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ABSTRACT 

Increased mRNAs of cancer upregulated gene (CUG)2 were detected in many different tumor 

tissues using the Affymetrix microarray and the oncogenic capability of the CUG2 gene was 

further reported. The mechanism by which CUG2 overexpression promotes cancer stem cell 

(CSC)-like phenotypes, on the other hands, is still unknown. With recent studies showing that 

pyruvate kinase muscle 2 (PKM2) is overexpressed in clinical tissues from gastric, lung, and 

cervical cancer patients, we hypothesized that PKM2 plays an important role in CSC-like 

phenotypes caused by CUG2 overexpression. Herein, compared with the control cells, 

enhanced PKM2 protein levels and translocation of PKM2 into the nucleus were detected for 

CUG2-overexpressing lung carcinoma A549 and immortalized bronchial BEAS-2B cells. In 

the CUG2-overexpressing cells, the expression of c-Myc, CyclinD1, and PKM2 was increased. 

Furthermore, EGFR and ERK inhibitors as well as the suppression of Yap1 and NEK2 

expression reduced PKM2 protein levels. Interestingly, the knockdown of -catenin expression 

failed to reduce the PKM2 protein levels. Furthermore, the reduction of PKM2 expression with 

its siRNA hindered CSC-like phenotypes such as faster wound healing, aggressive transwell 

migration, increased size and number of sphere formation. The introduction of mutant S37A 

PKM2-green fluorescence protein (GFP) into cells, that were unable to move to the nucleus, in   

particular, did not confer CSC-like phenotypes, whereas the forced expression of wild-type 

PKM2 promoted those phenotypes. Overall, CUG2-induced increased expression of nuclear 

PKM2 contributes to CSC-like phenotypes via upregulation of c-Myc and CyclinD1 as a co-

activator. 
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INTRODUCTION 

Increased CUG2 transcripts have been detected in many different cancer tissues, using 

the Affymetrix microarray system, including the lung, ovary, and colon (1). CUG2’s oncogenic 

activity of is demonstrated by  enhanced  proliferation and tumor formation in nude mice (1). 

Moreover, the capability of the CUG2 gene possesses CSC-like phenotypes in terms of rapid 

cell migration, an aggressive cell invasion, an enhanced sphere forming ability, and an 

increased doxorubicin-resistance through TGF-β signaling (2), (3). These phenotypes have 

been linked to both EGFR/Stat1/HDAC4 signaling pathway and the -catenin/yes-associated 

protein (Yap1)/NIMA-related kinase 2 (NEK2) signaling pathway (4), (5). According to recent 

studies, the increased EGFR and -catenin protein levels and signaling during CUG2 

overexpression can be attributed to the decreased Spry2 protein via c-Cbl (6).  

In many cases, cancer cells display increased glucose consumption  and lactate 

generation even under aerobic conditions, which  are features of Warburg effect, called as 

aerobic glycolysis (7), (8). In this case, pyruvate kinase muscle 2 (PKM2), a key enzyme of 

glycolysis pathway,  is to be held responsible (7), (8), (9). According to further investigation, 

PKM2 protein which consists of four structural units (tetramer) has high catalytic activity, 

resulting in high ATP production and more energetic catabolic metabolism  (7), (10). Of interest, 

dimeric PKM2 protein ( two structural units) displays a low catalytic activity, which provides 

glycolytic intermediates for anabolism  (7), (10). PKM2 protein exists in the cytoplasm and is 

translocated to the nucleus, which suggests that PKM2 has other functions (8), (9), in addition 

to glycolysis, such as  acting as a protein kinase (11). For example, PKM2 protein does not use   

phosphoenolpyruvate as a metabolic substrate. Rather, PKM2 protein can take  away  of  a 

phosphate group from the phosphoenolpyruvate and then attach the phosphate group to Stat3 
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(12), histone H3 (13), and ERK1/2 (14), allowing  tumor cells to proliferate. As a co-activator, 

once translocated to the nucleus, PKM2 protein can bind to HIF-1 protein. Eventually, the 

complex  between PKM2 and HIF-1 contributes to accelerating mRNA synthesis of HIF-1-

targeting genes (15), (16). Furthermore, the protein complex between PKM2 and c-Src can be 

recruited into a CyclinD1 promoter containing -catenin, leading to the up-regulation of 

CyclinD1 transcripts (17), (18).  

