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Background: Ovarian cancer (OC) is the leading cause of death among women with gynecologic 

malignancies. Recent studies have highlighted the role of Pim1, which belongs to a group of 

constitutively activated serine/threonine kinases, in cancer development. However, the effect 

of Pim1 in OC is largely unclear. 

Methods: OC cell lines with Pim1 overexpression or knockdown were constructed with len-

tivirus transduction. Cell Counting Kit-8, colony formation, glycolysis stress test and in vivo 

mice models were carried out to assess the effect of Pim1 on OC biological functions. Co-

immunoprecipitation assay coupled with western blot were performed to explore the intrinsic 

mechanisms of Pim1 in OC. Bioinformatic analysis was then performed to evaluate the expres-

sion and prognostic value of Pim1.

Results: We present the first evidence that silencing or overexpressing Pim1 can suppress 

or promote, respectively, OC cell proliferation. Furthermore, we demonstrated that Pim1 

can significantly enhance glycolysis in OC cells. In vivo experiments further confirmed that 

knockdown of Pim1 inhibits the growth of tumors derived from the SKOV3 cell line. To search 

for the underlying molecular mechanism, we examined the effect of Pim1 on MYC, a pivotal 

gene in glycolysis, and observed that Pim1-mediated phosphorylation of c-Myc activated the 

expression of glycolysis-associated key genes such as PGK1 and LDHA. Moreover, we found 

that the Pim1 inhibitor SMI4a induced chemosensitization to cisplatin. Clinically, Pim1 was also 

overexpressed in OC and correlated with poor overall survival by bioinformatics analysis.

Conclusion: Together, these results suggest that Pim1 contributes to proliferation and gly-

colysis in OC via interaction with MYC and may serve as a potential target in the treatment 

of OC patients.
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Introduction
Ovarian cancer (OC) is the fifth leading cause of cancer-related death in women 

worldwide.1,2 The reason for the high death rate is the absence of early symptoms in most 

cases, meaning that the majority of OC patients are diagnosed at a late stage.2,3 Although 

a significant proportion of women attain a complete response with modern management 

strategies, most of those who present with advanced disease will develop recurrence 

within 18 months.4 This condition emphasizes the urgency of early detection of these 

patients and the establishment of new therapeutic targets for successful intervention.

Aerobic glycolysis, which is also known as the Warburg effect and is a hallmark 

of cancer, is characterized by the increased conversion of glucose into lactate irre-

spective of oxygen availability and is an important process that provides numerous 
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intermediates for cell survival and new biomass building in 

cancer.5–7 Various studies found that aerobic glycolysis plays 

a key role in tumorigenesis in OC.8–10 Because it is closely 

associated with tumor growth and progression, aerobic glyco-

lysis is considered a metabolic signature of invasive cancer. 

Thus, a better understanding of the underlying mechanisms 

of glycolysis in OC might aid in the discovery of novel treat-

ment opportunities that are urgently needed.

Previous studies identified a group of constitutively acti-

vated serine/threonine kinases in the Pim murine leukemia 

virus family, which includes Pim1.11–13 Pim1, a member of the 

PIM kinase family, has been implicated in the control of cancer 

cell proliferation, migration and apoptosis.13 Knowledge of 

Pim1 in carcinomas has been emerging in recent years. 

Previous evidence has shown that overexpression of Pim1 

in various human cancers such as breast cancer and glioblas-

toma is well correlated with processes of cancer progression, 

including cell proliferation, cell cycle arrest, apoptosis, 

migration, invasion, and drug resistance. However, the role 

and underlying mechanisms of Pim1 in growth, development, 

and aerobic glycolysis in OC remain unclear.

This study was undertaken to test the hypothesis that Pim1 

provides a proliferative advantage and regulates glycolysis in 

OC. Furthermore, we examined the impact of Pim1 on c-Myc 

to explore the underlying molecular mechanism.

