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Abstract 

Background: Paclitaxel, as an anti-microtubule drug, has been recommended to be the 

first-line chemotherapy agent for ovarian cancer for about two decades. However, most 

patients with advanced stage relapse within two years and ultimately die of relapsed cancer 

displaying increased chemoresistance. The mechanisms underlying paclitaxel resistance 

remain incompletely understood. 

Methods: The paclitaxel-resistant ovarian cancer cell line SKOV3-TR30 and its 

parental cell line SKOV3 were analyzed by proteinomics. The glycolytic enzyme 

PGAM1-modulated glycolytic flux including pyruvic acid production and lactic acid 

production, and mitochondrial function was investigated using the assays kit. The 

correlations between PGAM1 expression, overall survival and progression free survival 

were evaluated for ovarian cancer patients. To elucidate the underlying mechanisms 

involved in paclitaxel resistance, PGAM1 gene knockout, gene overexpression and/or 

manipulation of glycolytic products were employed, followed by Western blot, 

immunostaining, and cell viability assay. 

Results: PGAM1 was highly expressed in the paclitaxel resistant ovarian cancer cell 

line SKOV3-TR30, as compared to its parental cell line SKOV3. A high expression of 

PGAM1 was significantly correlated with a reduced overall survival and progression 

free survival in ovarian cancer patients. Under paclitaxel exposure, SKOV3 cells 

showed a stronger mitochondrial function than SKOV3-TR30 cells, suggesting that 

under the stress, SKOV3-TR30 cells had responded with enhanced glycolysis rather 

than undergoing oxidative phosphorylation. Down-regulation of PGAM1 in SKOV3-

TR30 cells resulted in decreased paclitaxel resistance. Up-regulation of PGAM1 in 

SKOV3 cells led to enhanced paclitaxel resistance. Analysis of the glycolytic flux 

revealed that PGAM1-mediated pyruvic acid or lactic acid production could control the 

capabilities of ovarian cancer cell resistance to paclitaxel.  

Conclusions: Our study demonstrated that PGAM1 could act as a modulator linked to 

paclitaxel sensitivity in ovarian cancer cells. Blocking PGAM1 may provide a new 

approach to reverse paclitaxel resistance in ovarian cancer patients. 
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Background 

Ovarian cancer is one of the most common malignancies and has the highest mortality 

of any female reproductive system disease. According to American cancer statistics, 

the overall 5-year survival rate of ovarian cancer patients is maintained between 44% 

and 46%, but becomes only 27-29% for advanced stage patients (1-6). A short-term 

complete response to first-line chemotherapy is achieved in nearly three quanters of 

patients with advanced disease. However, most patients relapse within two years and 

ultimately die of relapsed cancer displaying increased chemoresistance. Although 

abundant research has recently focused on new agents such as bevacizumab and Poly 

(adenosine diphosphate–ribose) polymerase (PARP) inhibitors (7-9), primary surgery 

followed by combined chemotherapy of paclitaxel and carboplatin still remains the 

standard treatment strategy (10, 11). Paclitaxel, as an anti-microtubule drug, has been 

recommended to be the first-line chemotherapy agent for ovarian cancer for about two 

decades. In this way, overcoming paclitaxel resistance becomes a key goal to improve 

the prognosis of ovarian cancer patients. 

To gain insight into the mechanisms by which paclitaxel resistance occurs in 

ovarian cancer we have made use of proteomic analysis between the paclitaxel-resistant 

ovarian cancer cell line, SKOV3-TR30, and its parental cell line, SKOV3 (12). In 

screening for differentially expressed proteins, Phosphoglycerate mutase 1 (PGAM1), 

a non rate-limiting enzyme in glycolysis (13), was identified to be highly expressed in 

the SKOV3-TR30 cell line. 

PGAM1 reversibly catalyzes a unique step during glycolysis, controlling the 

metabolite levels of its substrate, 3-phosphoglycerate (3-PG), and product, 2-

phosphoglycerate (2-PG), in the later stages of the glycolytic pathway (14-16). PGAM1 

has been reported to be highly expressed in lung cancer (17), polymorphic gliomas (18), 

and it is positively correlated with poorer prognosis of patients with gliomas (19). 
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Higher PGAM1 activity has also been observed in the hepatocellular carcinoma cell 

line, HepG2, as compared to the normal immortalized human hepatocyte cell line 

L02(20). It seems that PGAM1-mediated glycolysis plays a potent role in modulating 

cell growth and/or apoptosis.  

