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Abstract

Background
Systemic treatment for hepatocellular carcinoma (HCC) remains limited by incomplete therapeutic
responses and dysregulated apoptosis. Mitochondria-endoplasmic reticulum contacts (MERCs)
coordinate Ca2 + signalling, mitochondrial function and cell-death control. GRP75, encoded by HSPA9
and also known as mortalin, is a molecular chaperone in the IP3R-GRP75-VDAC1 complex. However,
whether GRP75-mediated MERC remodelling directly links mitochondrial Ca2 + responses to sorafenib
sensitivity in HCC cells remains unclear.

Methods
Transmission electron microscopy (TEM) was used to compare MERC morphology between HepG2 cells
and non-malignant THLE-2 liver epithelial cells. HSPA9 mRNA expression and its association with
survival were analysed in the TCGA-LIHC cohort. GRP75-overexpressing and GRP75-knockdown HepG2
cells were assessed for MERC morphology, mitochondrial Ca2 + transients measured with Rhod-2 AM,
JC-1-labelled mitochondrial membrane potential, Annexin V-FITC/PI apoptosis, apoptotic marker
expression and Caspase-3/7 activity. A HepG2 xenograft model, together with HSPA9/GRP75 qPCR and
immunohistochemistry, was used to examine the relationship between GRP75 knockdown, endpoint
tumour burden, and sorafenib-associated apoptotic markers in vivo.

Results
Compared with THLE-2 cells, HepG2 cells showed a greater fraction of the mitochondrial perimeter
occupied by MERCs and a shorter mean contact distance. In TCGA-LIHC, HSPA9 mRNA was upregulated
in HCC tumour tissues and was associated with worse overall survival. GRP75 overexpression increased
MERC contact length and reduced mean contact distance, whereas GRP75 knockdown had the opposite
effect. Rhod-2 AM assays showed enhanced mitochondrial Ca2 + transients in GRP75-overexpressing
cells and weaker transients in GRP75-knockdown cells. Upon sorafenib challenge, GRP75 knockdown
increased apoptosis, aggravated mitochondrial membrane-potential loss, increased Bax and cleaved
caspase-3 expression, reduced Bcl-2 expression and elevated Caspase-3/7 activity. Conversely, GRP75
overexpression conferred a relative protective effect against sorafenib-induced mitochondrial injury. In
the HepG2 xenograft model, GRP75 knockdown was associated with lower final tumour burden and
reduced Ki-67 immunoreactivity. Combined treatment with sorafenib further increased cleaved caspase-
3 immunoreactivity.

Conclusions
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GRP75 expression was associated with MERC remodelling in HepG2 cells and parallel alterations in
mitochondrial Ca2 + transients, mitochondrial membrane-potential maintenance and apoptotic
sensitivity to sorafenib. Together, the in vitro and in vivo data suggest that the GRP75-MERC axis primes
the mitochondrial apoptotic threshold following drug exposure. Additional cell models, GRP75 rescue
experiments and dynamic Ca2+-flux analyses are needed to establish the causal mechanism.

Background
Hepatocellular carcinoma (HCC) is a major cause of cancer-related death worldwide, and its disease
burden, epidemiological patterns and prevention needs continue to change [1–3]. The diagnostic and
therapeutic framework for HCC, especially systemic therapy, has expanded substantially in recent years
[4–6]. Sorafenib established targeted therapy as a treatment option for advanced HCC [7, 8]. Later,
immunotherapy-based combinations, including atezolizumab plus bevacizumab, reshaped first-line
treatment and renewed interest in mechanisms of response and resistance [9–13]. Despite these
advances, inadequate response, acquired progression and limited long-term benefit remain major clinical
challenges [14, 15]. Although sorafenib is no longer the only first-line option in all settings, it remains a
useful model for studying mitochondrial injury, stress adaptation and apoptotic-threshold regulation in
HCC under therapeutic stress.

Tumour-cell adaptation to therapeutic stress depends not only on canonical oncogenic signalling but
also on structural and functional communication between organelles. Mitochondria-endoplasmic
reticulum contacts (MERCs), also known as mitochondria-associated endoplasmic reticulum
membranes (MAMs), are subcellular platforms for local signal integration between the endoplasmic
reticulum (ER) and mitochondria [16–19]. At these sites, Ca2 + released from the ER can be taken up by
adjacent mitochondria, influencing mitochondrial metabolism, membrane-potential stability and the
threshold for apoptosis initiation [16, 20]. Recent studies have also implicated ER-mitochondria contacts
in lipid peroxidation, ferroptosis and MAM-dependent cell-death regulation [21, 22]. The structural state
of MERCs may therefore influence tumour-cell fate after drug treatment.