Materials and methods
cell lines and reagents
The human OC cell lines SKOV3 and OVCAR3 were obtained 

from American Type Culture Collection (Manassas, VA, 

USA) and were maintained in Dulbecco’s Modified Eagle’s 

Medium (DMEM) containing 10% FBS, 100 U/mL penicillin 

G, and 100 µg/mL streptomycin in a humid atmosphere with 

5% CO
2
 at 37°C. The A2780 cell line was obtained from the 

European Collection of Cell Cultures and was cultured in 

RPMI-1640 containing 10% FBS and 100 U/mL penicillin-

streptomycin mixture (Thermo Fisher Scientific) at 37°C and 

5% CO
2
. The human epithelial OC line 433 was purchased 

from Sailybio Company and was grown in DMEM (Thermo 

Fisher Scientific) containing 10% FBS, 100 U/mL penicil-

lin G, and 100 µg/mL streptomycin in a humid atmosphere 

with 5% CO
2
 at 37°C. Antibodies against Pim1 (#2907), 

c-Myc (#5605), p-Ser62 c-Myc (#13748), PGK1 (#3248), 

PKM2 (#8337), PKM1/2 (#8337), and LDHA (#8337) were 

purchased from Cell Signaling Technology (Danvers, MA, 

USA). The Pim1 inhibitor SMI4a (Selleckchem , Houston, 

TX, USA) and the cytotoxic agent cisplatin were dissolved 

in dimethyl sulfoxide and kept at -20°C prior to in vitro 

studies.

Plasmid, rnai, and stable cell lines using 
lentivirus transfection
The control vector pcDNA3.1 and plasmid pcDNA3.1-Pim1 

(Pim1) were purchased from Synbio Technologies (Suzhou, 

People’s Republic of China). An siRNA targeting Pim1 

(siPim1) (Synbio Technologies) was used to decrease Pim1 

expression; the detailed sequences are listed in Table S1. 

Vectors and siRNAs previously described were transfected 

into cells using Lipofectamine 3000 (Invitrogen, Waltham, 

MA, USA). To generate stable cell lines, the pLKO.1-TRC 

cloning vector was employed. Lentiviral particles were pro-

duced by cotransfection of the pLKO.1-shPim1 (shPim1) and 

pLKO.1-Pim1 (Pim1) constructs with psPAX2 and pMD2.G 

into HEK-293T cells in a ratio of 4:3:1. Cell lines were obtained 

by infection of A2780, 433, SKOV3, and OVCAR3 cells with 

lentiviral particles followed by puromycin selection.

cell proliferation assays
A total of 2×103 cells per well was seeded in 96-well plates 

24 hours before the experiment. A2780 and 433 cells were 

transfected with pcDNA3.1-Pim1 or the negative control, 

whereas SKOV3 and OVCAR3 cells were transfected with 

siRNA or scrambled siRNA. Proliferation was measured 

using the CCK-8 kit (Dojindo, Kumamoto, Japan) accord-

ing to the manufacturer’s protocol. All experiments were 

performed in triplicate. Cell proliferation curves were plotted 

using the absorbance at each time point.

colony formation assay
Cells were digested with trypsin into single-cell suspensions 

at 48 hours after transfection. For the colony formation assay, 

a sample of 1,500 cells was plated into six-well plates and 

incubated in the appropriate media with 10% FBS at 37°C. 

After one week, the cells were fixed and stained with 0.1% 

crystal violet, and visible colonies were manually counted. 

Triplicate wells were measured for each treatment group.

rna isolation and quantitative real-time 
Pcr
Total RNA was prepared by using TRIzol reagent (Invitro-

gen). Quantitative real-time PCR was performed as described 

previously.14 The primer sequences are listed as Table S2. 

ACTIN was used as an internal control. All experiments were 

performed in triplicate.

Western blot analysis
Cells were lysed in RIPA buffer (Sigma Aldrich, St. Louis, 

MO, USA) supplemented with a protease inhibitor (Roche, 

Basel, Switzerland) and a phosphatase inhibitor (Roche). 
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Protein concentration was measured using a BCA protein 

assay kit (Thermo Fisher Scientific). The isolated proteins 

were probed with the indicated primary antibodies followed 

by incubation with HRP-linked secondary antibodies and 

detection using an ECL system (Thermo Fisher Scientific). 

The protein expression levels were normalized to those of 

vinculin and β-actin (Cell Signaling Technology).