Enhanced glycolysis occurs in most human cancer cells and is considered to be 

related to chemoresistance. In normal cells, glucose is catabolized into pyruvic acid, 

which then enters the tricarboxylic acid cycle for either oxidative phosphorylation or, 

less usually, is anaerobically converted into lactic acid. In cancer cells, aerobic 

glycolysis is preferred regardless of oxygen concentration (21, 22). With enhanced 

glycolysis in cancer cells, more ATPs are generated. This is believed to be one of the 

mechanisms by which rapid growing cells withstand external stresses such as hypoxia 

and drug exposure. In this way, cancer cells exposed to drug treatments can escape 

extermination through a series of adaptive alterations, including those of the 

glycometabolism (23). In leukemia, for example, cancer cells residing at higher oxygen 

tensions still remain highly glycolytic comparing to most of the surrounding normal 

tissue cells (24, 25). Zhang et al also recently reported that glycometabolic adaptation 

could mediate drug resistance in leukemia cells (26). The involvement of glycolysis 

and biosynthesis in the regulation of paclitaxel resistance in ovary cancer cells remain 

elusive. 

In the present study, we show that paclitaxel resistance in ovarian cancers rely on 

a PGAM1 mediated glycolytic metabolism. Overexpression of PGAM1 in SKOV3 

ovarian cancer cells leads to increased glycolytic flux and paclitaxel sensitivity, and 

PGAM1 knock down in SKOV3-TR30 cells results in decreased glycolytic flux and 

paclitaxel sensitivity. Importantly, we found that a high-expression of PGAM1 was 

correlated with poorer prognosis including PFS and OS, suggesting that PGAM1 acts 

as an oncoprotein linked to sensitivity in ovarian cancer patients. Blocking PGAM1 

may provide a new approach to reverse paclitaxel resistance in ovarian cancer patients.  
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methods 

Cell culture 

The human ovarian adenocarcinoma cell line SKOV3 was purchased from the 

American Type Culture Collection (ATCC, HTB-77) and maintained in McCoy’s 5A 

medium (Corning, 10-050-CV) supplemented with 10% fetal bovine serum (FBS) at 

37℃  and 5% CO2. The paclitaxel-resistant cell sub-line SKOV3-TR30 acquired 

paclitaxel resistance by being exposed to increased concentrations of paclitaxel (27). 

SKOV3-TR30 was maintained in complete medium with 10nM paclitaxel daily and 

30nM paclitaxel for 3 days at a 21-day-intervals to keep the paclitaxel resistance at 27-

fold over the parental cell line SKOV3. Paclitaxel resistance was detected every 3 

months.  

 

Reagents and antibodies 

Paclitaxel was purchased from the Bristol-Myers Squibb Company. Pyruvic acid and 

lactic acid were purchased from Merck. The primary antibodies used for Western 

blotting were anti-PGAM1 (ab96622) and anti-beta-actin (Proteintech, 60008-1-Ig). 

The antibody anti-PGAM1 (ab2220) was used for immunohistochemistry. HRP-labeled 

secondary anti-mouse (Proteintech, SA00001-1) and anti-rabbit (Proteintech, 

SA00001-2) were purchased from Proteintech Group Inc.  

 

Immunohistochemistry and Kaplan-Meier survival analysis of ovarian 

adenocarcinoma patients 

A total of 193 formalin-fixed paraffin-embedded tissue samples were obtained from 

patients diagnosed with ovarian adenocarcinomas including serous, mucinous, 

endometrioid and clear cell carcinomas from January 2002 to December 2009 from the 

Women’s Hospital, School of Medicine, Zhejiang University. All patients underwent 

primary surgery followed by paclitaxel-based chemotherapy. Telephone follow-ups 

were carried out yearly after the first operation. The deadline of the follow-up was July 

2017. Clinical information was obtained from the medical records by two gynecological 
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oncologists with patients’ permission. A total of 13 patients were excluded because of 

the lack of complete data. The patients ranged in age from 23 to 89 years (median 50 

years). The FIGO stage was reevaluated according to the FIGO staging 2014. Paclitaxel 

resistance was defined as patients with progressive disease during primary 

chemotherapy or suffering recurrence of disease within 6 months of completing primary 

chemotherapy. Paclitaxel-sensitivity was defined as patients suffering recurrence 

beyond 6 months, or patients without recurrence. Pathological diagnosis was 

reconfirmed by an expert pathologist for all 180 specimens. The study was approved 

by the Research Ethics Committee of Women’s Hospital, School of Medicine, Zhejiang 

University. Anti-PGAM1 antibody (ab2220, 1:150) was used for the IHC following the 

protocol provided by Abcam. The scoring method and analysis of IHC were performed 

as previously described.   

 

Plasmids and siRNA transfection 

The pCMV5(+)-PGAM1 plasmid was constructed as follows. A full length of PGAM1 

mRNA (NM_002620.1) was synthesized and cloned into a pCMV5 vector by Genscript. 

