KO and Het mice was studied by transcriptome
analysis. Compared to the Het group, the gp96KO group had
5413 upregulated and 4488 downregulated genes (Figure 1E;
Supplementary Additional file 1; log2(fold change) > 0.5),
among which AFP expression was reduced by ~2.488-fold. The
decreased AFP gene expression was confirmed by real-time PCR
(Figure 1F), western blotting (Figure 1G), and immunohisto-
chemistry (IHC) analysis (Figure 1H).

Cellular gp96 promotes AFP expression mainly through the
transcription factor NR5A2 in hepatoma cells

Two hepatoma cell lines, Huh7 and HepG2, with stable knock-
down of gp96 were used to determine gp96-mediated AFP ex-
pression. Compared to the mock, knockdown of gp96 caused
an obvious decrease in AFP mRNA and protein levels (Figure 2A
and B). gp96 knockdown also caused a pronounced decrease
in AFP levels by 98% and 95% in the supernatant of Huh7 and
HepG2 cells, respectively (Figure 2C). In contrast, overexpres-
sion of gp96 in Huh7 cells increased both cellular AFP levels
(Figure 2D and E) and AFP secretion (Figure 2F). Overall, the data
suggested that gp96 promotes AFP expression at the transcrip-
tional level.

The effects of gp96 on the expression of AFP transcription
factors

The potential binding sites of AFP transcription factors in the
AFP promoter are shown in Figure 3A (Bernier et al., 1993;
Kajiyama et al., 2006; Peterson etal., 2011; Sauzay et al., 2016).
As shown in Figure 3B and C, knockdown of gp96 caused a
sharp decrease in HNF1, HNF4, and C/EBPa but an increase
in Nkx2.8 mRNA and protein levels, while gp96 knockdown
only decreased NR5A2 protein level but did not affect its mRNA
level. Furthermore, an AFP promoter luciferase reporter assay
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Figure 1 AFP expression in the liver tumors of hepatic gp96KO mice. (A) Real-time PCR and western blot analysis for gp96 mRNA and protein
levels, respectively, in normal liver tissues from Het and gp96KO mice (n = 5/group). (B) Representative HE staining images of liver tumors
from DEN-treated Het and gp96KO mice. (C) gp96 and AFP protein levels in normal liver or liver tumor tissues from PBS-treated or DEN-
treated Het mice, respectively. (D) Mass of liver tumors from Het and KO mice after 8 months of DEN treatment. (E) Microarray volcano map of
differentially expressed genes in hepatic tumors from DEN-treated gp96KO and Het mice. (F and G) gp96 and AFP mRNA and protein levels in
liver tumors from DEN-treated Het and gp96KO mice (n = 5/group). (H) IHC analysis for gp96 and AFP expression in paraffin sections of liver

tumors from DEN-treated Het and gp96K0O mice. **P < 0.01.
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Figure 2 Effects of gp96 knockdown or overexpression on AFP levels in hepatoma cell lines. (A-C) Huh7 and HepG2 cells were stably
transfected with gp96 shRNA (gp96KD) or luciferase shRNA (mock), or untransfected (control). (A and B) Cellular gp96 and AFP mRNA and
protein levels were detected. (C) AFP levels in cell supernatant were analysed by ELISA. (D-F) Huh7 cells were stably transfected with gp96
vector or empty vector (mock) or untransfected (control). Cellular gp96 and AFP levels and AFP levels in cell supernatant were measured. Data
are presented as mean =+ SD from three independent experiments. **P < 0.01 compared to the mock.

