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Sam68 promotes aerobic glycolysis in colorectal cancer by 
regulating PKM2 alternative splicing
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Background: Sam68, an RNA-binding protein, exerts oncogenic functions in several types of cancer. 
However, the specific functions and mechanisms of Sam68 in colorectal cancer (CRC) had not been 
previously clarified. Pyruvate kinase muscle (PKM)2 is the key rate-limiting enzyme in glycolysis, and PKM2 
maintains the glycolysis-dominant energy metabolism in most cancer cells.
Methods: CCK8 assay was performed to show the effect of Sam68 on cell growth. Pyruvate kinase activity 
and lactate detection assays were performed to analyze the effects of Sam68 on aerobic glycolysis. RNA 
immunoprecipitation (RIP) was used to detect the binding of Sam68 to the PKM2 sequence. Western blot 
and real-time PCR were executed to analyze the regulation of PKM2 by Sam68.
Results: Gain-of-function and loss-of-function studies showed that ectopic expression of Sam68 promoted 
glycolysis and cell proliferation in CRC cells, whereas Sam68 knockdown inhibited glycolysis and cell 
proliferation. Mechanically, Sam68 modulated the expression profile of pyruvate kinase (PKM2 or PKM1) 
by regulating its alternative splicing. Overexpression of Sam68 was associated with decreased PKM1/
PKM2 ratio, which positively contributed to the glycolysis procedure. Sam68 significantly promoted cell 
proliferation and caused a decrease of PKM1/PKM2 ratio, resulting in the metabolism of glucose switched 
from oxidative phosphorylation to glycolysis in CRC cells. Besides, Sam68 enhanced PKM2 mRNA transport 
from the nucleus to cytoplasm and increased the expression of PKM2 protein, resulting in elevated pyruvate 
kinase activity and lactate production.
Conclusions: These findings suggested that Sam68 affected cell growth and glycolysis pathway by 
regulating the alternative splicing and expression of PKM2 in CRC.
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Introduction

Colorectal cancer (CRC) is the most common carcinoma 

found worldwide and the leading cause of cancer-related 

death (1). Reprogramming energy metabolism is critical in 

tumor development and progression and has been suggested 
as one of the hallmarks of cancer (2). Normal cells, under 
enough oxygenation, breathe aerobically through oxidative 
phosphorylation in mitochondria, whereas oxygen-deprived 
cells switch their energy metabolism to anaerobic form, 
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producing lactic acid as their products. Even if oxygen is 
available, the tumor cells anaerobically absorb the excess 
glucose and produce a large volume of lactic acid. The 
strategic shift of energy production mechanism from 
oxidative phosphorylation to glycolysis, even in well-
oxygenated conditions, is considered a hallmark of cancer 
metabolism (3). This describes the famous “Warburg 
Effect’’ or aerobic glycolysis (4). Although the end result 
is well-known and widely accepted (5), the underlying 
mechanisms and possible targeted principles involved in 
glucose metabolism remain elusive.

It is well-acknowledged now that cancerous cells prefer 
pyruvate consumption and lactate production of glycolysis 
despite the availability of enough oxygen. Pyruvate kinase M 
(PKM) 2 is the isoform of pyruvate kinase, which functions 
as the essential rate-limiting catalysis enzyme of the last 
step in the glycolytic pathway and promotes phosphoenol-
pyruvate (PEP) conversion to pyruvate (6). By enhancing 
pyruvate kinase activity, cells display to utilize the glucose 
switch from pentose phosphate glycolytic to the glycolytic 
pathway, thereby providing the energy and meeting the 
biosynthetic demands for rapid growth (7). PKM2, as an 
essential regulator of the aerobic glycolytic pathway, plays 
a crucial role in tumor progression (8-10). Tumor cells 
enhance its expression through variable shearing of PKM2, 
promoting glycolysis and tumor development, but its 
mechanism has not been fully understood.