A pCMV5(+) vector was designated as negative control. Cells were grown to 70-80% 

confluence before plasmid transfection. The ratio of X-tremeGENE HP DNA 

Transfection Reagent (Roche, 06300236001): DNA was 2:1, and 2ug DNA was used 

for each well in  

6-well plates. The targeting site for PGAM1 was 5’-

CAAGAACUUGAAGCCUAUCAA-3’. PGAM1 siRNA was synthesized by 

GenePharma (Shanghai, China). SiRNA was transfected into cells with lipofectamine 

2000 Reagent (Invitrogen, 11668019). Cells were grown to 70-80% confluence before 

siRNA transfection according to the manufacturer’s instructions. Plasmid and siRNA 

were both transfected for 12 hours and the culture medium was then replaced by new 

complete medium for another 12 hours. 

 

Cell viability detection 

For cell viability detection for paclitaxel-sensitivity, cells were seeded at 4000 cells per 
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well in 96-well plates after transfection with plasmid or siRNA. SKOV3 and SKOV3-

TR30 cells were then exposed to paclitaxel at various final concentrations (0, 5, 10, 15, 

20, 25, 30 nM for SKOV3 and 0, 50, 100, 150, 200, 250, 300 nM for SKOV3-TR30) 

for 48 and 72 hours. Each concentration was conducted in triplicate. Cell viability was 

then detected using a Cell Counting Kit-8 (Dojindo laboratories, CK04) using a 

Varioskan Flash microplate reader (Thermo Scientific) for spectral analysis at a 

wavelength of 450nm.  

 

Pyruvic acid and lactic acid production detection 

Cells were seeded at 4000 cells per well in 96-well plates and cultured for the 

appropriate time. Culture medium was then piped out to detect pyruvic acid (using 

pyruvic acid assay kit, sigma-aldrich, MAK071) or lactic acid (using lactic acid assay 

kit, sigma-aldrich, MAK064) concentrations according to the manufacturer’s 

instructions. Cell viability was detected using a Cell Counting Kit-8 (CCK-8) as 

previously mentioned. The increased pyruvic acid concentration was divided by the 

absorbance of CCK-8. Separate experiments were done for three replicates and the P 

value was then calculated. 

 

Immunofluorescence staining of functional mitochondria 

SKOV3 and SKOV3-TR30 cells were seeded at 5×104 cells/ml into each well of μ-

slide 8 well (ibiTreat, ibidi, 80826). The cells were exposed to 10nM, 20nM and 30nM 

paclitaxel for 24 hours after cell adherence. TBST was used for washing after 2% 

paraformaldehyde in PBS for fixation and permeabilization for 15 minutes. Functional 

mitochondria were stained by Mitobright for 10 minutes (Dojindo Molecular 

Technologies catalog number MT06). TBST was then used for washing again. Nuclei 

were stained using fluoroshield with DAPI (Abcam, ab104139). Representative images 

were photographed using a confocal fluorescence microscope. 

 

Western blot 

Proteins were extracted from whole-cell lysate. Appropriate amounts of proteins were 
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loaded on 12% SDS-PAGE and transferred to 0.22um PVDF membranes. The 

membranes were blocked with 5% Bovine Serum Albumin in TBST and incubated in 

primary antibodies at 4℃ overnight and then in secondary antibodies for 1 hour at 

room temperature. The bands were detected with an EZ-ECL kit (BI biological 

industries, 20-500-120) and scanned using Imagequant LAS400 mini (GE Healthcare).  

 

Statistical analysis 

All statistics were conducted using the SPSS version 20.0 statistical software package 

(IBM Corp, USA). The differences in proteomic analysis between SKOV3 and 

SKOV3-TR30 were estimated using a Student’s t-test. The correlations between the 

IHC of PGAM1 protein and clinicopathologic parameters were evaluated using chi-

square tests. PFS and OS curves were determined using the Kaplan-Meier method and 

differences in survival were compared using a log-rank test. The influence of PGAM1 

expression on survival was assessed using the Cox regression analysis. Cell viability 

was evaluated using a Student’s t-test. A P-value of less than 0.05 (two-tailed was 

considered as statistically significant. 