was performed to determine the key transcription factors in-
volved in gp96-induced AFP expression. As shown in Figure
Figure 3D and E, mutations within the binding sites of Nkx2.8
or NR5A2/HNF4 significantly suppressed AFP promoter activity
in Huh7 cells, while mutations within the binding sites of HNF1
only led to a slight decrease in AFP promoter activity. In ac-
cordance, gp96 knockdown-induced decrease in AFP promoter
activity was only mildly affected by mutations in HNF1 binding
sites but was abolished by mutations in Nkx2.8 or NR5A2/HNF4
binding sites (Figure 3D and E). Nkx2.8, NR5A2, and HNF4
were then selected for RNAi treatment. Only NR5A2 siRNA
treatment largely restored the promoter activity suppressed by
gp96 knockdown (Figure 3F; Supplementary Figure S2). NR5A2
siRNA treatment also minimized the reduction of AFP expression
caused by gp96 knockdown (Figure 3G). Collectively, these data
suggested that cellulargp96 regulates AFP expression mainly via
NR5A2.

Cellular gp96 interacts with NR5A2 and enhances its stability
Next, the effect of gp96 on the expression of NR5A2 was
determined. Asharp increase in NR5A2 protein level (~3.6 folds)
but not its mRNA level was detected in gp96-transfected Huh7
cells compared to mock cells (Figure 4A and B). In addition,
the gp96-mediated increase in NR5A2 levels was gp96 dose-
dependent (Figure 4C). Conversely, a drastic reduction of 87% in
NR5A2 protein level, but not in its mRNA level, was observed in

Huh7-gp96KD cells (Figure 4D and E). The decrease in NR5A2
protein levels was also observed in DEN-induced liver tumors of
gp96KO mice (Supplementary Figure S3; Rachidi et al., 2015).
As shown in Figure 4F, gp96 knockdown caused a dramatic
reduction in the protein stability of NR5A2.

As illustrated in Figure 4G, co-immunoprecipitation (co-IP)
results showed that endogenous gp96 is associated with NR5A2
in Huh7 cells. To identify the interaction regions between gp96
and NR5A2, GST-tagged full-length gp96, its N-terminal, middle,
and C-terminal domain fragments, GST-NR5A2, and His-gp96
were expressed (Supplementary Figure S4A-C). GST pull-down
results demonstrated that full-length gp96 and its C-terminal
domain were able to directly interact with NR5A2 (Figure 4H-J).

Cellular gp96 inhibits the interaction of RanBP2 with NR5A2
and reduces RanBP2-mediated NR5A2 SUMOylation and
subsequent ubiquitination

Knockdown of gp96 in Huh7 cells significantly increased
NR5A2 ubiquitination, while gp96 overexpression suppressed
NR5A2 ubiquitination dramatically (Figure 5A). Since post-
transcriptional processing in nuclear receptors of the NR5A sub-
family mainly occurs via SUMOylation, we quantified SUMO1,
SUMO2/3, and their related conjugates (Liu et al., 2021a). Our
results showed that knockdown or overexpression of gp96 in
Huh7 cells affected protein SUMOylation via SUMO1 but not
via SUMO02/3 (Supplementary Figure S5A and B). Knockdown
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Figure 3 Identification of NR5A2 as a key transcription factor in gp96-induced AFP expression. (A) The putative binding sites in the AFP
promoter (—240/+29) for its transcription factors are indicated using italics, bold letters, and underscores. (B and C) The mRNA and protein
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pRL-TK. After 48 h, luciferase activities were examined. The luciferase activity of mock cells transfected with si-control was set as 1.0.
(G) Huh7-gp96KD and mock cells were transfected with si-NR5A2 or si-control, and cellular protein levels were determined. Data are presented
as mean £ SD from three independent experiments. *P < 0.05 and **P < 0.01 compared to the mock.
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of gp96 promoted NR5A2 SUMOylation by SUMO1 modifica-
tion, whereas overexpression of gp96 inhibited its SUMOylation
(Figure 5B). Moreover, gp96 knockdown-induced NR5A2 ubig-
uitination was largely attenuated by SUMO1 siRNA (Figure 5C;
Supplementary Figure S5C), suggesting that SUMO1 SUMOyla-
tion is involved in NR5A2 ubiquitination.