Sam68 is a tyrosine-phosphorylated, SRC-associated 
substrate of 68kDa protein that plays a crucial role in the 
progress of cell differentiation and development (11). 

Sam68 is known as an RNA binding protein (RBP) and 
regulates the alternative splicing of some cancer-related 
genes with recognition sequences (12). Abnormal expression 
of Sam68 was observed in many types of tumors, including 
CRC (13,14). Our earlier study revealed that Sam68 could 
interact with CYTOR to promote CRC progression (15).  
Herein, we showed that Sam68 contributed to the 
expression of cytoplasm PKM protein by promoting PKM2 
mRNA alternative splicing and transportation from nuclear 
to cytoplasm, and increased PKM2 activity and lactate 
production. Our findings altogether show that Sam68 
promotes aerobic glycolysis in CRC by enhancing the 
expression and activity of PKM2.

Methods

Cell lines and clinical samples

The CRC cell lines RKO and HCT116 were cultured 

according to the instructions recommended by the 
ATCC. These two types of cells were named by Genewiz 
Inc. (China) using short tandem repeat (STR) markers 
and were confirmed to be free of mycoplasma. CRC 
cohorts, including 120 human primary CRC tissues and 
their matched adjacent noncancerous tissues (NCTs), 
were obtained from the Affiliated Hospital of Jiangnan 
University. All patient data were obtained with informed 
consent, and the Clinical Research Ethics Committee 
approved the project of the participating institutions. The 
study was conducted following the International Ethical 
Guidelines for Biomedical Research Involving Human 
Subjects (CIOMS).

Vector constructs and siRNA

The wild-type or mutant Sam68 sequences were cloned 
into pcDNA3.1-HA and constructed as described  
previously (15). The siRNAs of Sam68 (siSam68) and 
negative control (siNC) were bought from Suzhou 
GenePharma Co. Ltd (China). The sequences of siNC 
were: forward, 5'-UUCUCCGAACGUGUCACGUTT-3', 
reverse, 5'-ACGUGACACGUUCGGAGAATT-3'; the 
sequences of siSam68 were: forward, 5'-GAGACUGGUG
CAAAGAUCUCUGUAU-3', reverse, 5'-AUACAGAGAU
CUUUGCACCAGUCUC-3'.

Cell proliferation assay

Cell viability was measured using the cell counting kit 8 
(CCK8) (Dojindo, Japan) according to the manufacturer’s 
instructions. CRC cell was seeded into 96-well cell culture 
plates, and each well held 2×103 cells in 100 liters of the 
medium. Then, siSam68 or siNC were transfected into the 
cells using lipofectamine 2000 (Invitrogen, USA). After 24, 
48, 72, or 96 hours, every well was replaced with 100 μL 
fresh medium containing 10% CCK8, and then the cells 
were incubated at 37 ℃ for another 2 h. The absorbance 
was measured under the wavelength of 450 nm.

Western blotting

According to the manufacturer’s instructions, the nuclear 
and cytoplasmic parts of CRC cells were isolated using 
the PARIS Kit (Thermo Fisher, USA). The extracted 
protein was separated by SDS-PAGE and transferred to a 
polyvinylidene fluoride (PVDF) membrane. The relative 
expression of target proteins were measured using the 
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primary antibodies for Sam68 (CST, 1:1,000), PKM2 (CST, 
1:1,000), HA (CST, 1:5,000) and GAPDH (Thermo Fisher, 
1:5,000).

Pyruvate kinase activity and lactate detection

Pyruvate kinase activity Assay Kit and lactate detection 
Kit were performed from Jiancheng Biological Company 
(China) according to the manufacturer’s instructions.

Immunohistochemistry (IHC)

IHC analysis holding 120 previously constructed examples 
of CRC tissue arrays was used to determine the expression 
levels of Sam68 protein (16). IHC staining was performed 
on 4-mm sections of paraffin-embedded tissue samples. In 
short, the slides were incubated with anti-Sam68 antibody 
(CST, 1:200) at 4 ℃ overnight. The following steps were 
performed using the GTVision III Detection System/
Mo&Rb (Gene Tech, China).