This investigation was initiated to illustrate a PKM2’s role in CUG2-induced tumor 

development. Both EGFR and ERK1/2 kinases activities contributed to the increased PKM2 

protein levels, leading to upregulation of c-Myc and CyclinD1 expression. Furthermore, Yap1 

and NEK2 increased the PKM2 protein expression, while β-catenin did not. Surprisingly, the 

nuclear PKM2 was closely related to CSC-like phenotypes. Taken together, the findings 

suggest that the PKM2 translocated into the nucleus possibly contributes to CSC-like 

phenotypes under CUG2 overexpression.  

 

RESULTS 

CUG2 increases PKM2 protein levels and induces its translocation to the nucleus 

With recent studies documenting that  an increase in PKM2  protein levels was observed 

in clinical tissues, such as  lung cancer (19), pancreatic ductal adenocarcinoma (20), colorectal 

cancer (21), and ovarian cancer tissues (22), we considered the possibility that PKM2 

contributes to CSC-like phenotypes induced by CUG2. Here, when the levels of PKM2 protein 

were compared between the A549-CUG2 and BEAS-CUG2 cells, which are stably expressing 

CUG2, and A549-Vec and BEAS-Vec cells, PKM2 protein levels were significantly higher in 
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CUG2 overexpression cells than in the control cells that were stably expressing an empty vector 

(Fig. 1A). Interestingly, when the endogenous PKM2 was examined, the majority of PKM2 

proteins were found in the cytosol, while certain portions of the PKM2 were found in the nuclei 

of the cells overexpressing CUG2 (Fig. 1B). Furthermore, when the PKM2 was forcibly 

expressed by the WT PKM-GFP or GFP vector, GFP was found in the nuclei of the cells 

transfected with WT PKM-GFP vector but GFP was not detected in the nuclei of the cells 

transfected with GFP vector (Fig. 1C).  

Furthermore, when we examined the transcription factors that could be collaborators 

for nuclear PKM2 (15), (16), we discovered that CUG2 increases levels of  c-Myc and 

CyclinD1 (Fig. 1D). The enforced expression of PKM2 also increased the levels of these proto-

oncogenic proteins (Fig. 1D). These results propose that CUG2 induces the upregulation of 

PKM2, thus leading to transferring of the protein into the nucleus and subsequently 

collaborating with proto-oncogenic proteins such as c-Myc and CyclinD1. 

Both EGFR-ERK and Yap1-NEK 2 signaling transduction increase PKM2 expression 

 As previously reported, both the EGFR–ERK and the β-catenin-NEK2 signaling transduction 

via Yap1 are closely related to CSC-like phenotypes mediated by CUG2 (4), (5). As a result, 

we considered the possibility that these signaling pathways contribute to the increase in PKM2 

expression. Once EGFR and ERK inhibitors were administrated under CUG2 overexpression, 

the reduced levels of PKM2 protein were notified (Fig.  2A). The lower phosphorylation levels 

of the target proteins also confirmed that these inhibitors were working (Fig. 2A). Furthermore, 

lower PKM2 protein levels were detected in both cytosol and nucleus after treatment with 

EGFR and ERK inhibitors compared with treatment with DMSO, confirming that the EGFR-

ERK signaling axis is involved in the expression of PKM2 (Fig. 2A). After β-catenin, Yap1, 
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and NEK2 were suppressed with the attendant siRNA, the PKM2 protein levels were 

examined. We found that PKM2 protein levels were reduced during Yap1 and NEK2 

suppression but that -catenin suppression did not reduce PKM2 protein expression (Fig. 2B). 

Therefore, we propose that elevated PKM2 protein levels can be caused by not only increased 

kinase activity of EGFR and ERK1/2 but also enhanced expression of Yap1 and NEK2.  