To identify the potential SUMO1 E3 ligase, liquid
chromatography—tandem mass spectrometry was performed on
NR5A2-associated proteins (Supplementary Additional file 2).
Among the detected proteins, the nucleoporin RanBP2 has
been reported to possess SUMO1 E3 ligase activity (Pichler
et al., 2002; Reverter and Lima, 2005). Co-IP results validated
the interaction of NR5A2 with RanBP2 (Figure 5D). Moreover,
mutation of SUMO-interacting motif (SIM) within NR5A2 almost
completely removed its SUMOylation by SUMO1 (Figure 5E),
suggesting that the SUMO1 E3 ligase activity of RanBP2 is SIM-
dependent. It was found that their interaction was enhanced in
gp96 knockdown cells and suppressed by gp96 overexpression
(Figure 5F). However, gp96 knockdown did not affect RanBP2
levels (Supplementary Figure S6). Similarly, gp96 knockdown
increased the SUMOylation of NR5A2, which was inhibited by
RanBP2 RNAi (Figure 5G; Supplementary Figure S5D). Cellular
gp96 inhibited the interaction of NR5A2 with RanBP2 in a dose-
dependent manner (Figure 5H). GST pull-down results further
demonstrated that gp96 and RanBP2 competitively bound to
NR5A2 in a dose-dependent manner (Figure 51 and J).

A similar regulation was observed for the RanBP2 substrate
DNA topoisomerase 2-alpha (TOP2A) that could bind to gp96
(Supplementary Figure S7A-C and E; Dawlaty et al., 2008) but
not for histone deacetylase 4 (HDAC4), a RanBP2 substrate
that could not bind to gp96 (Supplementary Figure S7A, B, D,
and F; Kirsh et al., 2002). Altogether, our results indicated that
cellulargp96 interacts with its client protein NR5A2, which might
specifically block the binding of its SUMO1 E3 ligase RanBP2,
thereby suppressing the RanBP2-mediated SUMOylation and
subsequent ubiquitination of NR5A2.

The binding sites in NR5A2 overlap for gp96 and RanBP2
Molecular docking was performed with ZDOCK Server (version
3.0.2) on crystal structures obtained from PDB (Pierce et al.,
2011). The structural model of full-length NR5A2 has a highly
conserved DNA-binding domain (DBD), a conserved 12-a-helical
bundle ligand-binding domain (LBD), and a SIM (Seacrist et al.,
2020; Liu et al., 2021a). NR5A2 LBD (aa 299-536) was docked
and modeled in complex with gp96 (aa 48-754) or RanBP2
(aa 2631-2711) (Figure 6A and B; Supplementary Additional
file 3; Huck et al., 2017; Seacrist et al., 2020). It was found that
the potential binding sites for gp96 and RanBP2 in NR5A2 span
from aa 507 to aa 536 (Figure 6C). As shown in Figure 6D, gp96
interacts with the region ofaa 515-536 and RanBP2 binds to the
region of aa 507-536. These two regions in NR5A2 were highly
overlapped. Both co-IP and His pull-down results demonstrated
that truncated NR5A2 (aa 299-506A507-536), with depletion
of the binding sites, lost its capacity to interact with gp96 or
RanBP2 (Figure 6E-G; Supplementary Figure S8). These data

Table 1 gp96 expression levels and clinical characteristics of 63
patients with primary HCC.

gp96 expression

Characteristic Low (13/63) High (50/63) P-value

Age (years) 0.5018
<50 6 18
>50 7 32

Gender 0.2699
Male 12 38
Female 1 12

Tumor size 0.5078
<3cm 5 14
>3 cm 8 36

Tumor number 0.739
=1 8 35
>1 5 15

HBsAg 0.1893
Positive 6 33
Negative 7 17

HBcAg 0.8006
Positive 1 5
Negative 12 45

T stage 0.2063
1=l 1 0
-1V 12 50

Differentiation grade 0.631
Well differentiated 0 3
Moderatedly differentiated 12 42
Poorly differentiated 1 5