Total, cytoplasmic, and nuclear RNA and Protein isolate

According to the manufacturer’s agreement, RNA and 
proteins of the total nucleus and cytoplasm are separated 
from freshly cultured CRC cells.

RNA-binding protein immunoprecipitation (RIP) assay

According to the manufacturer’s agreement, RIP analysis 
was performed using EZ-Magna RIP™ RNA-Binding 
Protein Immunoprecipitation Kit (Millipore, USA). 
HCT116 cells were transfected with Sam68 expression 
plasmids or their control vectors. Three days after 
transfection, these cells were collected for RIP assay. 
Antibody against HA (CST, USA) was used for RIP. After 
RNA extraction, the relative levels of PKM2 mRNA were 
assessed by RT-PCR using PrimeScript RT Reagent Kit 
(Takara, Japan) and Platinum™ SuperFi™ DNA polymerase 
(Thermo Fisher). The PCR products were loaded onto 2% 
agarose gel and visualized by ethidium bromide staining.

Quantitative RT-PCR assay

The total RNA was reverse transcribed into cDNA using 
the PrimeScript II 1st Strand Synthesis Kit (TaKaRa). 
Quantitative reverse transcription polymerase chain reaction 
(qRT-PCR) was conducted on the ViiA7 real-time PCR 

system using the UltraSYBR Mixture (CWBIO, China). 
The PKM2 expression level was normalized to ACTB 
expression level and calculated by the 2ΔΔCt method. The 
total RNA was isolated from cells and was measured by 
RT–PCR followed by PstI digestion to assess the PKM1/
PKM2 ratio (17,18). The primers of Sam68 were listed: 
forward, 5'-CTCATGGCCGAGAAGGACTC-3', reverse, 
5'-TGTACCACGTACCAAAGCCC-3'; The primers of PKM 
were: forward, 5'-CTGAAGGCAGTGATGTGGCC-3', 
reverse ,  5 ' -ACCCGGAGGTCCACGTCCTC-3' ; 
T h e  p r i m e r s  o f  P K M 2  w e r e :  f o r w a r d , 
5 '-ACTCGGGCTGAAGGCAGTGA-3' ,  reverse , 
5 ' - T G T G G G G T C G C T G G T A A T G G - 3 ' ; 
T h e  p r i m e r s  o f  G A P D H  w e r e :  f o r w a r d , 
5 ' -A CCACAGT CCATGCCATCAC-3 ' ,  r e ve r s e , 
5'-TCCACCACCCTGTTGCTGTA-3'.

Statistical analysis

All data were presented as the mean ± standard deviation. 
Student t-test, the Mann-Whitney U test and the x2 test 
were used to evaluate for significant differences between 
groups. The differences in survival rates between the two 
groups were determined by the Kaplan-Meier method 
and the log-rank test. Cox univariate and multivariate 
proportional hazards regression models were used to 
determine the independent factors that influence survival. 
The statistical analyses were conducted using the SPSS 
20.0 (SPSS), and P<0.05 (*) were considered statistically 
significant.

Results

Sam68 promotes proliferation and aerobic glycolysis in 
CRC cells

Aerobic glycolysis is an essential hallmark of tumor cells, 
characterized by elevated glucose uptake and lactate 
production. We assessed the effects of Sam68 on glycolysis 
and cell proliferation in CRC cells. Our data showed 
that Sam68 overexpression increased the activity of 
pyruvate kinase and promoted the production of lactate  
(Figure 1A,B,C), thereby induced cell proliferation in 
CRC cells (Figure 1D). In contrast, Sam68 knockdown 
significantly decreased pyruvate kinase activity and lactate 
levels (Figure 1E,F,G) and significantly inhibited cell 
growth in CRC cells (Figure 1H). Therefore, these data 
suggested that Sam68 regulated CRC proliferation by 
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promoting glycolysis.

