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SUMMARY

Cisplatin resistance remains a major obstacle limiting the effectiveness of chemo-
therapy in cervical cancer. However, the underlying mechanism of cisplatin resis-
tance is still unclear. In this study, we demonstrate that vacuolar protein sorting
13 homolog C (VPS13C) deficiency promotes cisplatin resistance in cervical can-
cer. Moreover, through an RNA sequencing screen, VPS13C deficiency was iden-
tified as negatively correlated with the high expression of glutathione
S-transferase pi gene (GSTP1). Mechanistically, loss of VPS13C contributes to
cisplatin resistance by influencing the expression of GSTP1 and inhibiting the
downstream c-Jun N-terminal kinase (JNK) pathway. In addition, targeting
GSTP1 with the inhibitor NBDHEX effectively rescued the cisplatin resistance
induced by VPS13C deficiency. Overall, our findings provide insights into the un-
derlying mechanisms of VPS13C in cisplatin resistance and identify VPS13C as a
promising candidate for the treatment of chemoresistance in cervical cancer.

INTRODUCTION

Cervical cancer is the fourth most common malignancy in women globally.1 In 2020, there were approximately

604,000 new cases and 342,000 related deaths worldwide.2 Currently, platinum-based chemotherapy remains

the standard treatment for patients with advanced cervical cancer.3,4 However, intrinsic or acquired cisplatin

resistance severely limits the curative efficacy in patients with cervical cancer and results in chemotherapy fail-

ure.5,6 Therefore, there is an urgent need to elucidate themechanismof cisplatin resistance to improve the effec-

tiveness of chemotherapy for cervical cancer. The molecular mechanism of cisplatin resistance is complex and

mainly involves increased drug efflux, drug breakdown, increased DNA damage repair, and inactivation of

apoptosis.7 Unfortunately, the underlying mechanism of cisplatin resistance in cervical cancer is still unclear.

Vacuolar protein sorting 13 homolog C (VPS13C), a member of the vacuolar protein sorting-associated 13 gene

family, encodes lipid transfer proteins that localize to contact sites between the endoplasmic reticulum and late

endosomes/lysosomes.8 Mutation of VPS13C plays a crucial role in autosomal-recessive early-onset Parkinson’s

disease and type 2 diabetes.9,10 Many genome-wide association studies have proven that VPS13C mutation is

also related to many cancers, including endometrial cancer and gastric and colorectal cancers.11,12 We recently

reported that loss of VPS13Ccontributes to cisplatin resistance in cervical cancer cells.13 However, the underlying

molecular mechanisms by which VPS13C contributes to cisplatin resistance in cervical cancer are still unclear.

In this study, we further demonstrated that VPS13C deficiency contributes to cisplatin resistance in cervical can-

cer both in vitro and in vivo. Mechanistically, VPS13C negatively influences the expression of GSTP1 and alters

the downstreamc-JunN-terminal kinase (JNK) pathway. In addition, 6-(7-nitro-2,1,3-benzoxadiazol-4-ylthio) hex-

anol (NBDHEX), as an inhibitor of GSTP1, can reverse cisplatin resistance induced by VPS13C deficiency.
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RESULTS

VPS13C deficiency promotes cisplatin resistance in cervical cancer cells

Our recent research demonstrated that loss of VPS13C confers cisplatin resistance to cervical cancer SiHa

cells.13 In this study, to further confirm the effect of VPS13C on cisplatin resistance, we selected two cervical

cancer cell lines SiHa and ME180 for subsequent experiments. VPS13C-knockdown SiHa cells were
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Figure 1. VPS13C deficiency promotes cisplatin resistance in cervical cancer cells

(A and B) The VPS13C mutation in ME180 cells was detected by Sanger sequencing and analyzed by the TIDE online tool.

(C and D) The protein level of VPS13C in stable SiHa and ME180 cells was analyzed by western blotting. b-Tubulin was used as the loading control.

(E and G) The viability of SiHa and ME180 cells treated with different concentrations of cisplatin was evaluated by a CCK8 assay. Data are presented as

mean G SD, n = 3.

(F and H) The half-maximal inhibitory concentration (IC50) of cisplatin in SiHa andME180 cells was calculated and plotted with Prism software. Data represent

the average of three independent experiments (mean G SD).
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Figure 1. Continued

(I–L) Representative flow cytometry plots (I, K) and quantification of the apoptosis rate (J, L) in SiHa and ME180 cells treated with cisplatin for 48 h. Both

Annexin V+/PI- and Annexin V+/PI + cells were considered apoptotic. Data represent the average of three independent experiments (mean G SD). For all

panels, experimental significance was determined using Student’s t test. ‘‘*’’ indicates a statistically significant difference between the shcontrol/vector

group and the shVPS13C-1/sgVPS13C-1 group. ‘‘#’’ indicates a statistically significant difference between the shcontrol/vector group and the shVPS13C-2/

sgVPS13C-2 group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001, ns represents ‘‘not significant’’.
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constructed by employing lentiviruses carrying shRNA (short hairpin RNA). VPS13C-knockout ME180 cells

were generated by employing lentiviruses carrying sgRNA (single guide RNA). Three shRNAs targeting