Extrahepatic spread NA
Yes 0 0
No 13 50

Recurrence NA
Positive 0 0
Negative 13 50

verified that the aa 507-536 sequence of NR5A2 is necessary
for its binding to both gp96 and RanBP2.

gp96 expression in liver tumors correlates with serum AFP
levels in HCC patients

To address the clinical correlation of tumor gp96 expres-
sion and serum AFP levels in HCC patients, we analysed gp96
expression in 63 primary liver tumors by IHC (Figure 7A and
Table 1). IHC staining of intracellular gp96 in liver tissues was
shown as faint/medium/strong and quantitatively scored as
category 1+/2+/3+, respectively (Hicks and Tubbs, 2005). As
shown in Figure 7B, gp96 expression levels were positively
correlated with serum AFP levels in HCC patients (R*> = 10.177;
P = 0.001422). In addition, patients with elevated gp96 ex-
pression also displayed higher serum AFP levels (Figure 7C; all
P <0.01).

Discussion

In this study, we investigated the regulation of AFP expres-
sion by gp96 in HCC. First, comparative transcriptome analy-
sis of DEN-induced liver tumors from gp96KO and Het mice
showed that cellular gp96 increased AFP expression and sup-
ported tumor formation. Next, the mechanistic study revealed
that gp96 upregulated NR5A2 at the protein level, which is a key
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Figure 6 Analysis of the binding sites of gp96 and RanBP2 in NR5A2 protein. (A and B) Cartoon representation of gp96 (A) or RanBP2
(B) docking model with NR5A2. Gp96, RanBP2, and NR5A2 residues are in green, blue, and red, respectively. The interaction amino
acids are shown as white (between gp96 and NR5A2) or yellow (between RanBP2 and NR5A2) sticks, and non-carbon atoms are colored
according to the chemical identity (C, white or yellow; O, red; N, blue; H, wheat). (C) The amino acid sequence of NR5A2 (aa 299-536).
The putative binding sites in NR5A2 LBD for gp96 and RanBP2 are indicated using italics and bold letters. (D) Cartoon figure showing
interaction regions in NR5A2 LBD with gp96 and RanBP2. (E) Huh7 cells were transfected with pcDNA3.1-Flag-NR5A2 (aa 299-536) (NR5A2),
pcDNA3.1-Flag-NR5A2 (aa 299-506) (truncated-NR5A2), or empty vector (mock). After 48 h, cell lysates were immunoprecipitated
with Flag antibody followed by immunoblotting for RanBP2, gp96, and Flag. (F) Huh7 cell lysates were incubated with GST-NR5A2
(aa 299-536) or GST-NR5A2 (aa 299-506), and the GST pull-down materials were immunoblotted for RanBP2, gp96, and GST. (G) Equal
amounts of GST-NR5A2 (aa 299-536) and GST-NR5A2 (aa 299-506) were incubated with His-gp96, and the His pull-down materials were
subjected to Coomassie blue analysis. All experiments were performed at least three times with similar results.

transcription factor for the AFP gene. Furthermore, RanBP2 was tumorwas positively correlated with AFP levels in serum. Figure 8

identified as an NR5A2-associated protein with SUMO1 E3 lig- illustrates the gp96—NR5A2—-RanBP2 regulatory pathway that
ase activity, and gp96 could block their interaction by compet- elevates AFP expression in HCC. According to this model, RanBP2
itively binding to the same sites in NR5A2. Finally, the clinical promotes ubiquitination and proteasomal degradation of NR5A2

data from HCC patients showed that gp96 expression in the by SUMOylation in normal liver tissue and certain HCC with low
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Figure 7 Correlation of gp96 expression in tumors and serum AFP levels in HCC patients. (A) IHC analysis of gp96 expression in primary HCC
tissues. Representative images indicate immunostaining intensities of 1+, 2+, and 3+. (B) The correlation between gp96 expression and
serum AFP levels in HCC patients was analysed by Pearson’s chi-squared test. Distribution of normal and elevated serum AFP levels in tumors
with low and high gp96 expression is shown. (C) Higher gp96 expression categories correlate with higher serum AFP levels in HCC patients.