GRP75 (glucose-regulated protein 75), encoded by HSPA9 and also known as mortalin, is a molecular
chaperone that links ER and mitochondrial Ca2 + signalling. A classic study showed that GRP75 bridges
the ER Ca2+-release channel IP3R with the mitochondrial outer-membrane channel VDAC1, forming the
IP3R-GRP75-VDAC1 complex and supporting ER-mitochondria Ca2 + coupling [23]. However, this
complex represents only one component of the Ca2+-regulatory network at ER-mitochondria contact
sites [24]. In metabolic-stress models, GRP75 contributes to ER-mitochondria coupling, mitochondrial
functional regulation and apoptosis-related processes [25]. In tumour models, GRP75-associated MAM
integrity has also been proposed to affect chemotherapy-induced mitochondrial dysfunction and
apoptotic responses [26].

In HCC, evidence increasingly supports a disease-related role for HSPA9/mortalin/GRP75. 27-
Hydroxycholesterol can promote multidrug resistance in HCC by regulating GRP75-associated redox
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balance and metabolic reprogramming [27]. Mortalin-regulated changes in protein phosphorylation have
also been used to explain its potential contribution to HCC progression [28]. Interactions between
mortalin and proteins such as p53 are considered possible therapeutic targets in cancer [29]. Recent
studies have further associated GRP75 with HCC drug resistance, targeted intervention and VDAC1-
related ER-mitochondria interactions [30, 31]. In sorafenib-treated HCC cells, cell-death and resistance
states can also be influenced by ER stress, RAF1/MEK/ERK signalling, BCL-2 family proteins and ER-
mitochondria crosstalk [32–35]. However, whether GRP75-mediated MERC remodelling directly links
mitochondrial Ca2 + responses to sorafenib sensitivity remains unclear.

Here, we investigated whether GRP75-associated MERC remodelling links mitochondrial Ca2 + 
responses to apoptotic sensitivity to sorafenib. First, we compared MERC morphology between HepG2
cells and non-malignant THLE-2 liver epithelial cells and analysed HSPA9 mRNA expression and survival
associations in the TCGA-LIHC cohort. We then manipulated GRP75 expression by overexpression or
knockdown and assessed MERC morphology, mitochondrial Ca2 + transients, mitochondrial membrane
potential, apoptosis, apoptotic marker expression and Caspase-3/7 activity. Finally, we used a HepG2
xenograft model to examine the relationship between GRP75 knockdown, endpoint tumour burden, and
sorafenib-associated apoptotic markers.

Methods
Cell culture and main reagents

            The human HCC cell line HepG2 and the human non-malignant liver epithelial cell line THLE-2
were purchased from Procell Life Science & Technology Co., Ltd. (Wuhan, China). HepG2 cells were
cultured in high-glucose Dulbecco's modified Eagle medium (DMEM; Gibco, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco), 100 U/mL penicillin and 100 microg/mL
streptomycin (Gibco). THLE-2 cells were cultured in THLE-2-specific medium (Procell) supplemented
with growth-factor additives and 10% FBS according to the manufacturer's instructions. Before seeding
THLE-2 cells, culture flasks were coated at 37°C for 2 h or overnight with coating solution containing
0.01 mg/mL fibronectin, 0.03 mg/mL type I collagen and 0.01 mg/mL bovine serum albumin (BSA). All
cells were maintained at 37°C in a humidified incubator with 5% CO2 and were passaged with 0.25%
trypsin-EDTA (Procell) when they reached 80-90% confluence.

            Rabbit monoclonal antibodies against GRP75 (HSPA9; ab2799), Bax (ab32503), Bcl-2 (ab182858)
and cleaved caspase-3 (ab32042), as well as a mouse monoclonal antibody against beta-actin (ab205),
were purchased from Abcam (Cambridge, UK). Goat anti-rabbit and goat anti-mouse horseradish
peroxidase (HRP)-conjugated secondary antibodies were also purchased from Abcam. DAPI dye and
Lipofectamine 3000 transfection reagent were purchased from Invitrogen (Carlsbad, CA, USA). Sorafenib
was purchased from Selleck Chemicals (Houston, TX, USA).

Plasmid construction and cell transfection
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            To construct the GRP75 overexpression vector, the full-length coding sequence of human GRP75
was cloned into the pcDNA3.1(+) vector (Invitrogen), generating the recombinant pcDNA3.1-GRP75
plasmid. For GRP75 knockdown, two short hairpin RNA (shRNA) sequences targeting different regions of
HSPA9/GRP75 (shGRP75-1 and shGRP75-2) were designed and ligated into the pLKO.1-puro vector
(Addgene, Cambridge, MA, USA). A shRNA sequence not targeting any known human gene was used as
the negative control (shNC). All plasmids were verified by Sanger sequencing.

