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ABSTRACT The poor outcome of advanced ovarian cancer under conventional ther-
apy necessitates new strategies to improve therapeutic efficacy. β-glucosidase (en-
coded by GBA) is a lysosomal enzyme and is involved in sphingolipids metabolism. 
Recent studies revealed that β-glucosidase plays a role in cancer development and 
chemoresistance. In this work, we systematically evaluated the expression and role 
of GBA in ovarian cancer. Our work demonstrates that inhibition of β-glucosidase has  
therapeutic potential for ovarian cancer. Gene Expression Profiling Interactive Analy-
sis database, western blot and immunohistochemistry analyses of patient samples 
demonstrated that GBA mRNA and protein expression levels were significantly in-
creased in ovarian cancer compared to normal tissues. Functional studies using gain-
of-function and loss-of-function approaches demonstrated that GBA overexpression 
did not affect growth and migration but alleviated cisplatin’s efficacy in ovarian can-
cer cells. In addition, GBA depletion resulted in growth inhibition, apoptosis induc-
tion, and enhancement of cisplatin’s efficacy. Of note, we found that GBA inhibition 
specifically decreased receptor tyrosine kinase AXL level, leading to the suppression 
of AXL-mediated signaling pathways. Our data suggest that GBA represents a prom-
ising target to inhibit AXL signaling and overcome cisplatin resistance in ovarian can-
cer. 

INTRODUCTION
Ovarian cancer represents the fifth leading cause of cause-re-

lated deaths and the incidence is gradually increasing worldwide 
[1]. The treatment options for ovarian cancer are limited: cytore-
ductive surgery and combination of platinum (e.g., cisplatin and 
carboplatin)-based and taxane (paclitaxel and docetaxel)-based 
chemotherapy [2]. Unfortunately, approximately 70% of patients 
eventually develop resistance and experience cycles of relapse [3,4]. 
The molecular mechanisms leading to ovarian cancer progres-
sion and resistance are complex and may involve alterations in 
dysregulation of cellular metabolism, DNA damage repair, al-
ternation in epigenetics and oncogenic activation, and epithelial-

mesenchymal transition [5]. Identification of molecules involved 
in ovarian cancer development is important to develop targeted 
therapeutic strategies to improve clinical management of ovarian 
cancer.

β-glucosidase is a lysosomal enzyme encoded by GBA gene. It 
is involved in the salvage pathway of sphingolipids metabolism 
via cleaving the glycosidic linkage of glucosylceramide to gener-
ate ceramide and release glucose [6,7]. Defects in β-glucosidase 
activity results in the aberrant accumulation of lipid substrates 
in macrophages and this is associated with Gaucher’s disease and 
Parkinson’s disease [8-12]. It has been shown that β-glucosidase-
ceramide axis inhibits interleukin-6 (IL-6) biosynthesis which 
plays essential role in inflammation and cancer [13-15]. The role 
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of β-glucosidase in cancer remains to be revealed and there are 
only few relevant studies. β-glucosidase upregulation contributes 
to the development of chemoresistance in hepatocellular carcino-
ma [16]. GBA inhibition is active against breast and gastric cancer 
cellular activities, and further sensitizes them to chemotherapy 
[17,18].

In this study, we systematically evaluated the expression and 
role of GBA in ovarian cancer through 1) analysing the expres-
sion level of GBA in ovarian cancer and matching normal tissues 
from patient samples; 2) performing functional studies using ge-
netic approach; 3) determining the therapeutic potential of GBA 
inhibition; and 4) analysing the molecular mechanism of GBA 
inhibition, in ovarian cancer cells.

METHODS

Cell culture, drug and proliferation assay

Two human ovary adenocarcinoma cell lines SK-OV-3 and 
Caov3 were obtained from Guangzhou Jennio Biotechnology and 
authenticated using human 9-Marker short-tandem repeat (STR) 
profile analysis (Beyotime Biotechnology, Jiangsu, China). Cells 
were cultured using RPMI 1640 medium supplemented with 10% 
fetal bovine serum (FBS) and 2 mM L-glutamine (Invitrogen, 
Carlsbad, CA, USA). Cisplatin was obtained from Selleckchem. 
Cell proliferation was assessed using BrdU Proliferation Assay Kit 
(Abcam, Cambridge, MA, USA) as per manufacture’s protocol.