VPS13C were established in SiHa cells and the efficiency of VPS13C knockdown was measured by qPCR

(Figure S1A) and western blotting (Figure 1C). Then, shRNAs with higher knockdown efficiency were

selected for subsequent study. The mutation and protein expression of VPS13C in ME180 cells were de-

tected by Sanger sequencing (Figures 1A and 1B) and western blotting (Figure 1D), respectively. In addi-

tion, we constructed stable SiHa and ME180 cells with VPS13C overexpression via CRISPR activation tools

and confirmed the efficiency of overexpression by qPCR and western blotting (Figures S2A–S2D).

Compared to control cells, SiHa and ME180 cells with VPS13C deficiency exhibited higher cell viability un-

der increasing concentrations of cisplatin (Figures 1E and 1G) and a higher half-maximal inhibitory concen-

tration (IC50) of cisplatin (Figures 1F and 1H). Similarly, lower cell viability and IC50 of cisplatin were

observed in SiHa andME180 cells with VPS13C overexpression (Figures S2E–S2H). These observations indi-

cated that VPS13C deficiency contributes to cisplatin resistance in cervical cancer cells.

Previous studies have shown that cisplatin eradicates cancer cells by crosslinking with DNA and subse-

quently leading to apoptosis which is associated with cisplatin resistance.14–16 Therefore, we next investi-

gated the impact of VPS13C on cisplatin-induced apoptosis in cervical cancer cells. Stably transfected SiHa

andME180 cells were treated with or without 20 mMand 2 mMcisplatin for 48 h, and apoptosis was detected

by flow cytometry. We found that loss of VPS13C did not alter the apoptosis rate but significantly decreased

cisplatin-induced apoptosis in both SiHa and ME180 cells (Figures 1I–1L). Similarly, a higher apoptosis rate

was observed in VPS13C-overexpressing SiHa and ME180 cells than in control cells under cisplatin treat-

ment (Figures S2I–S2L). Taken together, the above results provide robust evidence that VPS13C plays an

important role in cisplatin resistance in cervical cancer cells.

VPS13C expression is negatively correlated with GSTP1 expression in cervical cancer

To further explore the molecular mechanism by which VPS13C contributes to cisplatin resistance in cervical can-

cer, we performed gene set enrichment analysis (GSEA) by ranking genes according to their Pearson correlation

with theexpressionofVPS13C in theTCGAdataset.Drugmetabolismgene setswere significantly enriched in the

groupwith lowVPS13C expression (Figure 2A), and the top genes negatively associatedwith VPS13C expression

anddrugmetabolismpathways are listed (Figure 2B). To further identify crucial pathways inVPS13C-silencedcer-

vical cancer cells under cisplatin treatment, we performed RNA sequencing analysis on SiHa and ME180 cells

treated with 20 mMand 2 mMcisplatin, respectively, for 48 h. The results showed that the differentially expressed

genes between VPS13C-deficient SiHa and control cells were significantly enriched in glutathione metabolic

pathways (Figure 2C), which can lead to drug resistance by enhancing the detoxification of anticancer drugs.17,18

Consistently, the enrichment of glutathione metabolic pathways in ME180 cells was confirmed through GSEA

(Figure 2D). To further narrow the predicted targets that contributed to VPS13C-induced cisplatin resistance,

we generated Venn diagrams of differentially expressed genes of glutathione metabolic pathways from the

TCGA dataset and RNA-seq analysis. Among these, the glutathione S-transferase pi gene (GSTP1), which was

reported to play an important role in cisplatin resistance, was finally identified as a potential downstreammole-

cule that was significantly negatively correlated with VPS13C (Figure 2E).19,20 Subsequently, the negative corre-

lation between VPS13C and GSTP1 mRNA levels in cervical cancer cell lines was confirmed via the

LinkedOmics database (Pearson correlation = - 0.4301, p = 4.035e-15) (Figure 2F). The above results suggest

that VPS13C deficiency is related to the enrichment of drug and glutathione metabolism pathways and the

high expression of GSTP1.

VPS13C deficiency confers cisplatin resistance to cervical cancer by influencing GSTP1

expression and inhibiting the JNK pathway

Studies have shown that GSTP1 plays an important role in cisplatin resistance in osteosarcoma and ovarian can-

cer.21,22 Therefore, we next investigated whether VPS13C deficiency confers cisplatin resistance by influencing

GSTP1 expression. We first detected the mRNA expression of VPS13C and GSTP1 at the cellular level.
iScience 26, 107315, August 18, 2023 3



Figure 2. VPS13C expression is negatively correlated with GSTP1 expression in cervical cancer

(A) Gene set enrichment analysis based on KEGG pathways and the LinkedOmics database showed that VPS13C-related genes were significantly enriched in

drug metabolism pathways.