cellular gp96 expression, thereby halting NR5A2-induced AFP
expression. On the contrary, in HCC with high gp96 expression,
gp96 increases AFP transcription by blocking the interaction
between NR5A2 and RanBP2. Our results provide new insight
into the distinct status of AFP expression in HCC and might
help to design AFP-based HCC diagnosis and disease monitoring
approaches with enhanced sensitivity and specificity.

NR5A2 is a member of the nuclear receptor NR5A subfam-
ily (Fayard et al., 2004; Sun et al., 2021). It contains several
lysine residues that are modified with SUMOylation by SUMO
E3 ligases (Lee et al., 2016; Liu et al., 2021a). SUMOylation
regulates the transcriptional activity and subnuclear localization
of NR5A2. SUMO modification might also regulate the stability
of transcription factors by affecting the subsequent ubiquitina-
tion process through cross-talk with ubiquitin (Lee et al., 2016;
Rosonina et al., 2017). However, SUMO E3 ligases involved
in the SUMOylation of NR5A2 are still unknown. In this study,
we demonstrated that RanBP2 acts as a SUMO E3 ligase that
binds to and targets NR5A2 for SUMOylation. We further defined
its binding sites in NR5A2. RanGAP, HDAC4, and TOP2A have
been reported as the SUMOylation targets of RanBP2 (Kirsh
et al., 2002; Dawlaty et al., 2008; Werner et al., 2012). Since
all the identified RanBP2 target proteins, including RanGAP,
HDAC4, TOP2A, and NR5A2, are closely associated with cancer
development and progression, the exact role of RanBP2 in HCC
deserves further investigation (Liu et al., 2020; Blondel-Tepaz
etal., 2021).

gp96 belongs to the HSP90 family and is a major chaperone
protein in the ER (Marzec et al., 2012). It acts as a master

ER chaperone in response to stress, inflammation, and cancer
(Wu et al., 2016; Hoter et al., 2018; Duan et al., 2021). It binds
to a variety of client proteins, facilitating their folding and direct-
ing their maturation, assembly, and export from the ER to cell
surface (Marzec et al., 2012; Kim et al., 2021; Cho et al., 2022).
It plays a critical role in maintaining ER homeostasis and protein
quality control (Marzec et al., 2012). In addition, ER-resident
gp96 can be translocated to cell membrane or cytosol (Marzec
et al., 2012; Wu et al., 2015; Kim et al., 2021), which may be
due to the decreased expression of KDELR1 that is essential for
theretention of gp96 inthe ER (Hou etal., 2015b). We and others
found that cell membrane or cytosolic gp96 binds to and stabi-
lizes multiple cancer-related proteins, including pro-ADAMTS9,
uUPAR, HER2, EGFR, ER-a36, and p53, thereby promoting tumor
growth, anti-apoptosis, and invasion (Koo and Apte, 2010; Hou
et al., 2015a, b; Li et al., 2015; Wu et al., 2015; Duan et al.,
2021; Niu et al., 2021). In this study, we uncovered that gp96
interacts and stabilizes NR5A2 by sterically blocking the SUMO
E3 ligase RanBP2 binding to NR5A2 and protecting against
SUMOylation-induced NR5A2 degradation. We consider that the
interaction between gp96 and NR5A2 occurs in the cytoplasm,
as NR5A2 exists in both the nucleus and cytoplasm, whereas
RanBP2 is localized at the cytoplasmic periphery of the nuclear
pore complex (Delphin et al., 1997; Shi et al., 2018). A similar
regulatory mechanism involving gp96 was observed for TOP2A,
which is a RanBP2 substrate and also a gp96 client protein, but
not observed for HDAC4, which is a RanBP2 substrate but does
not interact with gp96. Since ubiquitin and SUMO-related mod-
ifications determine the fate of the modified proteins, including
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Figure 8 Schematic figure of gp96 promoting AFP expression in HCC. Upper: SUMOylation of NR5A2 by RanBP2 leads to its ubiquitination
and subsequent proteasomal degradation. Lower: cellular gp96, with elevated expression in HCC, binds to NR5A2 at the sites spanning from
aa 507 to aa 536, which overlap with the RanBP2-binding sites. The binding of gp96 sterically hinders the interaction between RanBP2 and
NR5A2, thereby protecting NR5A2 from SUMOylation and degradation. Thus, NR5A2 binds to the AFP promoter and enhances its expression.