 

Results 

Identification of PGAM1 differentially expressed between paclitaxel-sensitive 

and paclitaxel-resistant ovarian cancer cells  

We previously obtained a SKOV3-TR30 cell line that had acquired paclitaxel resistance 

with a 27-fold increase over its parental SKOV3. We then carried out a MALDI-TOF-

TOF following 2-D DIGE (two-dimensional fluorescence difference in gel 

electrophoresis) quantitative proteomic analysis between the two cell lines. In this 

mining we observed 57 differentially expressed protein gel spots between 

SKOV3/SKOV3-TR30 with ratios of more than 1.5-fold. 49 of these were then 

successfully authenticated. Figure 1a shows a partial image of one of the three replicate 

gels. DeCyder software analysis showed that the SKOV3/SKOV3-TR30 ratios ranged 

from -7.93-fold to 9.42-fold. Gel pots were then picked and digested by tryptan. Protein 
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identification was executed by MALDI-MS. 356 among 558 identified proteins were 

differentially expressed (fold change＞1.5 and FDR＜0.05), among them 47 were of 

higher-expression and 309 of lower-expression in the SKOV3-TR30 cell line than in 

SKOV3. Gene ontology analysis showed that 35% (125 proteins) were those that 

participate in metabolic processes, 24% in the regulation of biological process, 13% in 

transport and 28% in other classifications. We focused on PGAM1 that was obviously 

up-regulated in SKOV3-TR30 cells, with a SKOV3/SKOV3-TR30 ratio of -2.08-fold. 

Figure 1b shows a 3D volumetric model of the gel spot #1166 in SKOV3 and SKOV3-

TR30 cells, where PGAM1 was located. Western blot also confirmed that PGAM1 was 

significantly up-regulated in SKOV3-TR30 cells compared with its level in the parental 

SKOV3 cells (Figure 1c).  

 

The high-expression of PGAM1 protein in ovarian cancer tissues is correlated 

with a poorer prognosis for patients 

To explore the clinical significance of PGAM1 over-expression in paclitaxel-resistant 

ovarian cancer cells, we analyzed the expression of PGAM1 protein by 

immunohistochemical (IHC) staining in 180 primary epithelial ovarian cancer tissues 

obtained from patients. The PGAM1 protein was detected in the cytoplasm of ovarian 

cancer cells (Fig. 2a). PGAM1 high-expression showed a significant difference 

(P=0.003, Table 1) between paclitaxel sensitive ovarian cancer tissues with a percentage 

of 44.36% (59/133) and in paclitaxel-resistant ovarian cancer tissues with a percentage 

of 70.73% (29/41). Univariate regression analysis indicated that PGAM1 high-

expression was significantly correlated with a larger volume of ascitic fluid (P=0.010) 

and suboptimal primary surgery (P ＜ 0.001). Kaplan-Meier survival curves 

demonstrated that ovarian cancer patients with PGAM1 high-expressions had 

significantly poorer progression-free survival (PFS, P=0.012) and overall survival (OS, 

P=0.008), compared to the patients with PGAM1 low-expression (Fig. 2b). This was 

further confirmed by univariate Cox regression analysis (HR=1.707, 95% CI 1.115-

2.614 for PFS and HR=1.722, 95% CI 1.143-2.594 for OS, respectively). Multivariate 

Cox regression analysis showed that the expression of PGAM1, together with FIGO 
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stage, ascitic fluid volume, primary surgery, and chemosensitivity were significantly 

correlated with PFS, though not with OS (Table S1). These data suggest that the 

increased expression of PGAM1 protein might be used as a predictor of poorer 

prognosis in ovarian cancer patients.  

 

SKOV3-TR30 cells manifest a larger glycolytic flux than SKOV3 cells  

PGAM1 actively coordinates biosynthesis and glycolysis, in which many glycolytic 

intermediates including pyruvic acid and lactic acid are produced and are used as 

precursors for the anabolic pathway [19, 20]. We therefore examined the glycolytic flux 

in SKOV3 and SKOV3-TR30 cells by measuring the intermediate product, pyruvic acid, 

and the end-product, lactic acid. Cells cultured for 24, 48, and 72 hours were subjected 

to analysis and cell viability was simultaneously detected. The results showed that both 

pyruvic acid production at 24, 48 and 72 hours (each P＜0.001) and lactic acid 

production at 48 and 72 hours (both P＜0.05) were significantly higher in SKOV3-

TR30 than in SKOV3 (Figure 3a-b). These data indicate that a larger glycolytic flux 

existed in SKOV3-TR30 cells compared to the parental SKOV3 cells. 

We further analyzed alterations in mitochondrial function in SKOV3 and SKOV3-

TR30 cells under the stress of paclitaxel exposure, which exhibit aerobic oxidation. In 

the absence of paclitaxel treatment, Mitobright Green staining revealed no differences 

in mitochondrial signaling between SKOV3 and SKOV3-TR30 (Figure 3c). However, 

under paclitaxel stimulations of concentrations of 10nM (Figure 3d), 20nM (Figure 3e) 

and 30nM (Figure 3f), the signal was remarkably enhanced in SKOV3 cells, but 

remained unchanged in SKOV3-TR30 cells. These observations indicate that without 

paclitaxel treatment, mitochondrial function remains similar between the two cell lines. 