(B) Top-ranked genes whose expression was negatively correlated with VPS13C expression in the drug metabolism pathway.

(C) KEGG pathway enrichment analysis of VPS13C-related genes in SiHa cells treated with cisplatin.

(D) GSEA plot of glutathione metabolism enrichment in ME180 cells treated with cisplatin.

(E) Venn diagram showing the overlapping genes identified by RNA-seq analysis of SiHa and ME180 cells and obtained from the LinkedOmics database.

(F) Correlation analysis of VPS13C and GSTP1 mRNA expression. Pearson’s correlation coefficients and p values are shown.
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Figure 3. VPS13C deficiency confers cisplatin resistance to cervical cancer by influencing GSTP1 expression

(A and B) The mRNA levels of VPS13C and GSTP1 in SiHa and ME180 cells were measured by qPCR. Data represent the average of three independent

experiments (mean G SD). Significance was determined by Student’s t test, **p < 0.01, ****p < 0.0001.

(C and D) The protein level of GSTP1 in stable SiHa and ME180 cells was measured by western blotting.

(E and F) The relative expression of the GSTP1 protein in SiHa and ME180 cells was determined by normalization to b-tubulin. Data represent the average of

three independent experiments (mean G SD). Significance was determined by Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(G and H) GSTP1 and VPS13C protein expression in SiHa and ME180 cells treated with or without cisplatin for 48 h was detected by immunofluorescence

staining. Nuclei were stained with DAPI. Scale bars, 20 mm.

(I) Representative immunohistochemical staining of VPS13C and VPS13C proteins in tissue slices from patients with cervical cancer. n = 20, scale bars, 30 mm.

(J) Spearman’s correlation between the IHC staining scores of VPS13C and GSTP1 (p value calculated using Spearman’s correlation test).
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Consistent with the RNA sequencing results, both the mRNA and protein levels of GSTP1 were elevated in SiHa

and ME180 cells after VPS13C knockdown (Figures 3A–3D). Similar observations were obtained through immu-

nofluorescence staining (Figures 3G and 3H). Moreover, when VPS13C was overexpressed, the expression of

GSTP1 was reduced at both mRNA and protein levels (Figures S2M–S2P). Furthermore, lower VPS13C protein

expression and higher GSTP1 protein levels were observed in cisplatin-resistant SiHa/DDP cells than in parental

SiHa cells (Figures S3A–S3C). The above findings encouraged us to explore the effect of VPS13C and GSTP1 on

cisplatin resistance and their negative correlation in clinical samples. To further confirm the relationship between

VPS13C and GSTP1, we determined their expression levels in 40 tissue specimens from 20 platinum-treated pa-

tients with cervical cancer. Immunohistochemistry analysis showed that patients with cervical cancer with

cisplatin resistance had lower VPS13C and higher GSTP1 protein expression (Figure 3I). These results indicated

that VPS13C expression was negatively correlated with GSTP1 expression in platinum-treated cervical cancer

cases (p = 0.0005, Figure 3J). Overall, these results demonstrated that VPS13C deficiency may promote cisplatin

resistance by influencing GSTP1 expression.

Given thatGSTP1 plays an important role in cisplatin resistance.23,24 Therefore, we further evaluated the effect of

VPS13C deficiency on GST enzyme activity using a GST enzyme kit against substrate CDNB. The results showed

that both themRNA and protein expression of GSTP1, as well as GST enzyme activity, were increased in cervical

cancer cells with VPS13C deficiency (Figures 4A and 4B). Moreover, studies have suggested that GSTP1 inhibits

JNK phosphorylation by binding to JNK, which is required for downstream apoptosis signaling.24 Subsequently,

to further investigate the impact on the JNK pathway in VPS13C-deficient cell lines, we detected JNKphosphor-

ylation by western blotting. The phosphorylation level of JNK in the VPS13C-deficient and cisplatin-resistant

SiHa/DDP cells was significantly decreased compared to that in control cells (Figures 4C–4F and S3C). An in-

crease in JNK phosphorylation level was further observed in VPS13C-overexpressing cells (Figures S2O and

S2P). The above results indicated that loss of VPS13C confers cisplatin resistance to cervical cancer cells by influ-

encing GSTP1 expression and inhibiting its downstream JNK pathway.