            Before transfection, HepG2 cells were seeded in 6-well plates. When cells reached 60-70%
confluence, pcDNA3.1-GRP75 or shGRP75 plasmids were transfected according to the Lipofectamine
3000 instructions. Cells were collected 48 h after transfection for subsequent experiments, or stable
knockdown cell lines were selected using 2 microg/mL puromycin. The shGRP75 sequence with the
higher knockdown efficiency was used for subsequent functional assays.

RNA extraction and quantitative real-time PCR

            Total RNA was extracted from treated cells or tumour tissues using TRIzol reagent (Invitrogen).
RNA concentration and purity were determined using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). Subsequently, 1 microg of total RNA was reverse-transcribed into
cDNA using PrimeScript RT Master Mix (TaKaRa, Wuhan, China).

            Quantitative real-time PCR (qRT-PCR) was performed on an ABI 7500 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) using SYBR Premix Ex Taq II (TaKaRa). The PCR programme
consisted of initial denaturation at 95°C for 30 s, followed by 40 cycles of denaturation at 95°C for 5 s
and annealing/extension at 60°C for 34 s. Beta-actin (ACTB) was used as the internal reference gene,
and relative HSPA9/GRP75 mRNA expression was calculated using the 2−ΔΔCt method. Primer
sequences are provided in Supplementary Table 2.

Western blot analysis

            Total cellular protein was extracted using RIPA lysis buffer containing protease and phosphatase
inhibitors (Solarbio, China), and protein concentrations were measured using a BCA protein assay kit
(Solarbio). Protein samples (30 microg per lane) were separated by 10% or 12% SDS-PAGE and
transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). PVDF
membranes were blocked with TBST containing 5% non-fat milk for 1 h at room temperature and then
incubated with primary antibodies overnight at 4°C. Primary antibody dilutions were as follows: GRP75
(1:1000), Bax (1:1000), Bcl-2 (1:1000), cleaved caspase-3 (1:1000) and beta-actin (1:2000). The next day,
membranes were washed with TBST and incubated with HRP-conjugated secondary antibodies (1:5000)
for 1 h at room temperature. Protein bands were developed using enhanced chemiluminescence (ECL)
reagent (Millipore), and images were acquired using a ChemiDoc XRS+ imaging system (Bio-Rad,
Hercules, CA, USA).

Transmission electron microscopy
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            After cell pellets were collected, samples were fixed in 2.5% glutaraldehyde at 4°C for 2 h and
washed with phosphate-buffered saline (PBS). Samples were then post-fixed with 1% osmium tetroxide
for 1 h. After dehydration through graded ethanol solutions of 50%, 70%, 90% and 100%, samples were
embedded in epoxy resin. Ultrathin sections of 70 nm were prepared using a Leica EM UC7
ultramicrotome (Leica, Wetzlar, Germany) and double-stained with uranyl acetate and lead citrate.
Images were observed and captured using a Hitachi H-7650 transmission electron microscope (Hitachi,
Tokyo, Japan) at an accelerating voltage of 80 kV.

            At least 20 cells were randomly selected for analysis from each sample. Contact length and
contact distance between mitochondria and the ER were measured, and MERC contact length was
calculated as a percentage of the mitochondrial perimeter to quantify the degree of structural coupling
between mitochondria and the ER.

Rhod-2 AM assay for mitochondrial Ca2+ transients

            HepG2 cells were seeded in confocal culture dishes. For detection, cells were incubated with 5
microM Rhod-2 AM (Thermo Fisher Scientific) in serum-free medium at 37°C for 30 min. After washing,
cells were placed in a Leica SP8 confocal live-cell imaging system. Basal fluorescence intensity was
recorded first, followed by addition of 100 microM ATP to stimulate IP3 production and induce ER Ca2+
release. Changes in Rhod-2 AM fluorescence intensity were continuously recorded for 5 min after ATP
stimulation.

            For analysis, mitochondrial regions in each cell were defined as regions of interest (ROIs). The
difference between peak fluorescence intensity after stimulation and basal fluorescence intensity (Delta
F) was divided by basal fluorescence intensity (F0) to obtain Delta F/F0. This value, representing the
Rhod-2 AM fluorescence transient, was used to quantify mitochondrial Ca2+ uptake.

Annexin V-FITC/PI apoptosis analysis

            Cell apoptosis was detected by flow cytometry using an Annexin V-FITC/propidium iodide (PI)
apoptosis detection kit (BD Biosciences, San Jose, CA, USA). HepG2 cells from different treatment
groups were collected after exposure to 10 microM sorafenib for 24 h and washed twice with pre-cooled
PBS. Cells were resuspended in Binding Buffer and incubated with Annexin V-FITC and PI for 15 min at
room temperature in the dark according to the kit instructions. Cells were then analysed by flow
cytometry, and data were processed using CellQuest Pro software. Annexin V-positive/PI-negative cells
were defined as early apoptotic cells, whereas Annexin V-positive/PI-positive cells were defined as late
apoptotic or necrotic cells. The total apoptosis rate was calculated as the sum of these two populations.