their proteasomal degradation, it is worthwhile to explore the
effects of gp96 on the stability of its client proteins. We found
that gp96 directly controls the interaction between the bound
proteins and their E3 ubiquitin/SUMO ligases via the same or
overlapping binding sites.

Cellular gp96 expression is controlled mainly by heat shock
transcription factors, e.g. ATF4 (Fan et al., 2014). Our previ-
ous study showed that hepatitis B virus (HBV) x protein could
increase gp96 expression by enhancing the binding of NF-«B
to the gp96 promoter (Fan et al., 2013). gp96 expression is
elevated in malignant hepatocytes with the progression of HCC
(Fan et al., 2013). gp96 levels in tumors are associated with

intrahepatic metastasis, degree of tumor differentiation, tumor
size, and the predicted outcome of patients (Chen et al., 2014;
Ji et al., 2019). High expression of cell membrane gp96 in tu-
mors correlates with the pathogenesis and poor prognosis of
HCC in patients (Hou et al., 2015b). These studies indicate the
potential of gp96 as a prognostic indicator for HCC. Simultane-
ously, AFP expression levels also increase with the progression
of HCC (Sauzay et al., 2016; Galle et al., 2019). AFP levels in
serum have been correlated with HBV infection, tumor size, poor
differentiation, and invasion of blood vessels (Sauzay et al.,
2016; Galle et al., 2019; Zheng et al., 2020). HCC patients
with tumor metastasis have the highest levels of serum AFP
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(Trevisani et al., 2001; Pifiero et al., 2020). Thus, it can be
concluded that AFP is closely associated with the poor prog-
nosis of HCC patients (Berry and loannou, 2013; Sauzay et al.,
2016; Galle et al., 2019). The identified AFP transcription fac-
tors include NR5A2, Nkx2.8, and RAR, while its transcriptional
repressors include ZHX2 and ZBTB20 (Kajiyama et al., 2006;
Peterson et al., 2011; Sauzay et al., 2016). In the present study,
we demonstrated that gp96 upregulates AFP gene expression
via NR5A2-induced transcription. Clinical data of HCC patients
showed that AFP levels in serum positively correlated with gp96
expression in tumor tissues, and the majority of HCC patients
with low gp96 expression exhibited normal AFP levels (Figure 7).
Hence, we tentatively defined two distinct HCC subtypes: low
gp96 expression with normal AFP, and high gp96 expression
with elevated AFP. This finding indicates that low gp96 expres-
sion in liver tumors is attributed to normal or minimally in-
creased AFP levels in a substantial proportion of HCC patients.

In conclusion, the current study uncovered a novel mechanism
of gp96-mediated upregulation of AFP transcription and expres-
sion via NR5A2 in HCC. This mechanism involves the binding
of cellular gp96 to NR5A2 and sterically blocking the interac-
tion between NR5A2 and RanBP2, thereby inhibiting NR5A2
SUMOylation, ubiquitination, and subsequent degradation. Fur-
thermore, clinical data of HCC patients revealed two distinct HCC
subtypes with high and low gp96 expression, which positively
correlate with serum AFP levels. Considering that AFP is the
most widely used biomarker in HCC diagnosis and prognosis,
our data provide new insights into the regulatory network of AFP
expression and might help in designing more precise monitoring
approaches for HCC diagnosis and progression.