The GSTP1 inhibitor NBDHEX rescued the cisplatin resistance induced by VPS13C deficiency

The previously described results provide evidence that VPS13C affects the efficacy of cisplatin in cervical cancer

by influencing GSTP1 expression. Therefore, we hypothesized that targeting GSTP1 may represent a potential

strategy for the reversal of cisplatin resistance caused by VPS13C deficiency. NBDHEX, a specific inhibitor of

GSTP1, inhibits GSTP1 by reducing GSTP1 enzyme activity and disrupting the interaction between GSTP1

and key signaling factors.25We first examined the effect of NBDHEX onGST enzyme activity with a GST enzyme

kit, and the results showed that NBDHEX can successfully reduce the enzyme activity of cervical cancer cells,

especially in cells with VPS13C knockdown (Figures 5A and 5B). Next, we conducted a CCK-8 assay to determine

the effect of NBDHEX on the cell viability of cervical cancer cells. As shown in Figures 5C–5F, NBDHEX reversed

the increase in cell viability induced by VPS13C deficiency under cisplatin treatment. In addition, cisplatin and

NBDHEX had a synergistic effect on the inhibition of cell viability in SiHa and ME180 cells (Figures S4A–S4D).

Subsequently, we further verified the effect of NBDHEX on cisplatin-induced apoptosis by flow cytometry.

The results showed that NBDHEX could reverse the decrease in cisplatin-induced apoptosis in cervical cancer

cells with VPS13C deficiency (Figures 5G–5J). These observations suggest that inhibition of GSTP1 could effec-

tively attenuate the cisplatin resistance of cervical cancer cells induced by VPS13C deficiency.

The GSTP1 inhibitor NBDHEX rescued the cisplatin resistance induced by VPS13C deficiency

in vivo

To investigate the effect of VPS13C on cisplatin resistance in cervical cancer in vivo, we established mouse sub-

cutaneous xenograft models using stably transfected SiHa cells. Mice bearing subcutaneous xenografts of SiHa

control and VPS13C-deficient cells were treated with cisplatin and the inhibitor NBDHEX (Figure 6A). We
6 iScience 26, 107315, August 18, 2023



Figure 4. VPS13C deficiency increases the enzyme activity of GST and inhibits the JNK pathway

(A and B) GST enzyme activity in SiHa and ME180 cells was evaluated after exposure to cisplatin for 48 h. Data represent the

averageof three independent experiments (meanGSD). SignificancewasdeterminedbyStudent’s t test, *p<0.05, ***p<0.001.

(C and E) The protein levels of total and phosphorylated JNK in SiHa and ME180 cells were determined by western blotting.

(D and F) The relative phosphorylation level of JNK was determined by normalization to b-tubulin. Data represent the

average of three independent experiments (mean G SD). Significance was determined by Student’s t test, *p < 0.05,

**p < 0.01, ***p < 0.001.

ll
OPEN ACCESS

iScience
Article
observed that VPS13C deficiency significantly promoted tumor growth when mice were treated with 2 or

5 mg/kg cisplatin, and NBDHEX reversed the effect of VPS13C knockdown on tumor growth (Figures 6B–6E).

In addition, all treatments were well tolerated, with no significant weight loss or major clinical signs of toxicity

or distress (Figures S5A and S5B). Via western blotting of the subcutaneous tumor, we demonstrated that

VPS13C is negatively associated with the expression of GSTP1 (Figure 6F). Altogether, these data indicate

that the GSTP1 inhibitor NBDHEX could effectively reverse cisplatin resistance induced by VPS13C deficiency

in cervical cancer cells.

DISCUSSION

The 5-year survival rate of patients with cervical cancer has significantly improved over the past 30 years, but

drug resistance remains a major challenge affecting prognosis.26,27 Therefore, exploring the underlying

mechanism is of great significance to improve the survival of patients with cervical cancer.
iScience 26, 107315, August 18, 2023 7
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Figure 5. The GSTP1 inhibitor NBDHEX rescued cisplatin resistance induced by VPS13C deficiency

(A and B) The catalytic activity of GST in SiHa and ME180 cells treated with or without the GSTP1 inhibitor NBDHEX. Data represent the average of three

independent experiments (mean G SD).

(C and E) The viability of stable SiHa and ME180 cells treated with increasing concentrations of cisplatin and a fixed concentration of NBDHEX for 48 h was

evaluated by a CCK-8 assay. Data are presented as mean G SD, n = 3.

(D and F) The IC50 value of cisplatin in SiHa and ME180 cells was calculated and plotted with GraphPad Prism. Data represent the average of three

independent experiments (mean G SD).

(G–J) Representative flow cytometry plots (G, I) and quantification of the apoptosis rate (H, J) in SiHa and ME180 cells treated with cisplatin and NBDHEX for

48 h. Both Annexin V+/PI- and Annexin V+/PI + cells were considered apoptotic. Data represent the average of three independent experiments (mean G

SD). For all panels, experimental significance was determined using Student’s t test. ‘‘*’’ represents comparisons between the control/vector+cisplatin and

shVPS13C/sgVPS13C + cisplatin groups. ‘‘#’’ represents comparisons between the shVPS13C/sgVPS13C + cisplatin and shVPS13C/

sgVPS13C+cisplatin +NBDHEX groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001, ns represents