Conversely, under paclitaxel exposure, SKOV3 cells showed a stronger mitochondrial 

function than SKOV3-TR30 cells, suggesting that under the stress of paclitaxel 

exposure, SKOV3-TR30 cells had responded with enhanced glycolysis rather than 

undergoing oxidative phosphorylation. 

 

Paclitaxel sensitivity is dependent on pyruvic acid or lactic acid in SKOV3 cells 
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Having revealed a larger glycolytic flux in SKOV3-TR30 cells, we next examined 

whether paclitaxel sensitivity in ovarian cancer cells is dependent on the changes in 

pyruvic acid and lactic acid. Based on human serum pyruvic acid concentration with a 

normal range at 0.03~0.1mmol/L and lactic acid below 2.4mmol/L, we manipulated the 

parental SKOV3 cells by adding differing amounts of pyruvic acid at concentrations of 

0.01, 0.05, 0.1, 0.2, 0.5 and 1.0 mmol/L (figure 4a) or lactic acid at concentrations of 

0.1, 1, 10, 20, 100 and 200mmol/L (Figure 4e) in the culture medium for 24, 48 and 72 

hours. Firstly, we determined the toxicity of additional pyruvic acid and lactic acid 

using a CCK-8 assay. The results showed that no toxicity had resulted from any of the 

concentrations of pyruvic acid or from the lower concentrations of lactic acid, but had 

occurred in the case of a high concentration (200mmol/L) of lactic acid. We then 

applied the pyruvic acid or lactic acid of the appropriate concentrations for SKOV3 

cells treated with 10nM paclitaxel. The relative absorbances in CCK-8 kit were 

analyzed under indicated concentrations of pyruvic acid (Figure 4b, 4c and 4d) or lactic 

acid (figure 4f, 4g and 4h). Interestingly, in the culture with pyruvic acid at a 

concentration of 0.5 mmol/L for 24 hours the cells showed a significant decrease in 

paclitaxel sensitivity. With prolonged culture time for 48 or 72 hours, significant 

differences were shown at all concentrations of pyruvic acid, with a peak at 0.2mmol/L. 

The cells cultured with lactic acid at concentrations of 0.1, 1, 10, 20 and 100mmol/L 

for 24 hours showed no differences in paclitaxel sensitivity. However, with prolonged 

culture time for 48 or 72 hours, significant differences were shown at all the above 

concentrations of lactic acid. 200mmol/L lactic acid showed toxicity to all cells that had 

been treated for 24 hours or beyond. These results indicate that paclitaxel sensitivity in 

SKOV3 cells is dependent on both the dosage and treatment time of pyruvic acid or 

lactic acid. 

 

PGAM1 modulates paclitaxel sensitivity in ovarian cancer cells through the 

alteration of pyruvic acid production 

Given the higher expression of PGAM1 and elevated glycolytic flux in the SKOV3-

TR30 cells than that in the parental SKOV3 cells, we considered whether paclitaxel 
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sensitivity is regulated by PGAM1 mediated glycolysis. Using Western blot, we firstly 

examined PGAM1 expression patterns in the parental SKOV3 cells exposed to different 

concentrations of paclitaxel. PGAM1 expression was up-regulated subsequent to an 

increased dosage of paclitaxel, with a peak at 20nM in SKOV3 cells (Figure 5a). 

Beyond a paclitaxel concentration of 20nM, the cells quickly died. Secondly, we 

analyzed if the alteration of the glycolysis flux influences PGAM1 expression in the 

parental SKOV3 cells. Different amounts of pyruvic acid were added into the culture 

medium and PGAM1 expression was again measured using Western blot. Figure 5b 

showed that PGAM1 was up-regulated with additional pyruvic acid and achieved a 

peak at a concentration of 0.1mmol/L in SKOV3 cells. We then up-regulated PGAM1 

by expressing pCMV5(+)-PGAM1 plasmid in the SKOV3 cells (Figure 5c), where an 

increased pyruvic acid production (Figure 5d) and a decreased paclitaxel sensitivity was 

detected (Figure 5e and Figure 5f).  

Finally, we attenuated PGAM1 in SKOV3-TR30 cells by shRNA and 

subsequently evaluated the effects on glycolytic flux and paclitaxel sensitivity. As 

Figure 6a shows, down-regulation of PGAM1 in SKOV3-TR30 cells resulted in 

significantly declined pyruvic acid production (Figure 6b) and paclitaxel resistance at 

48 or 72 hours (Figure 6c and Figure 6d). 

 

Discussion 

Paclitaxel is a preferred chemotherapeutic agent for ovarian cancer, however, paclitaxel 

resistance has represented a long term challenge for treatment strategy. Here we 

demonstrate that PGAM1 modulates paclitaxel resistance in ovarian cancer cells via 

pyruvic acid production (Figure 6e). We also found that a high expression of PGAM1 

in cancer cells of ovary cancer patients is significantly correlated with poorer prognosis. 