Measurement of mitochondrial membrane potential

            Mitochondrial membrane potential (delta psi m) was assessed using a JC-1 mitochondrial
membrane-potential assay kit (Beyotime, Shanghai, China). HepG2 cells from different treatment groups
were seeded in confocal culture dishes. After treatment, the culture medium was removed, and cells
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were incubated with 10 microg/mL JC-1 working solution at 37°C for 20 min. Cells were then washed
twice with PBS and observed using a Leica SP8 confocal microscope. In cells with high mitochondrial
membrane potential, JC-1 forms J-aggregates that emit red fluorescence. In cells with reduced
mitochondrial membrane potential, JC-1 mainly remains as monomers that emit green fluorescence.
Changes in delta psi m were quantified by calculating the ratio of red to green fluorescence intensity.

Caspase-3/7 activity assay

            Caspase-3/7 activity was measured using the Caspase-Glo 3/7 Assay Kit (Promega, Madison, WI,
USA). HepG2 cells were seeded in 96-well plates at a density of 1 × 10^4 cells per well. After the
corresponding treatments, 100 microL of Caspase-Glo 3/7 reagent was added to each well, gently mixed
and incubated for 1 h at room temperature in the dark. Chemiluminescence intensity was then measured
using a multimode microplate reader (Tecan, Männedorf, Switzerland).

Nude mouse xenograft model

            All animal experiments were approved by the Animal Experimentation Ethics Committee of the
Scientific Experiment Center of Guangxi University of Chinese Medicine and were conducted in
accordance with laboratory animal welfare guidelines. Male BALB/c nude mice aged 4-5 weeks (Hunan
SJA Laboratory Animal Co., Ltd.) were used to establish the xenograft model. HepG2 cells expressing
shNC or shGRP75 (5 × 10^6 cells suspended in 100 microL PBS) were subcutaneously injected into the
right axilla of each mouse. Tumour length (L) and width (W) were measured twice weekly using callipers,
and tumour volume was calculated using the formula V = 0.5 × L × W^2.

            When the mean tumour volume reached approximately 100 mm3, mice were assigned to groups
according to tumour volume (n = 3 per group): shNC plus vehicle control, shGRP75 plus vehicle control,
shNC plus sorafenib and shGRP75 plus sorafenib. Sorafenib (Selleck Chemicals) was administered by
intraperitoneal injection once daily at 30 mg/kg, and control mice received an equal volume of vehicle.
After 21 days of continuous treatment, mice were euthanized, and tumours were completely excised and
weighed. Some tumour tissues were fixed in 4% paraformaldehyde for subsequent
immunohistochemical analysis.

Immunohistochemical analysis

            Paraffin-embedded tumour tissue sections were deparaffinized and rehydrated, followed by
antigen retrieval using citrate buffer. Sections were incubated with 3% H2O2 for 10 min at room
temperature to block endogenous peroxidase activity and then blocked with 5% BSA for 30 min. Sections
were incubated overnight at 4°C with rabbit monoclonal antibodies against Ki-67 (CST, #9449, 1:400) or
cleaved caspase-3 (CST, #9664, 1:400). The next day, sections were incubated with HRP-conjugated
secondary antibody, developed using a DAB chromogenic kit and counterstained with haematoxylin.

TCGA-LIHC public database analysis
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            Standardized transcriptomic data and clinical information for the TCGA-LIHC cohort were
downloaded from the UCSC Xena database. HSPA9 mRNA expression data were extracted from tumour
tissues and adjacent normal tissues. R software was used to compare HSPA9 mRNA expression across
tissue types, tumour stages and T stages. Patients were divided into high- and low-expression groups
according to the median HSPA9 mRNA expression level. Kaplan-Meier analysis was used to generate
overall-survival curves, and the log-rank test was used to compare survival between groups. Public
database analyses were mainly performed using R software (version 4.3.1), and P < 0.05 was considered
statistically significant.

Statistical analysis

            Experimental data are presented as the mean +/- standard deviation (SD). Each in vitro
experiment was independently repeated at least three times. The sample size for animal experiments is
indicated in the corresponding figure legends. Statistical analyses were performed using GraphPad
Prism 8.0. Comparisons between two groups were performed using two-tailed unpaired Student's t-tests.
Comparisons among multiple groups were performed using one-way analysis of variance followed by
Tukey's multiple-comparison test. P < 0.05 was considered statistically significant.