‘‘not significant’’.
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In recent years, research on VPS13C has mainly focused on Parkinson’s and metabolic diseases.28–30 How-

ever, its role in cervical cancer and cisplatin resistance remains unclear. In this study, we demonstrated that

loss of VPS13C promotes cisplatin resistance in cervical cancer cells in vitro and in vivo by influencing

GSTP1 expression. Studies have shown that VPS13C localizes at endosomes/lysosomes (LE/Lys), endo-

plasmic reticulum (ER), and lipid droplets.8,31 VPS13C mediates lipid transfer between LE/Lys and ER

and participates in lysosome homeostasis and mitochondrial dysfunction.32–34 On the other hand, the

phase II detoxifying enzyme GSTP1 is reported to play an important role in maintaining homeostasis of

ER and mitochondria protection against oxidative stress.35–37 In the present study, when VPS13C was

knocked down, GSTP1 increased at the mRNA and protein levels. We speculate that increased expression

of GSTP1 may be a response to the perturbation of homeostasis in LE/Lys, ER, or mitochondria, which is

induced by VPS13C depletion. However, further exploration is still needed to fully elucidate the molecular

mechanisms by which VPS13C influences GSTP1 in subsequent research.

Studies have shown that GSTP1 may affect cisplatin resistance through detoxifying cisplatin by isolating and in-

activating cisplatin and inhibiting the downstream JNK pathway.24,38,39 Our data suggested that the downregu-

lation of VPS13C in cervical cancer cells leads to high mRNA and protein expression of GSTP1 and inhibition of

the JNK apoptosis pathway, resulting in cisplatin resistance. In addition, we further demonstrated that the

GSTP1 inhibitor NBDHEX could reverse cisplatin resistance caused by VPS13C deficiency in vitro and in vivo.

From a clinical perspective, our findings provide a promising therapeutic strategy by which targeting GSTP1

can overcome cisplatin resistance in cervical cancer caused by VPS13C deficiency.

Many studies have shown that cisplatin resistance remains an important obstacle to prognosis for many

solid tumors,40–42 which encourages us to further explore the role of VPS13C in cisplatin resistance in other

solid tumors. Through GDSC database analysis, we found that low VPS13C mRNA expression was associ-

ated with a higher IC50 value of cisplatin and shorter overall survival (Figures S6A–S6C). Subsequently, we

further investigated the mechanism by which VPS13C deficiency promotes cisplatin resistance in these tu-

mors based on the LinkedOmics database. Consistent with the results in cervical cancer, the drug meta-

bolism pathway was significantly enriched in tumors with low VPS13C expression (Figure S6D), and the

mRNA expression of VPS13C was negatively associated with GSTP1 in these tumors (Figure S6E). The pre-

viously described results further indicate that VPS13C deficiency may also contribute to cisplatin resistance

in lung, breast, and gastric cancers. Collectively, our findings provide evidence for further exploring the ver-

satile role of VPS13C in the chemoresistance of many solid tumors. We hope to further investigate in sub-

sequent research to advance our understanding of the effect of VPS13C on chemoresistance.

In summary, we found that loss of VPS13C promotes cisplatin resistance in cervical cancer by influencing

GSTP1 expression and inhibiting the JNK apoptosis pathway. Targeting GSTP1 with the inhibitor

NBDHEX can overcome the cisplatin resistance induced by VPS13C deficiency. Moreover, VPS13C plays

an important role in cisplatin resistance in other solid tumors. Taken together, our findings highlight the

important role of VPS13C in cisplatin resistance and provide a potential strategy for the precision treatment

of patients with cervical cancer.

Limitations of the study

Our data suggested that VPS13C deficiency promotes cisplatin resistance by influencing the expression of

GSTP1. However, future functional studies will be required to elucidate themolecular mechanisms by which
iScience 26, 107315, August 18, 2023 9



Figure 6. The GSTP1 inhibitor NBDHEX rescued cisplatin resistance induced by VPS13C deficiency in vivo

(A) Schematic diagram of the establishment of SiHa xenograft mice treated with cisplatin and NBDHEX in vivo.

(B) Images of tumors from SiHa xenograft mice.

(C and D) The inhibitory effect of different treatments on tumor volume. Data are shown as the mean G SEM, n = 6. Significance was determined using

Student’s t test. *p < 0.05, **p < 0.01, ns represents ‘‘not significant’’.

(E) The weight of subcutaneously transplanted tumors in different treatment groups. Data are shown as themeanG SEM, n = 6. Significance was determined

using Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ns represents ‘‘not significant’’.