Patient samples and immunohistochemistry (IHC)

A total of 31 ovarian cancer tissues and adjacent normal tissue 
samples (> 5 cm away from the tumor edge) were obtained from 
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Fig. 1. GBA was upregulated in ovarian cancer. (A) Scatter plot showing the expressions of GBA mRNA in ovarian cancer and normal ovary tissues. 
(B) Representative IHC images of β-glucosidase for paired ovarian cancer (tumor) and adjacent normal tissue from 3 individual serous ovarian cancer 
patients. Magnification is ×40. (C) Quantification using Image J software showed the average GBA protein levels in paired ovarian tumor and adjacent 
normal tissues of 31 ovarian cancer patients. Result is shown as relative to control. (D) GBA protein level was significantly increased in ovarian cancer 
tissues as assessed by ELSIA assay. (E) Representative Western blot analysis of β-glucosidase on ovarian cancer (tumor) and adjacent normal from 3 
individual serous ovarian cancer patients. IHC, immunohistochemistry. Values are presented as mean ± SD. *p < 0.05, compared to normal.
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ovarian cancer patients undergoing surgical resection at the Wu-
han Third Hospital. Written informed consent was obtained from 
all patients under Institutional Review Board approved protocols. 
This study was performed according to guidelines approved by 
the ethics committee of Wuhan Third Hospital-Tongren Hospital 
of Wuhan University (approval ID: 201806JK and approval date: 
year 2018). The samples were stored in –80°C for protein extrac-
tion or immediately proceeded for fixation using 4% paraformal-
dehyde, paraffin embedding and tissue sectioning. Immunohis-
tochemistry of tissue sections were performed using the standard 
protocol [19]. Briefly, slides were deparaffinised, hydrated, anti-
gen retrieved and stained with anti-β-glucosidase antibody (sc-
166407; Santa Cruz Biotechnology, Dallas, TX, USA). Slides were 
then stained with 3,3’-diaminobenzidine and hematoxylin. IHC 
staining was scored under microscope and quantified by ImageJ 
software (NIH, Bethesda, MD, USA).

Annexin V quantification

Cells were stained using the Annexin V-fluorescein isothio-
cyanate/7-aminoactinomycin D (V-FITC/7-AAD) apoptosis kit 
(Abnova, Walnut, CA, USA) as per manufacturer’s instructions. 
The quantification of Annexin V was determined using flow 

cytometry (MACSQuant; Miltenyi Biotec, Gaithersburg, MD, 
USA).

Protein extraction, Western blotting and ELISA

For our experiments, 1 g of frozen normal and tumor tissues 
were homogenized using a polytron homogenizer or or 106 cells 
were trypsinzed, and were resuspended in ice-cold RIRA buffer 
containing phosphatase and protease inhibitors (Roche, Basel, 
Switzerland) for total proteins extraction. Proteins were loaded 
onto denaturing sodium dodecyl sulfate–polyacrylamide gel and 
resolved via electrophoresis, and then transferred to polyvinyli-
dene difluoride (PVDF) membrane (Thermo Fisher Scientific, 
Waltham, MA, USA). Western blot was performed using stan-
dard protocol using antibodies from Cell Signaling. Visualization 
of protein density was achieved by using Amersham ECL Western 
blotting detection kit (GE HealthCare, Waukesha, WI, USA). The 
density was quantified using Image J software. GBA protein level 
was also measured using the Human Glucosylceramidase (GBA) 
ELISA kit (MyBioSource, San Diego, CA, USA) as per manufac-
ture’s protocol. Briefly, tissues samples were adjusted to the con-
centration of 5 mg/ml using PBS. Blank was used as background 
control and standards were used to generate standard concentra-
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Fig. 2. GBA overexpressing ovarian cancer cells were resistant to cisplatin treatment. (A) Western blot of GBA in GBA-overexpressing SK-OV-3 
and Caov-3 cells. (B) GBA overexpression significantly increased β-glucosidase activity in SK-OV-3 and Caov-3 cells. GBA overexpression did not affect 
ovarian cancer cell growth (C) and migration (D). Cisplatin treatment resulted in less growth inhibition (E) and apoptosis (F) in GBA-overexpressing 
ovarian cancer cells compared to control cells. Cisplatin at 0.5 µM was used in proliferation and apoptosis assays. After 3 days drug treatment, prolif-
eration and apoptosis were measured. Results were shown as relative to control. Values are presented as mean ± SD. *p < 0.05, compared to Vector or 
cisplatin.
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tion curve. The optical density of each well was determined on a 
microplate reader at 450 nm.