Extracellular acidification rate and oxygen 
consumption rate
Cellular glycolytic capacity and mitochondrial function were 

measured using the Seahorse Bioscience XF96 Extracellular 

Flux Analyzer according to the manufacturer’s instructions 

for the Seahorse XF Glycolysis Stress Test Kit and Cell Mito 

Stress Test Kit.15

lactate analysis
Lactate Colorimetric Assay Kits (Biovision) were used to 

examine the glycolysis process in OC cells, according to the 

manufacturer’s protocols.

in vivo subcutaneous xenograft 
inoculation and immunohistochemistry
All animal experiments were performed according to the 

Guidelines for the Care and Use of Laboratory Animals and 

were approved by the Institutional Animal Care and Use Com-

mittee of Fudan University. In total, 1×107 of either NC or 

shPim1 cells (SKOV3) were resuspended in 100 µL PBS and 

injected subcutaneously in both sides of the posterior flanks of 

four- to six-week-old BALB/c-nu female mice. Tumor sizes 

were measured every five days by calipers, and tumor volumes 

(mm3) were calculated by the formula length × width2 ×0.5. 

The animals were sacrificed after three weeks and the tumor 

bulks were harvested. The tumor specimens were preserved in 

liquid nitrogen. Immunohistochemical (IHC) analysis of Ki-67 

(27309–1-AP; Proteintech) was performed on 5 mm sections 

of paraffin-embedded tumors as previously described.16

co-immunoprecipitation assay
Cells were lysed in IP lysis buffer containing protease inhibi-

tors and the lysate was precleared with protein A/G Sepharose 

beads for 60 minutes. Lysates were then incubated with the 

indicated primary antibodies or nonspecific immunoglobulin 

(IgG) in the presence of protein G-Sepharose beads overnight 

at 4°C. The beads were washed with 40 µL of ice-cold elution 

buffer. Then, 30 µL of 5× loading buffer was added to the 

eluted samples followed by boiling at 95°C for 5 minutes. 

Protein expression analyses of the indicated proteins were 

performed by western blot analysis.

cell viability assay
For cell proliferation assays, cells were seeded in 96-well 

plates with 4,000 cells per well, in triplicate, and cultured 

overnight and treated with SMI4a (Pim1 inhibitor) or/and 

cisplatin for 96 hours, followed by an ATPlite luminescence 

assay (PerkinElmer, Norwalk, CT, USA), according to the 

manufacturer’s specifications.

statistical analyses
The data are presented as the mean with error bars indicating 

the SD. All statistical analyses were performed using SPSS 

18.0 (SPSS Inc., Chicago, IL, USA). Figures were made by 

GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA, 

USA). Student’s t-test and one-way ANOVA were used for 

analyzing statistical significance. Differences were consid-

ered significant at *P0.05; **P0.01; ***P0.001.

Results
Pim1 promotes Oc cell proliferation 
in vitro
Recent evidence shows that Pim1 can influence cancer cell 

proliferation in many different tumors. To obtain insight 

into the role of Pim1 in OC cells, we first determined Pim1 

expression in OC cell lines. A2780 and 433 were selected 

for overexpression experiments due to their low endogenous 

expression of Pim1. SKOV3 and OVCAR3 showed the high-

est baseline levels of Pim1, and so they were chosen for the 

knockdown experiments (Figure 1A). Then, we established 

stable cell lines with Pim1 overexpression and knockdown, 

and the efficiencies of overexpression and downregulation 

were validated by western blot analysis and qRT-PCR, 

respectively (Figure 1B). Then, we utilized CCK-8 and 

colony formation assays to elucidate the potential effect of 

Pim1 on OC tumor cell proliferation. The CCK-8 assays 

showed that heightened expression of Pim1 significantly pro-

moted the proliferation of OC cells; the opposite results were 

observed in the knockdown cell lines (Figure 1C, P0.05). 

Similarly, the colony formation assays showed that overex-

pression of Pim1 led to the formation of more colonies in both 

A2780 and 433 cells than in controls (Figure 1D, P0.05). 

In addition, when Pim1 expression was downregulated, the 

ability of SKOV3 and OVCAR3 cells to form colonies was 

markedly impaired (Figure 1D, P0.05).