(F) VPS13C and GSTP1 protein expression in xenograft mice. Relative protein expression of GSTP1 was determined by normalization to b-tubulin. Data

represent the average of three independent experiments (mean G SD). **p < 0.01, ***p < 0.001.
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VPS13C influences GSTP1 expression. In addition, bioinformatics analysis suggested that VPS13C is also

involved in cisplatin resistance in other solid tumors, which needs to be confirmed by experiments in the

future. Despite these limitations, our data revealed an important role of VPS13C in cisplatin resistance

of cervical cancer.
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This paper N/A

Recombinant DNA

psi-LVRU6GP LentiCRISPR v2 Addgene Cat#52961

lenti-CRISPRa Addgene Cat#75112

pMDLg/pRRE Addgene Cat#12251

pRSV-Rev Addgene Cat#12253

pCMV-VSV-G Addgene Cat#8454

Software and algorithms

ImageJ Schneider RRID: SCR_003070

FlowJo v10 https://www.flowjo.com/ RRID: SCR_008520

GraphPad Prism 7.0 http://www.graphpad.com/ RRID: SCR_002798

Kaplan‒Meier plotter http://kmplot.com/ RRID: SCR_018753

TIDE web tool https://tide.nki.nl/ N/A

Genomics of Drug Sensitivity in Cancer (GDSC)

database

https://www.cancerrxgene.org/ N/A

LinkedOmics database http://www.linkedomics.org/ N/A

ll
OPEN ACCESS

iScience
Article
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Xun Tian (tianxun@zxhospital.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

RNA-sequencing data generated in the present study have been submitted to GEO database and are pub-

licly available. The accession number is listed in the key resources table. This paper does not report original

code. Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

The cervical cancer cell line SiHa was purchased from the American Type Culture Collection (ATCC) and

cultured in Dulbecco’s modified Eagle’s medium (DMEM). The human cervical epidermoid carcinoma

cell line ME180 was purchased from Procell Life Science & Technology (Wuhan, Hubei, China). DMEM

andMcCoy’s 5Amedium were supplemented with 10% fetal bovine serum (FBS, Gibco) and 100 U/ml peni-

cillin and streptomycin (Invitrogen). The cell incubator was set in humidified air with 5% CO2 at 37�C and

sterilized regularly. Cisplatin-resistant SiHa cells (SiHa/DDP) were developed by exposure to continuously

increasing concentrations of cisplatin from the parental SiHa cells. The viability of SiHa and SiHa/DDP cells
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was confirmed by the CCK-8 assay. The cell lines used in the study were authenticated from a national cell

repository facility by short tandem repeats (STR) profiling and were tested for mycoplasma contamination

on a regular basis.

Tumor xenograft studies

SiHa cells (53106) with or without VPS13C knockdown were injected with Matrigel (BD Biosciences) into the

flanks of 4- to 6-week-old female nude mice. These mice were grouped into four groups, with six mice in

each group. Once the tumor volume reached 80–100 mm3 two weeks later, cisplatin (2 mg/kg or 5 mg/

kg) and NBDHEX (6 mg/kg) were administered by intraperitoneal (i.p.) injection every three days and by

mouth every day, respectively. Tumor volume was measured every 2 days and was calculated by the

following formula: (long diameter) 3 (short diameter)2/2. Three weeks later, the mice were sacrificed,

and the tumors were harvested and analyzed. Animal experiments were approved by the institutional com-

mittee atWuhan Servicebio Technology Co., Ltd. The ethical approval protocol number was Servicebio An-

imal Welfare NO.2022145.

Tumor samples

Tumor samples from cervical cancer patients were collected from Tongji Hospital, Tongji Medical College,

Huazhong University of Science and Technology. This research was approved by the Ethical Committee of

Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology (approval num-

ber: TJ-IRB20180505).

METHOD DETAILS

Plasmid construction

Short hairpin RNA (shRNA) was used to establish stable VPS13C-knockdown SiHa cells and the clustered

regularly interspaced short palindromic repeats (CRISPR)/Cas9 system was used to generate VPS13C-

knockout ME180 cells. For the CRISPR/Cas9 procedure, single guide RNAs (sgRNAs) targeting the

VPS13C gene were designed using online tools (http://crispr.tefor.net/). All of the sequences were synthe-

sized and purified by Sangon Biotech (Shanghai, China) and cloned into Lentiviral psi-LVRU6GP

LentiCRISPR v2 (Addgene plasmid, #52961). The CRISPR activation (CRISPRa) system was used for

VPS13C overexpression in SiHa and ME180 cells.43,44 gRNA targeting the VPS13C transcription start site

region was designed to construct overexpression plasmids. Negative control gRNAs that do not exist in

the human genome were retrieved from Addgene (#75112).

Lentivirus production and transduction

HEK293T cells were seeded in a 10 cm cell culture dish before transfection. Then, 4.2 mg of pMDLg/pRRE,

2.1 mg of pRSV-Rev, 3.1 mg of pCMV-VSVG, and 4.1 mg of lentiviral psi-LVRU6GP were cotransfected with

polyethyleneimine (PEI). After 72 h, the virus-containing medium was collected and filtered through a

0.45-mm sterilizing filter. Then, it was mixed with an equal volume of serum-free DMEM to transduce over-

night SiHa and ME180 cells at 30–50% confluence. After 12 h, the medium was refreshed with DMEM con-

taining 10% FBS and incubated for 72 h. Stable VPS13C low-expression and puromycin-resistant SiHa and

ME180 cells were selected by 1 mg/mL puromycin for 72 h.