Transfection

Transfections of siRNA were performed with Lipofectamine 
TM 2000 and OptiMEM (Invitrogen) using the same protocol 
as per manufacture’s instruction. GBA-overexpressing plasmid 
was generated by cloning GBA into pCMV3-C-his vector (Sino 
Biological, Waukesha, PA, USA). The sequences of GBA siRNA 
and NC siRNA were indicated in Supplementary Table 1. Protein 
expression analysis was performed at 48 h post-transfection.

Measurement of ββ-glucosidase activity

Cellular β-glucosidase 1 activity was measured using β-gluco-
sidase 1 activity assay kit (Sigma-Aldrich, St Louis, MO, USA) 
according to the manufacturer’s instructions.

Statistical analyses

All data are expressed as mean ± standard deviation. Student’s 
t-test was performed by unpaired Student’s t-test. A p-value < 0.05 
was considered statistically significant.

RESULTS

GBA is upregulated in ovarian cancer

We assessed the expression pattern of GBA in ovarian cancer 
and normal counterpart based on the data obtained from the 
RNA-Seq datasets GEPIA (Gene Expression Profiling Interactive 
Analysis) [20]. GBA mRNA level from 424 ovarian cancer sam-
ples and 88 normal samples were shown in Fig. 1A. A significant 
increase of GBA expression level was observed in ovarian cancer 
compared to normal. To verify this finding, we performed the 
IHC analysis of β-glucosidase in ovarian cancer tissues and their 
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Fig. 3. GBA depletion inhibited growth and survival in ovarian cancer cells and enhanced cisplatin’s efficacy. (A) Western blot analysis of 
β-glucosidase levels in SK-OV-3 and Caov-3 cells after transfecting with two specific independent GBA siRNA. (B) Minimal β-glucosidase activity in 
ovarian cancer cells after GBA depletion. Significant lesser growth (C) and more apoptosis (D) in GBA-depleting cells compared to control cells. GBA 
knockdown significantly enhanced anti-proliferative and pro-apoptotic effects of cisplatin (100 nM). After 3 days drug treatment, proliferation and 
apoptosis were measured. Results were shown as relative to control. Values are presented as mean ± SD. *p < 0.05, compared to Scr siRNA. #p < 0.05, 
compared to cisplatin.
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matching normal tissues from 31 patients. Among these patients, 
20 are serous, 5 are mucinous and 6 are endometroid, and their 
clinicopathological information were presented in Supplementary 
Table 2. Representative IHC images of ovarian cancer patients 
with all three subtypes showed an increased β-glucosidase stain-
ing on tumor compared to normal (Fig. 1B, Supplementary Fig. 
1). Quantification of β-glucosidase IHC staining showed that the 
average expression of β-glucosidase was significantly higher in 
tumor than normal (n = 31, Fig. 1C). Consistent with IHC analy-
sis, we observed the same expression pattern of β-glucosidase in 
tumor and normal tissues by western blotting and ELISA analysis 
(n = 3, Fig. 1D and n = 25, Fig. 1E). Collectively, the consistent up-
regulation of GBA on its transcriptional and protein level suggests 
that GBA is likely to play an important role in the development of 
ovarian cancer.

GBA overexpression does not affect ovarian cancer 
growth and migration but alleviates cisplatin-induced 
toxicity in ovarian cancer

We applied well-established gain-of-function approach to study 
the role of GBA in ovarian cancer. We overexpressed GBA in 
ovarian cancer cells: SK-OV-3 and Caov3, which are frequently 
used to model ovarian cancer for preclinical studies [21]. In addi-
tion, SK-OV-3 displays stem cell properties which are closely as-
sociated with ovarian cancer recurrence [22]. GBA overexpression 
in SK-OV-3 and Caov3 were confirmed as both cell lines showed 
up to 3-fold increase in β-glucosidase activity (Fig. 2A, B). We did 
not observe any significant difference on the growth and migra-
tion between control and GBA overexpressing-cells (Fig. 2C, D). 
We next exposed GBA-overexpressing cells to first-line chemo-
therapeutic agent cisplatin and assessed cell growth and survival. 
We found that there was a significantly more proliferation in 
GBA-overexpressing cells than control cells in the presence of cis-
platin (Fig. 2E). In addition, a significantly less apoptosis induced 
by cisplatin was observed in GBA-overexpressing cells compared 
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Fig. 4. GBA inhibition suppressed AXL and AXL-mediated signaling pathways in ovarian cancer. Representative Western blot (A) and quantifica-
tion of p-AXL and AXL (B); p-Akt, p-mTOR and p-4EBP1 (C); p-ERK and p-90RSK (D) in SK-OV-3 cells after GBA depletion. Values are presented as mean 
± SD. *p < 0.05, compared to Scr siRNA.
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to control (Fig. 2F). These results demonstrate that GBA overex-
pression alleviates cytotoxic effects of cisplatin in ovarian cancer 
cells.