CSC-like phenotypes are attributed to PKM2 protein under CUG2 overexpression 

We wondered whether PKM2 plays an important role in CSC-like phenotypes under 

CUG2 overexpression such as rapid cell migration, assertive invasion, enhanced ability of 

sphere formation, and increased resistance to anti-cancer drug, because we discovered the 

increase of PKM2 protein levels under CUG2 overexpression in previous tests (Fig. 1A). To 

answer this question, when the PKM2 protein levels were suppressed with the attendant siRNA, 

the CUG2-induced CSC-like phenotypes were explored. In this case, the PKM2 suppression 

resulted in the slower migration (Fig. 3A) and invasion (Fig. 3B) compared to control siRNA 

treatment. Furthermore, PKM2 knockdown reduced both the number and size of spheroids (Fig. 

3C). In addition, our previous studies documented that under CUG2 overexpression, resistance 

to doxorubicin-induced cytotoxicity is closely related to the decrease of reactive oxygen 

species production (23). Herein, we observed that the cells drastically enhanced ROS 

production and cleaved PARP levels during PKM2 knockdown, indicating increased sensitivity 

of apoptosis to doxorubicin (Fig. 3D). Thus, we imply that CSC-like phenotypes are attributed 

to PKM2 protein under CUG2 overexpression.  

Nuclear PKM2 during the enforced expression contributes to CSC-like phenotypes 

Because there are numerous lines of evidence that PKM2 protein performs non-

metabolic functions in tumor formation (11), (15), (16), (17), (18),  we concentrated on  
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PKM2’s role  as a co-activator. As a result, we introduced the mutant Ser37A PKM2-GFP that 

cannot be translocated to the nucleus during EGF stimulation (14).  We also observed that the 

forced expression of the mutant Ser37A PKM2-GFP failed to show PKM2 localization in the 

cell   nuclei (Fig. 4A). To verify that ERK can phosphorylate PKM2 at Ser37 as described 

previously (14), ERK inhibitor was treated into A549-CUG2 and BEAS-CUG2 cells and 

phosphorylation levels of PKM2 at Ser37 was examined using a specific phospho-Ser37-

PKM2 antibody. We found that treatment with the ERK inhibitor reduced phosphorylation 

levels of PKM2 at Ser37 (Fig. 4A). 

In comparison to WT PKM2-GFP transfection, the mutant Ser37A PKM2-GFP 

transfection resulted in slower migration and invasion of control cells (Figs. 4B and 4C). 

Furthermore, the mutant expression of PKM2 exhibited a lower number of smaller-sized 

spheroids in the cells, compared to WT PKM2-GFP (Fig. 4D). Moreover, the enforced 

expression of the mutant Ser37A PKM2-GFP induced lower NEK2 kinase activity and β-

catenin transcriptional activity compared with the WT PKM2-GFP transfection 

(Supplementary Fig. 1). Furthermore, WT PKM2-GFP transfection resulted in higher levels of 

c-Myc and CyclinD1 protein than the mutant PKM2 transfection (Fig. 4E). These findings 

suggest that PKM2 may have a CSC-like capacity as a co-activator when combined with the 

proto-oncogenic proteins; c-Myc and CyclinD1.  

 

DISCUSSION 

The Warburg effect, a common marker of tumor cell metabolism, is characterized by 

cancers’ increased utilization of glucose and increased production of lactate via the  glycolysis 

pathway even under normal conditions(20% oxygen concentration) (7), (8).  With the 
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documents, the Warburg effect is attributed to behaviors of PKM2 protein (9). Based on these 

lines of evidence (7), (8), (9) , we performed nuclear magnetic resonance spectroscopy about 

the CUG2-overexpressing cells and the control cells to determine a  difference in glycolytic 

metabolites and amino acids. Lactate production was not different between A549-CUG2 and 

A549-Vec cells, but BEAS-Vec produced more lactate than BEAS-CUG2 cells (Supplementary 

Fig. 2). Because no significant differences in other metabolites were found, we hypothesize 

that PKM2 does not function as a metabolic enzyme in the aerobic glycolytic pathway. 