Aerobic oxidation of glucose catabolism is a main pathway for normal cells to 

obtain energy under conditions of sufficient oxygen supply. During this process, 

glucose is eventually decomposed into carbon dioxide and water, generating abundant 

ATP. Conversely, cancer cells prefer anaerobic oxidation, even under the conditions of 

sufficient oxygen supply (28, 29). In this case, glucose is catabolized into pyruvic acid, 
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and primarily decomposed into lactic acid, leading to lower levers  but faster ATP 

generation to meet the biosynthetic demands for rapid proliferation (30). The increased 

expressions of many enzymes, including PGAM1, have been demonstrated to be 

involved in this process.  

Upregulated PGAM1 in human cancers contributes to biosynthesis regulation. 

Inhibition of PGAM1 by shRNA or the small molecule inhibitor PGMI-004A results in 

increased 3-PG and decreased 2-PG levels in cancer cells. This leads to significantly 

decreased glycolysis, PPP flux and biosynthesis, as well as attenuated cell proliferation 

and tumor growth (15, 21, 31). In an earlier research, Michael et al. found that MJE3, 

a small-molecule acting as a PGAM1 enzyme inhibitor, but not other library members 

in the study, could inhibit breast cancer cell proliferation (32). Tanner et al. reported 

that there are four key steps controlling glycolytic flux, namely glucose import, 

hexokinase, phosphofructokinase, and lactate export (33). It is interesting that in our 

study that among the 125 (35%) out of 356 successfully mined proteins that participated 

in metabolic processes, PGAM1 was the only remarkable enzyme involved in the 

glycolic pathways by which paclitaxel resistance could be manipulated in ovarian 

cancer cells. 

In the following study, we collected 180 primary epithelial ovarian cancer tissues 

and detected PGAM1 protein by immunohistochemical staining. The results 

demonstrated that PGAM1 high-expression was significantly related to paclitaxel 

resistance in ovarian cancer patients and thus revealed poorer prognosis including PFS 

and OS. This suggested that PGAM1 may act as an oncoprotein that links with 

paclitaxel resistance in ovarian cancer patients. 

As tumors progress, they first become hypoxic and then acidic，and then malignant 

progression is accelerated. Tumors become resistant to therapeutic strategies, including 

both radiotherapy and chemotherapy (30, 34). Yokota, H. et al. reported that metabolic 

status could also be used as a prognostic parameter in patients with non-small-cell lung 

cancer (35). On this basis, researchers were focusing on the reversion of metabolic 

reprogramming to conquer radiotherapy or chemotherapy. Chao et al. reported a clinical 

trial with large hepatocarcinoma patients who received transarterial chemoembolization 
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(TACE) with or without bicarbonate locally infused into the tumor site (36). They found 

that bicarbonate could obviously enhance anti-tumor abilities and could account for 

bicarbonate neutralization of lactate. We examined paclitaxel resistance as influenced 

by pyruvate or lactate concentrations. Results showed that both could enhance ovarian 

cancer cell resistance to paclitaxel, but that pyruvate was superior to lactate in this 

regard.  

In our study, we measured PGAM1 expression and found an increased PGAM1 

expression following ovarian cancer cells being exposed to paclitaxel. We enforcedly 

regulated PGAM1 expression and observed the influence of the changed expression of 

PGAM1 on the ovarian cancer cell responses to paclitaxel. Our results revealed that 

facing external paclitaxel stress, ovarian cancer cells possess the capacity to enhance 

glycolytic flux via the up-regulation of PGAM1, to withstand paclitaxel cytotoxicity in 

parental SKOV3 cells. Otherwise, in the highly expressing SKOV3-TR30 cells, 

reducing the glycolytic flux via the down-regulation of PGAM1 could reverse 

paclitaxel cytotoxicity.  

 

Conclusions 

In paclitaxel-induced paclitaxel-resistant SKOV3 ovarian cancer cell SKOV3-TR30, 

PGAM1 is high-expressed, which modulates paclitaxel resistance in ovarian cancer 

cells via pyruvic acid and/or lactate production. High expression of PGAM1 in ovary 

cancer cells could be a potential chemotherapeutic target. Our findings may provide a 

new approach to overcome paclitaxel resistance for ovarian cancer patients.  
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Figure Legends 

Fig.1 Two-dimensional fluorescence differences in gel electrophoresis (DIGE), 

quantitative proteomic analysis and validation of PGAM1 expression by western 

blotting in SKOV3 and SKOV3-TR30 cells. a Partial image of one in three replicate 

gels of SKOV3 and SKOV3-TR30 whole cell lysates. The SKOV3 sample was labeled 

with cy5 dye and the SKOV3-TR30 sample was labeled with cy3 dye while the mixture 

of the two cell lines was labeled with cy2 dye. The merged image was then analyzed 

using DeCyder software. The #1166 gel spot with an arrow was one of the 49 differently 

expressed protein spots using MALDI-TOF-TOF. b Three-dimensional volumetric 

models of the gel spot #1166 where PGAM1 was located. Expression levels were then 

measured by DeCycler analysis and calculated by standardized log abundance. c 

Western blotting of PGAM1 expression in SKOV3 and SKOV3-TR30 whole cell lysate. 