Results
HepG2 cells show tighter MERC morphology, and HSPA9 mRNA is upregulated in HCC datasets and
associated with worse survival

To compare mitochondria-ER contacts between HCC cells and non-malignant liver epithelial cells, we
examined MERC morphology in THLE-2 and HepG2 cells by TEM. HepG2 cells showed closer physical
contacts between mitochondria and the ER than THLE-2 cells (Fig. 1A). Quantitative analysis confirmed
a greater fraction of the mitochondrial perimeter occupied by MERCs and a shorter mean contact
distance in HepG2 cells (Fig. 1B).

Analysis of the TCGA-LIHC cohort showed higher HSPA9 mRNA expression in HCC tumour tissues than
in adjacent normal tissues. When patients were stratified by expression level, high HSPA9 expression
was associated with worse overall survival (Fig. 1C). By contrast, HSPA9 mRNA expression did not show
a consistent relationship with tumour stage or T stage. These findings indicate that HepG2 cells display
tighter MERC morphology than THLE-2 cells and that HSPA9 is upregulated in public HCC transcriptomic
data.

GRP75 manipulation shifts MERC morphology in HepG2
cells
To determine whether altered GRP75 expression was sufficient to remodel MERC structure, we next
overexpressed or knocked down GRP75 in HepG2 cells. Transfection-marker fluorescence increased

Page 9/24



gradually at 12, 24 and 48 h and reached a relatively high level at 48 h (Fig. 2A and Fig. 2C). We therefore
selected 48 h as the main time point for subsequent structural and functional experiments.

TEM showed tighter mitochondria-ER contacts in the GRP75-overexpression group and looser MERC
morphology in the GRP75-knockdown group (Fig. 2B). Compared with controls, GRP75 overexpression
increased MERC contact length and shortened the mean contact distance. GRP75 knockdown reduced
contact length and increased the mean contact distance (Fig. 2D). These reciprocal alterations indicate
that GRP75 expression influences MERC structural coupling in HepG2 cells.

GRP75 manipulation alters mitochondrial Ca2 + transients
To test whether GRP75-associated MERC remodelling affected mitochondrial Ca2 + handling, we
measured Rhod-2 AM fluorescence after ATP stimulation. Compared with controls, Rhod-2 AM
transients were enhanced in the GRP75-overexpression group and attenuated in the GRP75-knockdown
group (Fig. 3). Peak or intensity quantification matched the representative images, suggesting that
GRP75 expression modulates mitochondrial Ca2 + uptake in HepG2 cells.

GRP75 manipulation alters apoptosis, mitochondrial
membrane potential and mitochondrial apoptotic markers
in sorafenib-treated HepG2 cells
To determine whether GRP75 status influences apoptotic susceptibility under sorafenib treatment, we
assessed apoptosis in each group by Annexin V-FITC/PI flow cytometry. Total apoptosis differed among
the treatment groups. Upon sorafenib challenge, apoptosis was lower in the GRP75-overexpression plus
sorafenib group than in the sorafenib-alone group, whereas it increased further in the GRP75-knockdown
group (Fig. 4A).

JC-1 staining showed increased green monomer fluorescence after sorafenib treatment, indicating
reduced mitochondrial membrane potential. Upon sorafenib challenge, the GRP75-overexpression group
retained stronger red aggregate fluorescence. By contrast, the GRP75-knockdown plus sorafenib group
showed stronger green monomer fluorescence and greater loss of red aggregate fluorescence (Fig. 4B).

Western blotting and enzyme-activity assays supported these apoptotic readouts. During sorafenib
treatment, Bax and cleaved caspase-3 expression were lower in the GRP75-overexpression group than in
the sorafenib-alone group. GRP75 knockdown increased Bax and cleaved caspase-3 expression and
reduced Bcl-2 expression (Fig. 4C and Fig. 4D). Caspase-3/7 activity was lower with GRP75
overexpression and higher with GRP75 knockdown (Fig. 4E). These results indicate that GRP75
expression modulates mitochondrial apoptotic sensitivity during sorafenib treatment.