Because we had observed that PKM2 protein was translocated to the nucleus, we 

considered the idea that PKM2 protein acts as a co-activator. Previous research  has shown that 

the translocated PKM2 proteins that bind to Jumonji-C-domain-containing dioxygenase 

Jumonji-containing protein 5 in the nucleus promote HIF-1 expression (16). In addition, other 

studies have shown that the interaction between PKM2 and c-Src is required for the recruitment 

to the CyclinD1 promoter during EGFR signaling (17). Moreover, an additional study has 

reported that nuclear PKM2 protein exerts as a co-activator together with β-catenin to express 

c-Myc (18). Thus, these lines of evidence support the translocation of PKM2 to the nucleus in 

the presence of CUG2 overexpression as well as the increased expression of CyclinD1 and c-

Myc in the presence of PKM2, as confirmed by PKM2 siRNA treatment and transfection with 

mutant Ser37A PKM2-GFP (unable to translocate into the nucleus). Since PKM2 

phosphorylated histone H3 acts as a protein kinase, which contributes to the development of 

tumors (13), our findings suggest that PKM2 can carry the ability inducing CSC-like 

phenotypes such as a speedy cell migration,  assertive invasion, and the increased spheroid size 

and number, which do not rule out a  protein kinase role.  

Therefore, PKM2 protein has been considered a potential target for cancer therapy.  
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Treatment with Shikonin, a natural compound derived from Lithospermum erthrorhizon, could 

suppress glycolytic rate that is determined by lactate production and glucose consumption (24), 

and inhibited 12-O-tetradecanoylphorbol 13-acetate (TPA)-induced cellular transformation and 

activation of PKM2 (25).  Administration of Selumetinib, a MEK inhibitor, diminished 

phosphorylation of ERK, and prevented EGF-induced nuclear translocation of PKM2, which 

ultimately suppressed tumor cell growth (14). On the other hand, FFJ-5 and FFJ-3, structurally 

modified mollugin, attenuated PKM2 expression through EGFR-Akt-PKM2 and PI3K-Akt 

signaling pathways, respectively (26) (27). These lines of literature support our findings on the  

oncogenic role of PKM2 under CUG2 overexpression.   

 

MATERIALS AND METHODS 

Antibodies and Reagents 

Cell Signaling Biotechnology (Danvers, MA, USA) provided antibodies that target β-catenin, 

EGFR, and ERK1/2, as well as phospho--catenin, phospho-EGFR, phospho-ERK1/2, and 

PKM2.  Antibody recognizing phospho-PKM2(Ser37) was purchased at Thermo Fisher 

Scientific (Walltham, MA, USA). Anti- Yap1 and -NEK2 antibodies were acquired from 

Abcam (Cambridge, MA, USA). Furthermore, Santa Cruz Biotechnology (Santa Cruz, CA, 

USA) provided antibodies against CyclinD1 and c-Myc obtained. Finally, gefitinib and 

PD98059 purchased from Calbiochem (San Diego, CA, USA) was used to inhibit   EGFR and 

ERK1/2 kinase activity, respectively.  

Cell culture and Transfection 

A549 and BEAS-2B cells purchased from ATCC (Manassas, VA, USA) were stably 

introduced with wild type (22) CUG2 vector, while the control cells were treated with an UN
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empty vector with the same construct. A549-CUG2 and -Vec cells were maintained in RPMI-

1640 whereas BEAS-CUG2 and -Vec cells were kept in DMEM medium. The media 

additionally contained 10% FBS, 1% penicillin, 1% streptomycin, and G418 (500 μg/ml; 

Sigma Aldrich, St. Louis, MO, USA) at 37°C and 5% CO2. After reaching a confluence of 

50%-60%, the cells were transfected with siRNAs (Bioneer, Daejeon, Korea) targeting 

PKM2, β-catenin, Yap1, and NEK2 using Lipofectamine® 2000 (Thermo Fisher Scientific, 

Carlsbad, CA, USA). The same protocol was applied for the transfection of the cells with   

wild type (22) PKM2- GFP (Addgene, Watertown, MA, USA) or mutant Ser37A PKM2-GFP 

vector generated by Bioneer.  

Cellular Fractionation 

Cellular fractionation was performed as previously mentioned (2). The supernatants were 

obtained as the soluble fractions, after the cells were treated with a TTN buffer including 0.05% 

Triton X-100 and centrifuged. Then, the pellets were treated with a RIPA buffer including 0.1% 

SDS, 1% NP-40, and 0.5% deoxycholic acid, and followed by centrifugation. The nuclear 

extracts were thereafter obtained. 