Pim1 influences glycolysis in OC cells
Previous literature reported that the proliferation of tumor 

cells is usually accompanied by metabolic changes. Repro-

grammed energy metabolism is considered a hallmark 

of cancer, and dysregulated energy metabolism in tumor 
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Figure 1 Pim1 promotes the growth of Oc cells in vitro.
Notes: (A) Pim1 protein expression, as assessed by western blot analysis in a panel of Oc cell lines. (B) Western blot and quantitative Pcr analysis of Pim1 expression in 
nT and Pim1-stable clones in a2780 (Pim1), 433 (Pim1), sKOV3 (shPim1), and OVcar3 (shPim1) cells. (C) a ccK-8 assay was performed to determine cell growth in the 
Oc cell lines. (D) a colony formation assay was utilized to assess the effect of Pim1 on the colony formation ability of Oc cells. *P0.05.
Abbreviations: Oc, ovarian cancer; nc, negative control; nT, control group.
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cells is mainly attributed to mitochondrial dysfunction. 

Here, extracellular acidification rate (ECAR) and oxygen 

consumption rate (OCR) measurements were performed to 

investigate the cellular metabolic status. The ECAR signifi-

cantly increased in Pim1-overexpressing cells, indicating 

that overexpressing Pim1 promoted the glycolytic process 

in OC cells (Figure 2A); the opposite results were also 

observed in the SKOV3 cell line with transient transfection 

of the siRNAs (Figure 2B). The OCR value reflects glucose 

mitochondrial oxidation. Consistent with the ECAR results, 

overexpressing Pim1 can reduce the OCR in OC cells 

(Figure 2C), suggesting its role in mitochondrial respira-

tion inhibition. Similarly, silencing Pim1 by siRNAs could 

increase the OCR (Figure 2D). Moreover, the lactate colo-

rimetric assay was adopted to assess cellular lactate produc-

tion. The results showed that Pim1 overexpression can boost 

lactate production (Figure 2E) and that knockdown of Pim1 

by siRNAs inhibited lactate generation (Figure 2F). These 

results indicated the role of Pim1 in promoting glycolysis.

effect of Pim1 on Oc tumor growth 
in vivo
Based on the abovementioned observations, we next investi-

gated the effect of Pim1 on tumorigenicity in vivo by compar-

ing tumor growth using a stable Pim1 knockdown cell line. 

Knockdown of Pim1 significantly reduced the tumor growth 

in vivo in nude mice injected subcutaneously with tumor cells 

of the SKOV3-shPim1 cell line (Figure 3A). In addition, the 

xenografts derived from Pim1-knockdown SKOV3 cells 

were smaller than those derived from control cells in both 

size and weight (Figure 3B and C). In order to demonstrate 

an effect of Pim1 on the growth in vivo, we also conducted 

IHC of Ki-67, which is a proliferation index. Results showed 

that Ki-67 was lower in the Pim1 knockdown groups than in 

the control groups (Figure 3D).

Pim1-mediated phosphorylation of c-Myc 
activates the expression of glycolysis-
associated key genes
Previous studies demonstrated that c-Myc is primarily 

responsible for metabolic reprogramming. We next 

investigated whether c-Myc participates in Pim1-mediated 

glycolysis in OC cells. Immunoblotting and co-immunopre-

cipitation assays were performed, and the results indicated 

that Pim1 interacts with c-Myc and phosphorylates c-Myc 

at S62 (Figure 4A). Phosphorylation of c-Myc at the Ser62 

position is thought to activate key enzymes in the glycolytic 

pathway. We then measured the mRNA expression of 

glycolytic-associated genes when Pim1 was overexpressed 

or downregulated; the results showed that attenuated or 

increased expression of Pim1 altered the expression of 

metabolic enzymes such as LDHA, PKM2, IDH1, MTHFD2, 

TKT, GLUT1, PGK1, PGAM1, and ENO1 (Figure 4B 

and C; P0.05). The expression levels of metabolic-related 

enzymes that did not change are shown in Table S3. Among 

the abovementioned enzymes, PGK1 exhibited the greatest 

changes in expression, suggesting that Pim1 may influence 

metabolic changes in OC cells via PGK1. Moreover, the 

protein levels of these enzymes were assessed by western 

blot analysis. Knockdown of Pim1 by siRNAs resulted in 

decreased p-Ser62 c-Myc levels, but the total c-Myc level 

remained static (Figure 4D). Meanwhile, attenuating the 

expression of Pim1 can downregulate the protein expres-

sion levels of PGK1 and LDHA (Figure 4D), but the levels 

of PKM2 and PKM1/2 did not change (Figure 4D). This 

difference may be due to the existence of other mechanisms 

of Pim1 in regulating glycolytic pathways.