GRP75 knockdown is associated with lower final xenograft
burden and stronger sorafenib-associated pro-apoptotic
marker expression
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In the HepG2 xenograft model, endpoint tumour photographs and quantitative measurements showed
lower tumour volume in the shGRP75 plus vehicle-control group than in the shNC plus vehicle-control
group (Fig. 5A1 and Fig. 5A3). During sorafenib treatment, the shGRP75 plus sorafenib group had the
lowest final tumour burden among the groups shown (Fig. 5A2 and Fig. 5A3).

qPCR analysis of tumour tissues confirmed lower HSPA9/GRP75 mRNA expression in the shGRP75 plus
vehicle-control group than in the shNC plus vehicle-control group (Fig. 5B). Immunohistochemistry
showed weaker Ki-67 immunoreactivity in the shGRP75 plus vehicle-control group (Fig. 5C1 and
Fig. 5C3). During sorafenib treatment, cleaved caspase-3 immunoreactivity increased and was most
pronounced in the shGRP75 plus sorafenib group (Fig. 5C2 and Fig. 5C3). These in vivo results were
consistent with the in vitro apoptosis assays and support an association between GRP75 knockdown,
reduced tumour burden and stronger sorafenib-associated pro-apoptotic marker expression.

Discussion
This study investigated whether GRP75-mediated MERC remodelling connects mitochondrial Ca2 + 
handling with apoptotic sensitivity to sorafenib in HepG2 cells. We found that HepG2 cells displayed
tighter mitochondria-ER contacts than THLE-2 cells. HSPA9 mRNA was upregulated in HCC tissues in
TCGA-LIHC data and was associated with worse overall survival, although it was not consistently related
to tumour stage or T stage. In HepG2 cells, GRP75 manipulation produced coordinated alterations in
MERC morphology, Rhod-2 AM transients, mitochondrial membrane potential and apoptotic sensitivity.
Xenograft results further supported the functional relevance of this regulatory axis in tumour growth.
Collectively, these observations position the GRP75-MERC axis as a functional rheostat that governs
mitochondrial apoptotic commitment during sorafenib challenge, rather than a static structural correlate.
However, the prognostic association of HSPA9 should not be interpreted as independent without
multivariable Cox analysis and validation in independent cohorts.

MERCs/MAMs provide a structural basis for local communication between mitochondria and the ER
[17–19]. Through these contact sites, cells coordinate Ca2 + signalling, cell-death regulation, lipid
exchange, mitochondrial dynamics and ER stress [16–20]. Here, HepG2 cells showed a greater fraction
of the mitochondrial perimeter occupied by MERCs and a shorter mean contact distance, indicating
tighter organelle contacts in this model. Previous studies have shown that MAM/MERC remodelling can
affect cancer-cell homeostasis, lipid peroxidation, cell-death sensitivity and treatment response [21, 22,
26]. Because this study compared only HepG2 and THLE-2 cells, these morphological differences should
be interpreted as findings within the HepG2 model rather than a general feature of HCC cells.

The known function of GRP75 provides a plausible explanation for these structural alterations. As a
chaperone in the IP3R-GRP75-VDAC1 complex, GRP75 promotes functional coupling between ER IP3R
and mitochondrial outer-membrane VDAC1 [23]. Recent studies emphasize that MERCs are not
determined by a single complex. Instead, they form a dynamic network regulated by multiple tethering
proteins, membrane proteins and stress signals [24]. In our experiments, GRP75 overexpression
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increased MERC contact and shortened the mean distance, whereas GRP75 knockdown produced the
opposite pattern. This finding is consistent with the bridging role of GRP75 in maintaining ER-
mitochondria contacts. Other tethering molecules and pathways, including MFN2, the VAPB-PTPIP51
complex, and RMDN3/PTPIP51-mediated signalling, also regulate ER-mitochondria tethering [36–39].
These molecules may compensate for changes in GRP75 expression, indicating that MERC remodelling
is unlikely to be driven by one protein alone. Even so, the reciprocal alterations observed after GRP75
overexpression and knockdown place GRP75 at an important position in maintaining ER-mitochondria
contact stability.

The Ca2 + data connect GRP75-associated MERC remodelling with mitochondrial functional state. Rhod-
2 AM assays showed enhanced mitochondrial Ca2 + transients in the GRP75-overexpression group and
attenuated transients in the GRP75-knockdown group. Earlier work connected close ER-mitochondria
contacts with mitochondrial Ca2 + responses [16], and recent reviews have emphasized the role of
MAMs/MERCs in Ca2 + transport and disease-associated signalling [20]. GRP75-mediated IP3R-VDAC1
coupling provides a molecular basis for local Ca2 + transfer [23, 24]. However, Rhod-2 AM fluorescence
intensity can be affected by probe loading, mitochondrial uptake/retention, and mitochondrial membrane
potential. Therefore, the fluorescence alterations observed here cannot be equated directly with
complete ER-mitochondria Ca2 + flux. Considering MERC structure, Rhod-2 AM fluorescence, JC-1
membrane potential and apoptotic readouts together, GRP75 may raise the apoptotic threshold of
HepG2 cells following sorafenib exposure by maintaining MERC-associated mitochondrial Ca2 + 
handling and mitochondrial function. Direct measurement of ER-mitochondria Ca2 + flux will be needed
to validate this mechanism.