Tracking of indels by decomposition (TIDE)

Tracking of Indels by Decomposition (TIDE)45 can accurately identify and quantify insertions and deletions

that arise after the introduction of double-strand breaks (DSBs). It involves three simple steps, one pair of

standard PCRs, one pair of the standard capillary (‘‘Sanger’’) sequencing reactions, and an analysis of the

two resulting raw sequencing files using the TIDE web tool (http://shinyapps.datacurators.nl/tide/).

Cell viability assays

The viability of the cells was evaluated by a CCK-8 assay according to the manufacturer’s instructions.

Briefly, the cells were seeded into 96-well plates in triplicate and cultured overnight. After 24 h, cells

were treated with different concentrations of cisplatin. After 48 h of incubation, CCK-8 (10 mL) was added

to each well and further incubated at 37�C for 2 h before detection. The optical density values were

measured at 450 nm using a microplate reader. The combination index (CI) was calculated using

CompuSyn software with the Chou-Talalay equation,46 which allows the identification of an additive effect

(CI = 1), synergistic effect (CI < 1), or antagonistic effect (CI > 1) in drug combinations.
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Analysis of apoptosis by flow cytometry

SiHa or ME180 cells were treated with 20 mM and 2 mM cisplatin for 48 h with or without NBDHEX. Cell

apoptosis was examined according to themanufacturer’s instructions for the Annexin V-FITC/PI kit (BD Bio-

sciences Pharmingen, San Jose, CA). Cells were detached with 0.25% EDTA-free trypsin, washed twice with

cold PBS, and then resuspended in binding buffer at a concentration of 1 3 106 cells/ml. Afterward, each

sample was sustained with 5 mL of FITC Annexin V and 5 mL PI and incubated for 15min at room temperature

(25�C) in the dark. Then, 400 mL of 13 binding buffer was added to each tube and analyzed by flow cytom-

etry within 1 h.

RNA extraction and qPCR assays

The total RNA of the cultured cells was extracted and purified by the Cell Total RNA Isolation Kit (Vazyme,

RC112). The extracted RNA was reverse transcribed into cDNA using a Reverse Transcription Kit (Vazyme,

R323). Real-time quantitative PCR (qPCR) was performed using ChamQ Universal SYBR qPCR Master Mix

(Vazyme, Q711). The total reaction system was 20 mL, including 0.5 mL cDNA obtained from reverse tran-

scription of 1 mg RNA, 0.4 mL of forward and reverse primers (10 mM), 10 mL of 2 3 ChamQ Universal

SYBR qPCR Master Mix, and variable ddH2O to generate a volume of 20 mL. The samples underwent

two-step amplification with an initial step at 95�C (30 s), followed by 95�C (10 s) and 60�C (30 s) for 40

cycles. Fold changes in the expression of each gene were calculated by the relative quantitative method

(2-
OOCT method).

Western blotting

Total protein was extracted from cells using RIPA lysis buffer (G2002, Servicebio Technology Co., Ltd., Wu-

han, China) with 1x cocktail (G2006, Servicebio), 1% PMSF (Sigma, P8340), 1% NaF (G2007-1, Servicebio),

and 1% NaVO3 (G2007-2, Servicebio). Protein concentration was determined by a Bradford protein assay

kit (G2001, Servicebio). Protein lysates (20–30 mg per sample) were separated on 8 or 12% SDS-polyacryl-

amide gels, transferred to PVDF membranes (G6015, Servicebio), and incubated with primary and second-

ary antibodies, and the signal was detected following the commercial protocol using WesternBright ECL

HRP Substrate (K-12045-D50, Advansta). Anti-b-tubulin mouse monoclonal antibody (ABL1030) was pur-

chased from Abbkine. GSTP1 (CST3369) and phospho-SAPK/JNK (Thr183/Tyr185) (CST 4668T) antibodies

were purchased fromCell Signaling Technology. Antibodies against JNK (A4867) and VPS13C (28676-1-AP)

were purchased from ABclonal and Proteintech, respectively. HRP-labeled secondary antibodies

(GB23301, GB23303) were purchased from Servicebio Technology Co., Ltd., Wuhan, China.

Immunofluorescence analysis

Cells were seeded on coverslips and fixed with 4% paraformaldehyde in PBS for 15 min at room tempera-

ture. The cells were then permeabilized with 0.1% Triton X-100 in PBS for 10 min at 4�C and blocked with 1%

bovine serum albumin (BSA; Servicebio, G5001) in PBS for 30 min. Then, the cells were incubated with the

indicated primary antibodies overnight at 4�C or room temperature for 1 h. After washing with PBS contain-

ing 0.1% Tween 20, the cells or sections were incubated with CY3 (GB21303, Servicebio) and FITC

(GB21301, Servicebio) for 2 h. The cells were then washed and counterstained with DAPI for 5 min and

mounted with antifade reagent. Slides were viewed and photographed with a Leica microscope, and the

images were processed in Photoshop (Adobe Systems).