evaluation of a Pim1 inhibitor in Oc cells
Moreover, we tried to determine whether the Pim1 inhibitor 

SMI4a is effective for OC treatment. We found that SMI4a 

could exert chemosensitizing effects on cisplatin, a widely 

used conventional cytotoxic agent for the clinical treatment 

of OC, in A2780 and SKOV3 cells in vitro (Figure 5). These 

findings demonstrated that SMI4a may serve as a promising 

chemosensitizing target.

Pim1 is overexpressed in human Oc 
specimens
To determine the clinical relevance of Pim1 expression, we 

first analyzed Pim1 protein expression in clinical specimens 

from the Human Protein Atlas.17 The results demonstrated that 

Pim1 was more highly expressed in OC than in normal ovary 

(Figure 6A). Consistent with this finding, the Pim1 mRNA 

level was higher in the TCGA OC RNAseq (Figure 6B; 

N=591) data set,18,19 and the same results were also observed 

in the TCGA database on the Oncomine website (Compendia 

Biosciences, www.oncomine.org) (Figure 6C). The Kaplan–

Meier survival curve20 demonstrated that the high Pim1 expres-

sion contributed to a significantly poorer survival, which is 

based on the medium value of Pim1 (n=278, P=0.047334; 

Figure 6D). Taken together, these results clearly suggest that 

Pim1 is aberrantly overexpressed in human OC tissues and is 

positively correlated with human OC progression.
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Figure 2 Pim1 influences glucose metabolism and mitochondrial respiration in OC cells.
Notes: (A, B) ecar was measured by the glycolysis stress Test in Oc cell lines. (C, D) Pim1 can change the rate of mitochondrial respiration as reflected by OCR analysis. 
(E, F) as expected, Pim1 can boost lactate production. all data are from a single experiment with three wells. *P0.05.
Abbreviations: OC, ovarian cancer; ECAR, extracellular acidification rate; OCR, oxygen consumption rate; NC, negative control. 

Discussion
The fifth leading cause of cancer death in women is OC.17 

Since the introduction of platinum-based drugs in clinical 

practice, no significant improvements in OC therapies have 

taken place over the past four decades.18,19 Continuous 

efforts have been made to explore potential targets and 

to improve the survival of OC patients.19 However, few 

effective targets for OC treatment have been obtained, 

and it is urgent for us to identify underlying mechanisms 

and effective targets. We selected Pim1, which has been 
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Figure 3 Tumorigenicity of Pim1 in vivo.
Notes: (A) Following subcutaneous injection of sKOV3 cells (PiM1 shrna/nT) in athymic nude mice (n=4 per group) and tumor growth for 20 days, photographs of the 
tumors were obtained at necropsy. (B) The volumes of the growing tumors were measured every five days. Then, mice were killed 20 days after subcutaneous injection. 
(C) Bar graph analysis of the mouse tumor weights. (D) representative images of immunohistochemistry staining for Ki-67 formed by sKOV3-shPim1 tumors showed lower 
Ki-67 index. The data are shown as mean ± seM. *P0.05; **P0.01; ***P0.001.

Figure 4 Pim1-mediated phosphorylation of c-Myc activates the expression of glycolysis-associated key genes.
Notes: (A) endogenous PiM1 was immunoprecipitated, and the eluted proteins were probed for p-c-Myc (s62). lysates were also subjected to co-immunoprecipitation 
(co-iP) with an igg control. (B, C) glycolytic-associated genes were detected by q-Pcr when Pim1 was overexpressed or downregulated. (D) Moreover, the protein levels 
of the associated enzymes were assessed when Pim1 was downregulated by siRNAs. Protein bands were also quantified by ImageJ software. *P0.05.
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Figure 5 sMi4a (Pim1 inhibitor) induces chemosensitization to cisplatin in Oc cells.
Notes: sMi4a chemosensitizes Oc cells to conventional cytotoxic agents. cells were treated with sMi4a (4 nM) alone, sMi4a in combination with cisplatin (1 µM), or cisplatin 
alone for 48 hours, followed by a cell viability assay. all data are from a single experiment with three wells. *P0.05.
Abbreviation: Oc, ovarian cancer.