Wound healing assay 

The cells were cultured until they were approximately 80% confluent. The gap was measured 

by observing the cells under a microscope for 24 h. 

Transwell invasion assay 

Transwell invasion assay was carried out as  formerly mentioned (2),(3). Briefly the cells in 

the upper well invaded the lower wells containing serum through the coated membrane (BD 

biosciences). After fixing and staining with hematoxylin–eosin, the images were obtained 
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then under a microscopy (100× magnification). The experiment was tested in triplicates. The 

data designate the mean + the standard deviations (SD) 

Sphere forming assay 

For six days, the cells treated with expression vectors or siRNAs were incubated in a medium 

containing 0.4% BSA, EGF (20 ng/mL), basic-FGF (10 ng/mL), and insulin (5 g/mL). The 

spheroids in wells with ultra-low attachment were measured and counted under an optical 

microscope. The assay was tested in triplicates. The data designate the mean + the SD. 

Western blotting 

Western blotting was performed as previously explained (2), (3). Proteins were segregated 

from cell lysates using a 10% SDS-polyacrylamide gel and the gel was then conveyed into 

nitrocellulose membranes. The membrane was then incubated primary antibodies (1:500-

1,000 dilution) and subsequently a horseradish peroxidase-conjugated secondary antibody. 

The images were obtained after treatment with a peroxidase substrate (Thermo Fisher 

Scientific).   

Immunofluorescence Microscopy 

PKM2 protein expression and localization were investigated using immunofluorescence as 

previously described (2). Anti-PKM2 antibody was added to the cells fixed and permeabilized. 

Thereafter, the treated cells were incubated with Alexa Fluor 488-conjugated secondary 

antibody for 1 h. After 4′,6-diamidino-2-phenylindole (DAPI) was added to the cells for 

staining the nuclei, the images were subsequently visualized with a fluorescence microscope.  

Measurement of reactive oxygen species  

The intracellular reactive oxygen species levels were measured using a fluorescence UN
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microscope after treatment with 20 μM, 2′,7′-dichlorodihydrofluorescein diacetate (DCF; 

Molecular Probes, Eugene, OR, USA) for 30 min. 

Statistical Analysis 

All data are presented in terms of mean ± SD. For comparison between two groups, the results 

were analyzed using Student’s unpaired t-test.  When the P-value is greater than 0.05, the data 

is considered significant.  
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FIGURE LEGENDS 

Figure 1. Increase in PKM2 protein levels and PKM2 translocation to the nucleus in 

CUG2-overexpressing cells 

(A, D) Protein levels of PKM2, c-Myc, and CyclinD1 in the cytosol and nuclei or whole cell 

lysates from A549-CUG2 and BEAS-CUG2 cell, and the control cells were detected by 

Western blotting after 10% SDS-polyacrylamide gel running. PKM2 expression under CUG2 

overexpression was scanned and compared to that in the control cells using Multi-Gauge Ver. 

2.1 program. (B) For the endogenous expression and localization of PKM2, the cells were 

incubated with anti-PKM2 antibody and followed by an Alexa Fluor488-conjugated secondary 

antibody. DNA was stained with DAPI (C) WT GFP tagged-PKM2 expression was detected 

48 h after transfection using a fluorescence microscopy. As a control, GFP was then observed. 

Figure 2. The elevated PKM expression is attributed to the upregulation of EGFR–ERK 

and Yap1-NEK2 signaling   

(A, B) The kinase activity of EGFR and ERK1/2, and protein expression of Yap1 and NEK2 

were measured by Western blotting after gefitinib (20 M) or PD98059 (30 M) treatment, and 

administration with Yap1 or NEK2 siRNA (200 ng). 

Figure 3. Treatment with PKM2 siRNA diminishes CUG2-mediated CSC-like phenotypes 

(A) The migrated cells filled in the gaps scratched with a 200 l tip after transfection with 

PKM2 siRNA. Cell migration was compared with the cell treated with control siRNA. (B)As 

the cells treated with PKM2 siRNA invaded from upper to lower wells, the number of the cells 

on the lower wells was counted after hematoxylin-eosin staining. (**P< 0.01; PKM2 siRNA 

vs the control siRNA). (C) PKM2 siRNA or the control siRNA was added to the cells. The size 

and number of sphere was measured over six days. A sphere with a diameter greater than 50 
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m was a criterion for sphere formation. (**P<0.01; PKM2 siRNA vs the control siRNA). (D) 

After transfection with PKM2 siRNA or the control siRNA, the cells were treated with   

doxorubicin for 12 h. ROS were detected in the cells using 20 μM of DCF under a fluorescence 

microscope. Apoptosis was measured by immunoblotting using anti-cleaved PARP antibodies. 