Materials and methods
Animal studies

Liver-specific gp96KO mice were presented by Prof.
Zihai Li and generated by crossing Albumin-Cre mice with
Hsp90b1fo¥/flox mice to obtain Albumin-Cre Hsp90b 1flox/flox
mice (Rachidi et al., 2015). Genotyping was performed by PCR
analysis of genomic DNA obtained from the tail, and the primer
sequences used were 5-TGCCAGAGACTACAATTCCCAGCA-3/,
5/-AAACACGAACTCACCAATCGTGCC-3"  (Hsp9ob 1flov/fiox mice),
5-TGGCAAACATACGCAAGGG-3’, and 5'-CGGCAAACGGACAGA
AGCA-3’ (Albumin-Cre mice). Fifteen days after birth, gp96KO
and heterozygous (Het) mice were intraperitoneally injected with
DEN at a dose of 25 mg/kg. Mice were sacrificed after 8 months,
and livers were excised. Externally visible tumors (=1 mm) in
the livers were counted, and the liver tissues were stored at
—80°C. All animals received human care, and the mouse study
was conducted in strict accordance with the protocols approved
by the Research Ethics Committee of Institute of Microbiology,
Chinese Academy of Sciences (PZIMCAS2011001).

Molecular docking

The crystal structures of NR5A2 LBD from the docking
model of NR5A2 DBD-LBD were obtained from PDB-Dev
(PDBDEV_00000035) (Seacrist et al., 2020). The crystal struc-

ture of full-length gp96 (PDB code 5ULS, residues 48-754)
contained three major domains: N-terminal, middle, and
C-terminal (Huck et al., 2017). The crystal structure of the SUMO-
RanGAP1-Ubc9-Nup358 complexwas reported previously (PDB
code 1Z5S) containing RanBP2 residues 2631-2711 (Reverter
and Lima, 2005; Gareau et al., 2012). The gp96-NR5A2 and
NR5A2-RanBP2 protein—protein docking models were created
with ZDOCK Server (version 3.0.2) protein—protein docking,
each with a centroid phase with rigid-body docking and an all-
atom phase (Pierce et al., 2011). PyMoL was used for further
visualization and figure preparation.

Patient specimens

Paraffin-embedded hepatic tumor sections of 63 HCC patients
were obtained from the Department of Pathology and Hepa-
tology, The Fifth Medical Centre, Chinese PLA General Hospi-
tal, between January 2019 and August 2020. The studied clin-
ical characteristics of the subjects are listed in Table 1. The
serological AFP level included in this analysis was obtained
from the preoperative measurement before and closest to the
date of resection. Endogenous gp96 staining was categorized
as low (score 1+), medium (score 2+), and high (score 3+)
expression based on the staining intensity and immune reac-
tive cell percentage according to a widely used scoring method
(slightly modified) (Hicks and Tubbs, 2005): score 1+, slight
and incomplete cell staining of hepatoma cells; score 2+,
medium cytoplasm staining in at least 50% of hepatocyte cells;
score 3+, high cytoplasm staining in at least 85% of hepatocyte
cells. The assessments were carried out blindly by two indepen-
dent observers.

Statistical analysis

All data were analysed using SPSS software (SPSS Science)
and R software (version 4.1.2; http://Rproject.org). Results
are reported as mean =+ standard deviation (SD). Differences
between mean values were analysed using Student’s t-test.
P-values <0.05 were considered statistically significant.

Supplementary material

Supplementary material is available at Journal of Molecular
Cell Biology online. Complete immunoblotting membranes of all
IP and pull-down experiments are supplied in Supplementary
Additional file 4.
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