Figure 6 Pim1 is upregulated in human ovarian carcinoma specimens.
Notes: (A) Pim1 expression in normal ovarian tissue and Oc specimens. images were taken from the human Protein atlas (http://www.proteinatlas.org) online database. 
(B) Pim1 mrna expression in the Tcga Oc rnaseq (illumina hiseq; n=591) data set. (C) Oncomine data showing Pim1 expression in normal tissue vs tumor of Oc. (D) 
The Kaplan–Meier survival curve (http://www.prognoscan.org/) demonstrated that the high Pim1 expression contributed to significantly poorer survival (n=278, P=0.047334).
Abbreviation: Oc, ovarian cancer.
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However, there are still some questions that need to be 

answered. For example, how c-Myc regulates the expression 

of PGK1, whether PGK1 plays a role in ovarian tumorigen-

esis, and what the underlying molecular mechanism is need 

further investigation.

Taken together, our study provides insights into the mech-

anisms by which Pim1 drives proliferation and glycolysis 

OC cells. Moreover, we provided supporting evidence that 

Pim1 is overexpressed in OC and is correlated with the poor 

overall survival of patients. Pim1 can be a novel therapeutic 

avenue for the treatment of OC patients.
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reported in many types of cancers, as the object of this 

research.

Pim1 belongs to a group of constitutively activated 

serine/threonine kinases first identified as the Proviral 

integrating site for Moloney murine leukemia virus.11,20 The 

three members in the PIM family, Pim1 (chromosome 6),  

PIM2 (chromosome X), and PIM3 (chromosome 22), 

physiologically mediate cytokine signaling of hematopoietic 

cells.21 Knowledge of Pim1 in solid cancers has been emerg-

ing in recent years. Pim1 was found to be overexpressed in 

breast,22,23 gastric,24 and prostate cancers25–29 and was associ-

ated with aggressive clinicopathological features. However, 

the role of Pim1 in OC has not been elucidated. In this study, 

we demonstrated the overexpression of Pim1 in OC tissues 

by bioinformatic analysis. The results from our functional 

assays established a significant role for Pim1 in OC cell pro-

liferation. The role of Pim1 in OC growth was also certified 

by in vivo experiments.

Cancer cells usually have a higher rate of prolifera-

tion than normal cells. For this reason, they require more 

energy, reductive power, and intermediates as precursors 

for biosynthesis.30 The main alterations in the metabolic 

reprogramming of cancer cells involve the metabolic path-

ways of glucose, amino acids, and lipids as well as processes 

such as autophagy, oxidative phosphorylation, and ROS 

formation.30,31 Little is known about the role of Pim1 in the 

metabolic processes in tumors. The present study provided 

evidence for the role of Pim1 in reprogramming OC cell 

metabolism through glycolysis and demonstrated that the 

phosphorylation of c-Myc at Ser62, which occurs down-

stream of Pim1, is an important regulator of OC metabolism. 

c-Myc regulates aerobic glycolysis via the upregulation of 

many key glycolytic genes such as LDHA, GLUT1, and 

PKM2.32–36 Similar conclusions were also validated by our 

observations. However, the PKM2 mRNA level changed, 

whereas the protein level did not change obviously; this 

contrast might be the result of differential Pim1 activity at 

the transcriptional and translational levels. Furthermore, we 

found that PGK1 exhibited the greatest changes in expres-

sion, suggesting that Pim1 may influence metabolic changes 

in OC cells via the c-Myc-PGK1 axis.

The utility of specific Pim1 inhibitors or monoclonal anti-

bodies in the treatment of cancer cells has been documented 

in prostate cancer and leukemia.37–40 Given the significant 

role of Pim1 in OC, we evaluated the efficacy of the Pim1 

inhibitor SMI4a in combination with cisplatin. As reported 

in our work, we found that SMI4a induced chemosensitiza-

tion to cisplatin. Thus, in line with these observations, the 

clinical significance of Pim1 in OC became more affirmative. 
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