Figure 4. Translocalization of PKM2 to the nucleus contributes to the generation of CSC-

like phenotypes 

(A) Immunofluorescence was used to examine the localization of PKM2 in the transfected cells 

36 h post-transfection of the cells with WT PKM2-GFP (2 g) or mutant Ser37A PKM2-GFP 

(2 g). DNA was stained with DAPI. After treatment with ERK inhibitor, the phosphorylation 

level of PKM2 at Ser37 was detected with the corresponding antibody. (B) After transfection 

of the cells with WT PKM2-GFP (2 g) or mutant Ser37A PKM2-GFP (2 g), the gap closure 

areas were measured for cell migration under phase-contrast microscopy (100× magnification). 

(C) The cells treated with WT PKM2-GFP or mutant Ser37A PKM2-GFP invaded from upper 

to lower wells and the number of cells in the lower wells was counted afer haematoxylin-eosin 

staining. (**P< 0.01; WT PKM2-GFP vs mutant Ser37A PKM2-GFP). (D) After transfection 

of the cells with WT PKM2-GFP or mutant Ser37A PKM2-GFP, the size and number of 

spheroid was measured and counted over six days. A spheroid exceeding 50 m was a criterion 

for sphere formation. (*P<0.01; WT PKM2-GFP vs mutant Ser37A PKM2-GFP; **P<0.01; 

WT PKM2-GFP vs mutant Ser37A PKM2-GFP).  (E) Western blotting was used to examine 

the protein expression of CyclinD1 and c-Myc after transfection with WT PKM2-GFP or 

mutant Ser37A PKM2-GFP.  
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Translocalization of enhanced PKM2 protein into the nucleus induced by cancer 

upregulated gene 2 confers cancer stem cell-like phenotypes  
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Supplementary Figure 1 

 

 

Enforced expression of WT PKM2 enhances NEK2 and -catenin transcription activities  

(A) After immunoprecipitation from the cells transfected with WT PKM2-GFP or mutant 

Ser37A PKM2-GFP vector using anti-NEK2 antibody, GST-β-catenin (1 g) and 10 mM ATP 

(2 µl) were introduced. NEK kinase activity from the reaction mixture was determined by the 

phosphorylation levels of the position of Ser33/Ser37 of GST-β-catenin after 10% SDS 

polyacrylamide gel running (B) After transfection of the cells with WT PKM2-GFP or mutant 

Ser37A PKM2-GFP vector, activity of luciferase was analyzed with a luciferin substrate. 

(**P<0.01, WT PKM2-GFP vs mutant Ser37A PKM2-GFP). 
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Supplementary Figure 2 

 

Metabolite identification using NMR measurements 

Samples were measured using a 600 MHz HR-MAS NMR spectrometer with a nano-NMR 

probe (Agilent Technologies, Santa Clara, CA, USA). The 20 mg of sample were weighed 

and placed into a 4 mm HR-MAS NMR nanotube with 20 μl of phosphate buffer (pH 7.4) in 

deuterated water (D2O) containing 2mM 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium 

salt (TSP-d4). TSP-d4 (0 ppm) was used as internal chemical shift standard. The spinning rate 

was set as 2050 Hz and the CPMG (Carr–Purcell–Meiboom–Gill) pulse sequence was 

applied to suppress the signal of water and macromolecules. Spectra were acquired using 

8.05 µs 90◦ pulse, 1.5 s relaxation delay, 3 s acquisition time, and 13 min total acquisition 

time with 128 total transients for each sample. The spectra were manually phased and 

baseline corrected using VnmrJ 4.2 software (Aligent Technologies, Santa Clara, CA, USA). 

Relative concentrations of metabolites were calculated by normalizing to the sum of total 

concentrations to reduce sample-to-sample variation. 
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