 

Fig.2 Relationship between immunohistochemical staining of PGAM1 expression and 

patient survival. a Representative PGAM1 staining of paraffin-embedded block from 

180 ovarian cancer patients. b Analysis of PGAM1 expression in the prognostic value 

of patients with ovarian cancer using Kaplan-Meier survival curves for PFS and OS. 

 

Fig.3 SKOV3-TR30 cells manifest larger glycolytic flux than SKOV3 cells. 

Comparison of pyruvic acid (a) and lactic acid (b) production between SKOV3 and 

SKOV3-TR30 cells when cultured for 24h, 48h and 72h. SKOV3 and SKOV3-TR30 

cells were cultured without any paclitaxel in the culture medium (c), or exposed to 

10nM (d), 20nM (e) and 30nM (f) paclitaxel for 24 hours. Representative images were 

photographed using a confocal fluorescence microscope after immunofluorescence 

staining. g The fluorescence density was measured using the software Image J and was 

significantly increased under the exposure of 10nM paclitaxel (P=0.012), 20nM 

paclitaxel (P=0.002) and 30nM paclitaxel (P=0.038). DAPI: staining for the nuclei. 

Mitobright: staining for mitochondria.  

 

Fig.4 Paclitaxel sensitivity depends on pyruvic acid or lactic acid in SKOV3 cells. 

SKOV3 cells were cultured while adding different concentrations of pyruvic acid (a) at 

0.01, 0.05, 0.1, 0.2, 0.5 and 1.0 mmol/L or lactic acid (e) at concentrations of 0.1, 1, 

10,20, 100 and 200 mmol/L in the culture medium for 24, 48 and 72 hours. Cell viability 
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was determined using a CCK-8 assay. The line chart was plotted according to the 

absorbance fold change compared to the value where no pyruvic acid was added. 

SKOV3 cells were cultured in the culture medium with 10nM paclitaxel. Indicated 

concentrations of pyruvic acid (b, c and d) or lactic acid (f, g and h) were added to 

observe the relative absorbance by CCK-8 kit compared to the corresponding values 

where no pyruvic acid or lactic acid was added, when cultured for 24, 48 and 72 hours. 

 

Fig.5 PGAM1 modulates paclitaxel sensitivity via pyruvic acid production in ovarian 

cancer cells. a Cells were treated with different concentrations of paclitaxel. Western 

blotting was performed to detect PGAM1 variation. PGAM1 expression could be 

induced by a low dose of paclitaxel stimulation in the paclitaxel-sensitive cell lines 

SKOV3. b PGAM1 could also be induced when increasing the pyruvic acid 

concentrations of the culture medium in the SKOV3 cell line. c PGAM1 was over-

expressed by plasmids in the paclitaxel-sensitive cell line SKOV3. Significant 

differences of pyruvic acid production were found between cultures at 24, 48 and 72 

hours, as shown in the histogram below (d). The line charts showed paclitaxel 

sensitivity under the same procedure (e and f).  

 

Fig.6 Down-regulation of PGAM1 in SKOV3-TR30 cells resulted in decreased 

paclitaxel resistance. a PGAM1 expression was knocked-down by siRNA in the 

paclitaxel-resistant cell line, SKOV3-TR30 (ST). Western blotting indicating siRNA 

transfection efficiency. b Histogram showing the differences of pyruvic acid production 

in the culture medium when cells were cultured for 24, 48 and 72 hours between 

SKOV3 and SKOV3-TR30 cells. There was no significant difference in pyruvic acid 

production when culturing for 24 hours, but notable differences appeared when 

culturing for 48 and 72 hours. Cell viability was determined by CCK-8 kit. The line 

charts below show paclitaxel sensitivity when cells were treated with the indicated 

paclitaxel concentration for 48 (c) and 72 hours (d). Results are shown as means±SEM 

for three separated experiments (* P<0.05, ** P<0.01, *** P<0.001).e Diagram 

depicting PGAM1 modulating paclitaxel resistance in ovarian cancer cells via pyruvic 

acid production. 