GBA depletion inhibits ovarian cancer and enhances 
toxicity of cisplatin

We further applied the loss-of-function approach to determine 
the therapeutic value of targeting GBA in ovarian cancer. Two 
siRNAs targeting different region of GBA were used. GBA knock-
down in SK-OV-3 and Caov3 were confirmed as both cell lines 
displayed remarkable reduction of β-glucosidase protein level 
and activity (Fig. 3A, B). Compared to control cells transfected 
with scramble siRNA, GBA-depleted cells demonstrated reduced 
proliferation and increased apoptosis (Fig. 3C, D). In particular, 
GBA knockdown inhibited growth by 40%–50% and induced 
apoptosis by 30%–40% in SK-OV-3 and Caov3 cells. A significant 
further reduction of growth and a further induction of apoptosis 
were found in GBA-depleted cells in the presence of cisplatin 
compared with those subjects to cisplatin or GBA inhibition alone 
(Fig. 3C, D). These results demonstrate that 1) GBA inhibition is 
active against ovarian cancer; 2) GBA inhibition significantly en-
hances the inhibitory effects of cisplatin; 3) cisplatin augment the 
inhibitory effects of GBA inhibition.

GBA inhibition decreases AXL and AXL-mediated 
signaling in ovarian cancer cells

To understand the molecular signaling pathways involved 
in GBA inhibition, we performed immunoblotting analysis of 
molecules which play role in ovarian cancer growth and sur-
vival. We found that GBA depletion resulted in reduction of both 
phosphorylated AXL and total AXL in SK-OV-3 cells (Fig. 4A, 
B). Interestingly, GBA overexpression did not affect levels of AXL 
nor p-AXL in ovarian cancer cells (Supplementary Fig. 2). PI3K/
Akt/mTOR and Ras/ERK are the primary downstream signaling 
pathways of AXL [23]. We found that GBA depletion significantly 
decreased phosphorylation but not total Akt, mTOR and 4EBP1 
(Fig. 4A, C). In addition, we observed a decreased p-ERK and p-
90RSK but not ERK and 90RSK in GBA-depleted cells (Fig. 4A, D). 
It is noted that GBA inhibition decreased phosphorylation with-
out affecting total level of these molecules, suggesting that reduc-
tion of total AXL level is the specific effect of GBA depletion. We 
attempted to rescue the inhibitory effects of GBA depletion using 
AKT activator SC79 which enhances phosphorylation of all three 
Akt isoforms [24]. We showed that SC79 partially but significant-
ly reversed the pro-apoptotic and anti-proliferative effects of GBA 
depletion (Fig. 5). These results demonstrate that GBA depletion 
results in a reduction of AXL expression level and a subsequent 
disruption of AXL-mediated signaling pathways in ovarian can-
cer. In contrast, we did not observe the difference on AXL and p-
AXL levels between cisplatin-treated and control ovarian cancer 

A
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Fig. 5. SC79 reversed the inhibitory 
effects of GBA depletion in ovarian 
cancer cells. SC79 treatment signifi-
cantly reversed the anti-proliferative 
(A) and pro-apoptotic effects (B) of GBA 
depletion. After 3 days drug treatment, 
proliferation and apoptosis were mea-
sured. Results were shown as relative to 
control. For this, 5 µg/ml SC79 was used. 
Values are presented as mean ± SD. *p < 
0.05, compared to GBA siRNA.



GBA’s role in ovarian cancer

Korean J Physiol Pharmacol 2023;27(1):21-29www.kjpp.net

27

cells (Supplementary Fig. 3). In addition, cisplatin did not affect 
levels of p-Akt and p-mTOR (Supplementary Fig. 3). This finding 
is consistent with the fact that cisplatin acts on cancer cells via 
inhibiting DNA synthesis and inducing DNA damage [25].