Immunohistochemistry

The expression of VPS13C in cervical cancer tissue was detected by immunohistochemistry. The slices of

the relevant arrays were baked at 60�C for 2 h, deparaffinized twice in xylene for 15 min, and dehydrated

with an alcohol gradient. Antigen retrieval was conducted by boiling for 10 min in 0.01 M citric acid buffer

and blocking in goat serum for 60 min at room temperature. The slices were incubated with primary anti-

VPS13C antibody (28676-1-AP, Proteintech, USA) diluted 1:100 overnight at 4�C, incubated with secondary

antibody, and rinsed with PBS. The antibody complex was detected with avidin-biotin-peroxidase complex

solution and stained with 3,30-diaminobenzidine (DAB). PBS was used as a negative control instead of pri-

mary antibody.

GST activity assays

After 48 h of exposure to cisplatin, control/VPS13C-silenced cells were detected for GST enzyme activity

using a commercial GST activity assay kit (BC0355, Solarbio Life Science, Beijing, China). Briefly, 1 volume
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(mL) of the reagent was added to the cells at a ratio of 500�1000:1 (it is recommended to add 1 mL of

reagent to 1 to 5 million cells), and the cells were sonicated in an ice bath (power 300 W, ultrasonic for 3

s, interval 7 s, total time 3 min). Then, the sample was centrifuged at 8000 3 g for 10 min at 4�C, and the

supernatant was placed on ice for testing. We defined activity units by protein concentration calculations:

At 25�C or 37�C, 1 mmol of CDNB combined with GSH was catalyzed as one unit of enzyme activity per

milligram of protein per minute. GST (U/mg prot) = [(A4-A3) - (A2-A1)] O (ε3d) 3 106 3 V inverse

total O (Cpr 3 V sample) O T = 0.38 3 [(A4-A3) - (A2-A1)] O Cpr.
Kaplan‒Meier plotter analysis

Kaplan‒Meier plotter (http://kmplot.com/) is capable of assessing the effect of 54 k genes (mRNA, miRNA,

protein) on survival in 21 cancer types from databases including GEO, EGA, and TCGA.47 Survival curves

were evaluated using Kaplan‒Meier. We used Kaplan‒Meier plotter to assess the prognostic value of

VPS13C mRNA in patients with lung cancer, breast cancer, and gastric cancer. The hazard ratio (HR) with

95% confidence interval and log rank p values were calculated and shown.
LinkedOmics analysis

The LinkedOmics database (http://www.linkedomics.org/login.php) is a publicly available portal that in-

cludes multiomics data from all 32 TCGA cancer types and 10 Clinical Proteomics Tumor Analysis Con-

sortium (CPTAC) cancer cohorts.48 The LinkedOmics database was used to investigate the transcription

networks of GSTP1 and VPS13C in cervical cancer. In addition, we used the ‘‘Linked Interpreter’’ module

to conduct a biological analysis of VPS13C and related overlapping genes by GSEA; this analysis revealed

enriched biological processes and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. The rank

criterion was a false discovery rate (FDR) < 0.05, the minimum number of genes was 3, and the number of

simulations was 1000.
GDSC database

The chemosensitivity of tumors is mainly analyzed using the Genomics of Drug Sensitivity in Cancer (GDSC)

database, which is currently the largest public resource library for drug sensitivity and related markers of

cancer cells.49 It contains data on the response of more than 1000 tumor cells to different anticancer drugs

(available at https://www.cancerrxgene.org/).
RNA sequencing and analysis

Total RNA was extracted from the tissues using TRIzol (Invitrogen, Carlsbad, CA, USA) according to the

manufacturer’s instructions. Subsequently, total RNA was qualified and quantified using a NanoDrop

and Agilent 2100 bioanalyzer (Thermo Fisher Scientific, MA, USA). The final library was amplified with

phi29 tomake DNA nanoballs (DNBs), which hadmore than 300 copies of onemolecule. DNBs were loaded

into the patterned nanoarray, and single-end 50-base reads were generated on the DNBSEQ platform

(BGI-Shenzhen, China). mRNA-sequencing analysis was performed by Huada Genomics Institute (BGI).

KEGG pathway analysis and gene set enrichment analysis (GSEA) were conducted with the Dr. Tom pro-

gram (https://biosys.bgi.com).
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using the GraphPad Prism 7.0 package (GraphPad Software, Inc., La

Jolla, CA, USA). Error bars represent the mean G standard deviation (SD) or mean G standard error of

the mean (SEM). Independently performed biological replicates are indicated as dots in the bar graphs,

and all biological replicates were more than or equal to 3 (n R 3). Statistical methods for each analysis

are described in figure legends. In all analyses, the significance level is presented as follows: *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001, ns represents

‘‘not significant’’.
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