Figures

Figure 1

Two-dimensional �uorescence differences in gel electrophoresis (DIGE), quantitative proteomic analysis
and validation of PGAM1 expression by western blotting in SKOV3 and SKOV3-TR30 cells. a Partial
image of one in three replicate gels of SKOV3 and SKOV3-TR30 whole cell lysates. The SKOV3 sample



was labeled with cy5 dye and the SKOV3-TR30 sample was labeled with cy3 dye while the mixture of the
two cell lines was labeled with cy2 dye. The merged image was then analyzed using DeCyder software.
The #1166 gel spot with an arrow was one of the 49 differently expressed protein spots using MALDI-
TOF-TOF. b Three-dimensional volumetric models of the gel spot #1166 where PGAM1 was located.
Expression levels were then measured by DeCycler analysis and calculated by standardized log
abundance. c Western blotting of PGAM1 expression in SKOV3 and SKOV3-TR30 whole cell lysate.

Figure 2



Relationship between immunohistochemical staining of PGAM1 expression and patient survival. a
Representative PGAM1 staining of para�n-embedded block from 180 ovarian cancer patients. b Analysis
of PGAM1 expression in the prognostic value of patients with ovarian cancer using Kaplan-Meier survival
curves for PFS and OS.

Figure 3



SKOV3-TR30 cells manifest larger glycolytic �ux than SKOV3 cells. Comparison of pyruvic acid (a) and
lactic acid (b) production between SKOV3 and SKOV3-TR30 cells when cultured for 24h, 48h and 72h.
SKOV3 and SKOV3-TR30 cells were cultured without any paclitaxel in the culture medium (c), or exposed
to 10nM (d), 20nM (e) and 30nM (f) paclitaxel for 24 hours. Representative images were photographed
using a confocal �uorescence microscope after immuno�uorescence staining. g The �uorescence
density was measured using the software Image J and was signi�cantly increased under the exposure of
10nM paclitaxel (P=0.012), 20nM paclitaxel (P=0.002) and 30nM paclitaxel (P=0.038). DAPI: staining for
the nuclei. Mitobright: staining for mitochondria.



Figure 4

Paclitaxel sensitivity depends on pyruvic acid or lactic acid in SKOV3 cells. SKOV3 cells were cultured
while adding different concentrations of pyruvic acid (a) at 0.01, 0.05, 0.1, 0.2, 0.5 and 1.0 mmol/L or
lactic acid (e) at concentrations of 0.1, 1, 10,20, 100 and 200 mmol/L in the culture medium for 24, 48
and 72 hours. Cell viability was determined using a CCK-8 assay. The line chart was plotted according to
the absorbance fold change compared to the value where no pyruvic acid was added. SKOV3 cells were



cultured in the culture medium with 10nM paclitaxel. Indicated concentrations of pyruvic acid (b, c and d)
or lactic acid (f, g and h) were added to observe the relative absorbance by CCK-8 kit compared to the
corresponding values where no pyruvic acid or lactic acid was added, when cultured for 24, 48 and 72
hours.

Figure 5

PGAM1 modulates paclitaxel sensitivity via pyruvic acid production in ovarian cancer cells. a Cells were
treated with different concentrations of paclitaxel. Western blotting was performed to detect PGAM1
variation. PGAM1 expression could be induced by a low dose of paclitaxel stimulation in the paclitaxel-
sensitive cell lines SKOV3. b PGAM1 could also be induced when increasing the pyruvic acid
concentrations of the culture medium in the SKOV3 cell line. c PGAM1 was overexpressed by plasmids in
the paclitaxel-sensitive cell line SKOV3. Signi�cant differences of pyruvic acid production were found



between cultures at 24, 48 and 72 hours, as shown in the histogram below (d). The line charts showed
paclitaxel sensitivity under the same procedure (e and f).

Figure 6

Down-regulation of PGAM1 in SKOV3-TR30 cells resulted in decreased paclitaxel resistance. a PGAM1
expression was knocked-down by siRNA in the paclitaxel-resistant cell line, SKOV3-TR30 (ST). Western
blotting indicating siRNA transfection e�ciency. b Histogram showing the differences of pyruvic acid



production in the culture medium when cells were cultured for 24, 48 and 72 hours between SKOV3 and
SKOV3-TR30 cells. There was no signi�cant difference in pyruvic acid production when culturing for 24
hours, but notable differences appeared when culturing for 48 and 72 hours. Cell viability was determined
by CCK-8 kit. The line charts below show paclitaxel sensitivity when cells were treated with the indicated
paclitaxel concentration for 48 (c) and 72 hours (d). Results are shown as means±SEM for three
separated experiments (* P<0.05, ** P<0.01, *** P<0.001).e Diagram depicting PGAM1 modulating
paclitaxel resistance in ovarian cancer cells via pyruvic acid production.
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