The apoptosis results indicate that GRP75 status affects the susceptibility of HepG2 cells to
mitochondrial apoptosis during sorafenib treatment. Drug resistance in HCC entails multiple cell-death
pathways and adaptive remodelling [15]. In sorafenib-related models, ER stress, RAF1/MEK/ERK
signalling and BCL-2 family proteins can influence apoptotic responses or resistant states [32–34]. ER-
mitochondria crosstalk, SMG5 inhibition, caspase-3/SREBP2-mediated cholesterol biosynthesis and
AKR1C3-dependent lipid-droplet formation have also been implicated in sorafenib resistance or
adaptation to targeted therapy [35, 40–42]. In our study, GRP75 knockdown during sorafenib treatment
increased the proportion of Annexin V/PI-positive cells, reduced mitochondrial membrane potential,
enhanced Bax and cleaved caspase-3 expression and decreased Bcl-2 expression. Conversely, GRP75
overexpression conferred a relative protective effect against sorafenib-induced mitochondrial injury.
Together with the MERC and Rhod-2 AM findings, these data support a model in which GRP75-
maintained ER-mitochondria coupling stabilizes mitochondrial function and makes cells less likely to
cross the mitochondrial apoptotic threshold during sorafenib exposure. When GRP75 is reduced, looser
MERC morphology, weaker mitochondrial Ca2 + transients and loss of membrane potential may jointly
lower this threshold and amplify sorafenib-induced apoptotic signalling. This remains a mechanistic
model, because mitochondrial metabolism, ER stress and drug responses after GRP75 rescue have not
yet been directly tested.
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The in vivo experiments provide tissue-level evidence that complements the cell-based findings. In the
HepG2 xenograft model, GRP75 knockdown reduced final tumour burden and lowered Ki-67
immunoreactivity in tumour tissues. This suggests that reduced GRP75 may weaken tumour-cell
proliferative capacity in vivo, in addition to affecting apoptotic readouts in vitro. During sorafenib
treatment, cleaved caspase-3 immunoreactivity increased further, indicating that GRP75 knockdown may
sensitize tumour tissues to drug-induced apoptosis. These findings were consistent with the in vitro
observations of looser MERC morphology, weaker mitochondrial Ca2 + transients, reduced membrane
potential and enhanced pro-apoptotic markers. The current in vivo experiments were mainly based on
endpoint tumour burden, HSPA9/GRP75 mRNA and IHC markers. They should therefore be viewed as
supportive evidence for in vitro-in vivo consistency and as mechanistic clues, rather than as a complete
in vivo efficacy assessment. Future studies should use more systematic pharmacodynamic and
mechanistic validation to test the stability of this axis across HCC models and treatment conditions.

Several limitations should be emphasized. First, the in vitro experiments were mainly based on a two-
dimensional HepG2 culture model. HepG2 cells do not fully represent clinical HCC in drug-metabolizing
enzyme expression, tumour heterogeneity or microenvironmental complexity [43, 44]. Second, beyond its
role in IP3R-VDAC1-mediated ER-mitochondria tethering, GRP75 also functions as a molecular
chaperone involved in proteostasis and stress adaptation. Enhanced apoptosis after GRP75 knockdown
may therefore result from MERC structural alterations together with other GRP75-dependent effects.
This issue should be clarified using approaches such as GRP75 rescue. Third, Rhod-2 AM imaging
provided mitochondrial Ca2 + transients, but complete ER-mitochondria Ca2 + transfer flux requires more
precise measurement. Finally, sorafenib is a multitarget drug, and the GRP75-MERC axis may explain
only part of the mitochondrial apoptosis-related response. Future studies should examine this axis in
more complex HCC models [45] and test its causal relationship with mitochondrial metabolism, oxidative
stress and drug-induced apoptosis.

Conclusions
In summary, this study shows that the GRP75-MERC axis contributes to apoptosis regulation in HCC
cells. GRP75 knockdown in HepG2 cells was associated with looser MERC morphology, weaker
mitochondrial Ca2 + transients, reduced membrane potential and enhanced pro-apoptotic markers.
Endpoint observations in vivo showed the same overall trend. These findings offer an organelle-contact
perspective on apoptosis regulation in HCC cells and provide an experimental basis for further analysis
of the GRP75-MERC axis in HCC treatment response.
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Figure 1

HepG2 cells show tighter MERC morphology, and HSPA9 mRNA is upregulated in HCC datasets and
associated with worse survival.

(A) Representative TEM images of mitochondria-ER contacts in THLE-2 and HepG2 cells. Dashed lines
indicate mitochondrial regions, and arrows indicate adjacent mitochondria-ER contact sites.