DISCUSSION
It is well known that β-glucosidase (GBA) plays a role in me-

tabolism of ceramide and sphingolipids and its abnormal expres-
sion/activity is associated with neurodegenerative disorders [8-
12,26,27]. Although substantial evidence has highlighted that 
targeting sphingolipid metabolism has therapeutic value because 
sphinogolipids have key roles in the regulation of cancer cell sig-
naling to control cancer growth, survival and response to treat-
ment [28], the role of GBA in cancer remains largely unknown. 
Tumor/normal differential expression analysis based on the RNA 
sequencing expression data of up to 10,000 tumors and normal 
samples from The Cancer Genome Atlas (TCGA) and the Gene-
type-Tissue Expression projects demonstrates that GBA mRNA 
expression is significantly increased in many cancers, including 
breast cancer, glioma, ovarian cancer, leukemia, pancreatic can-
cer, hepatocellular carcinoma, melanoma and gastric adenocar-
cinoma [20]. This data suggests that GBA is highly likely to play 
a positive role in those cancers which display aberrant upregula-
tion of GBA expression/activity. In support to this speculation, 
functional studies demonstrate that GBA is critically involved 
in the growth and survival of breast cancer and gastric cancer 
[16,17]. Using patient samples and multiple cell lines, our work 
adds ovarian cancer to the increasing list of cancers that their 
proliferation and survival are regulated by GBA. Experiments 
with immunohistochemistry staining, ELISA and western blot on 
patient samples show that there is a up to 3-fold increase of GBA 
protein level in ovarian cancer compared to normal counterparts. 
Our functional studies show that although GBA overexpression 
does not affect ovarian cancer cells, GBA inhibition remarkably 
suppresses growth and induces apoptosis.

Our work further shows that GBA overexpression alleviates 
cisplatin’s efficacy and GBA depletion augments cisplatin’s effica-
cy. These findings suggest that GBA might be involved in ovarian 
cancer chemoresistance. This speculation is supported by a recent 
study that GBA expression and activity in gastric cancer are regu-
lated by prolonged exposure of chemotherapy, and GBA inhibi-
tion sensitizes gastric cancer to chemotherapy [18]. Based on our 
findings and previous work, it would be interesting to explore 
the role of GBA in the development of ovarian cancer chemo-
resistance. We show that in GBA-overexpressing cells, cisplatin 
significantly reverses the stimulatory effect of GBA overexpres-
sion on cell growth. We also show that cisplatin is able to increase 
apoptosis in GBA-overexpressing cells. This demonstrates that 
chemotherapy is still effective in inhibiting GBA-overexpressing 
ovarian cancer cells.

A significant finding of our work is that GBA inhibition de-
creases AXL expression and suppresses AXL-mediated signaling 
pathways in ovarian cancer. Receptor tyrosine kinase AXL is 
overexpressed in several malignancies, including leukemia, gas-
tric cancer, breast cancer and non-small cell lung cancer, and its 
upregulation is associated with therapy-resistance and metastasis 
[29]. It regulates multiple oncogenic signaling pathways includ-
ing PI3K/AKT/mTOR, JAK/STAT, NF-κB, and RAS/RAF/MEK/
ERK [30]. Consistent with the previous work that GBA inhibition 
suppresses phosphorylation of Akt and mTOR in breast cancer 
cells [17], GBA inhibition also suppresses Akt/mTOR signaling in 
ovarian cancer. In addition, our work further extends the previ-
ous finding by showing that the suppression of Akt/mTOR by 
GBA inhibition is the consequence of remarkable reduction of 
AXL level. We speculate that the inhibitory effect of GBA on AXL 
in ovarian cancer is associated with the role of GBA in sphingo-
lipid metabolism. Glycolipids are the intermediates of sphingo-
lipid metabolism regulated by GBA and their role is to maintain 
the stability of thecell membrane [31]. AXL is a transmembrane 
protein and its function is affected by plasma membrane organi-
zation. Thus, GBA depletion might disrupt the stability of the cell 
membrane, leading to inhibition of AXL. It is worthy of pursing 
the exact mechanisms that lead to Axl reduction in GBA-depleted 
cells. Aberrant AXL activity is detected in ovarian cancers, par-
ticularly in cisplatin-resistant ovarian cancer, and targeting AXL 
improves sensitivity to platinum and taxane in ovarian cancer 
[32,33]. This is consistent with our findings that GBA inhibition 
augments pro-apoptotic and anti-proliferative effects of cisplatin 
in ovarian cancer cells. Our findings suggest that the inhibition 
of AXL-mediated signaling pathways by GBA inhibition further 
enhance anti-proliferative and pro-apoptotic effects by cisplatin 
in ovarian cancer. Although AXL might not be the exclusive 
downstream target of GBA, our findings show that targeting GBA 
represents a promising strategy to inhibit AXL and its mediated 
signaling pathways to overcome cisplatin chemoresistance.

In conclusion, we reveal that GBA is upregulated in ovarian 
cancer and supports cell growth and survival. We also demon-
strate the therapeutic value of GBA inhibition in ovarian cancer 
and describes a path to AXL in ovarian cancer cells that proceeds 
via GBA.
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