(B) Quantitative analysis of the fraction of the mitochondrial perimeter occupied by MERCs and mean
contact distance in THLE-2 and HepG2 cells. Data are presented as the mean +/- SD, n = 8.

(C) HSPA9 mRNA expression and clinical correlation analysis in the TCGA-LIHC cohort. c1, HSPA9
mRNA expression in normal and tumour tissues; c2, HSPA9 mRNA expression across tumour stages; c3,
overall-survival analysis stratified by HSPA9 mRNA expression; c4, HSPA9 mRNA expression across T
stages. "GRP75" in this panel refers to HSPA9 transcript levels, not GRP75 protein expression. *P < 0.05,
**P < 0.01, ***P < 0.001; ns, not significant.
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Figure 2

GRP75 manipulation shifts MERC morphology in HepG2 cells.

(A) Representative fluorescence images of transfection marker signals at 12, 24 and 48 h after GRP75
overexpression or shGRP75 transfection. Arrows indicate representative positive fluorescence signals.

(B) Representative TEM images of MERC morphology in control, GRP75-overexpression and GRP75-
knockdown HepG2 cells. Dashed lines indicate mitochondria and mitochondria-ER contact regions, and
arrows indicate local contact distance or adjacent contact sites.

(C) Quantitative analysis of transfection marker signal intensity/density at different time points after
GRP75 overexpression or shGRP75 transfection. Data are presented as the mean +/- SD, n = 6.

(D) Quantitative analysis of MERC contact length and mean contact distance in the control, GRP75-
overexpression and GRP75-knockdown groups. Data are presented as the mean +/- SD, n = 6. *P < 0.05,
**P < 0.01, ***P < 0.001; ns, not significant.
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Figure 3

GRP75 manipulation alters mitochondrial Ca2+ transients.

Representative confocal images and peak/intensity quantification of Rhod-2 AM fluorescence transients
in control, GRP75-overexpression and GRP75-knockdown HepG2 cells after ATP stimulation. Arrows
indicate representative Rhod-2 AM fluorescence. Data are presented as the mean +/- SD, n = 6.
Significance markers are shown in the corresponding panel. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not
significant.
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Figure 4

GRP75 manipulation alters apoptosis, mitochondrial membrane potential and mitochondrial apoptotic
markers in sorafenib-treated HepG2 cells.

(A) Annexin V-FITC/PI flow cytometry was used to assess apoptosis in the control, sorafenib-treated,
GRP75-overexpression plus sorafenib and GRP75-knockdown plus sorafenib groups. Total apoptosis
was calculated as the sum of early and late apoptotic cells. Data are presented as the mean +/- SD, n =
6.

(B) JC-1 staining was used to assess mitochondrial membrane-potential changes in each group. Red
fluorescence represents JC-1 aggregates, and green fluorescence represents JC-1 monomers.
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(C) Western blot analysis of cleaved caspase-3, Bax, Bcl-2 and beta-actin protein expression in each
group.

(D) Quantitative analysis of cleaved caspase-3, Bax and Bcl-2 protein expression from western blots.
Data are presented as the mean +/- SD, n = 3.

(E) Caspase-3 and Caspase-7 activity assays in each group. Data are presented as the mean +/- SD, n =
6. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.
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Figure 5

GRP75 knockdown is associated with lower final xenograft burden and stronger sorafenib-associated
pro-apoptotic marker expression.

(A1) Representative endpoint excised tumours from the shNC plus vehicle-control and shGRP75 plus
vehicle-control groups. The shGRP75 NC group shown in the figure corresponds to the shNC control
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described in the text.

(A2) Representative endpoint excised tumours from the control, shGRP75 negative-control plus
sorafenib, sorafenib-alone and shGRP75 plus sorafenib groups. In the figure, shGRP75 NC+Sorafenib
refers to the sorafenib-treated group with negative-control transfection.

(A3) Quantitative analysis of endpoint tumour volume in the groups shown in A1 and A2. Data are
presented as the mean +/- SD, n = 3.

(B) qPCR analysis of HSPA9/GRP75 mRNA expression in tumour tissues from the shNC plus vehicle-
control and shGRP75 plus vehicle-control groups, used to assess the in vivo level of GRP75 knockdown.
Data are presented as the mean +/- SD, n = 3.

(C1) Representative Ki-67 immunohistochemical staining of xenograft tumour tissues from the shNC
plus vehicle-control and shGRP75 plus vehicle-control groups.

(C2) Representative cleaved caspase-3 immunohistochemical staining in the control, shGRP75 negative-
control plus sorafenib, sorafenib-alone and shGRP75 plus sorafenib groups.

(C3) Quantitative analysis of Ki-67 and cleaved caspase-3 immunoreactivity. Data are presented as the
mean +/- SD, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.
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