Identifying the function domains of Sam68 and Sam68 
promotes aerobic glycolysis in CRC cells

Sam68 protein was consists of three main domains, 
including the N-terminal domain, KH domain for 
RNA binding, and the C-terminal domain. To identify 
the functional domain of Sam68 regulating the glucose 
metabolism, we constructed four mutations, included HA-
tagged of Sam68, KH-domain deleted (ΔKH), N-terminus 
domain deleted (ΔN) and C-terminus domain deleted 
(ΔC) (Figure 2A), and then we measured their effects on 
glycolysis in CRC cells. ΔN mutant of Sam68 retained 
the regulation functions of full-length Sam68 on pyruvate 
kinase activity and lactate production fairly, whereas ΔKH 
mutant lost the regulation effect of Sam68 on glycolysis 

(Figure 2B,C), suggesting that the KH domain was the 
critical function domain in the regulation of glycolysis. KH 
domain-mediated the sequence-specific RNA binding of 
Sam68, suggesting it may exert its function by regulating 
the RNA molecules. According to the structure of the 
Sam68 protein, the G178E amino acid of sam68 is vital 
for binding to its RNA targets (13). To identify the exact 
site of KH domain of Sam68 that regulate the process of 
glycolysis, we transfected HCT116 cells with either a HA-
tagged Sam68 (HA-Sam68), a mutant with a point mutation 
in the KH domain (HA-Sam68 G178E) (13), or the control 
vector (pcDNA3.1-HA) (Figure 2D), and then detected the 
pyruvate kinase activity and lactate production. We found 
that both the pyruvate kinase activity and lactate production 
were increased with Sam68 overexpression and severely 
dampened with 178 sites of amino acid mutation in CRC 
cells (Figure 2E,F).

Figure 1 Sam68 promotes CRC cells proliferation by regulating aerobic glycolysis. (A) The overexpression of Sam68 was determined by 
Western blotting. (B,C) The pyruvate kinase activity and lactate concentration were measured in CRC cells transfected with pcDNA3.1-
Sam68 or pcDNA3.1. (D) Cell proliferation with Sam68-overexpressing HCT116 and RKO cells was measured by CCK8 assays. (E) The 
knockdown efficiency of Sam68 siRNA was determined by Western blotting. (F,G) The effect of Sam68 knockdown on the pyruvate kinase 
activity and lactate production in CRC cells. (H) Cells proliferation in the silence of Sam 68-HCT116 and RKO cells was measured using 
CCK8 assays. *P<0.05, **P<0.01, ***P<0.001. CRC, colorectal cancer; CCK8, cell counting Kit 8.
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Sam68 is associated with PKM2 to affect glucose 
metabolism

To elucidate the detailed molecular mechanism of Sam68 
in CRC glucose metabolism, we used several assays to show 
the potential Sam68-associated RNAs. Recent studies have 
shown that PKM2 plays a crucial role in tumorigenesis and 
progression through glycolysis and other pathways. PKM2 
is the key rate-limiting enzyme regulating the cellular 
glycolytic activity and is highly expressed in a variety of 
malignant cells, including CRC (8). The result of RIP assays 
confirmed that Sam68 protein could directly bind to PKM2 
mRNA (Figure 3A). To show the specific region of Sam68 
binding to PKM2, we constructed a series of mutations 
with Sam68 region deletion based on the catRAPID 
omics analysis (http://s.tartaglialab.com/) (Figure 3B). A 
potential Sam68-binding region (aa.141–255) with PKM2 
was predicted according to the catRAPID omics analysis. 
As Figure 3C showed that the KH domain of Sam68 was 
essential for the binding of Sam68 with PKM2. Then, 

we found that the G178E mutation in the KH domain  
(Figure 2D) is crucial to the binding of Sam68 to PKM2 
(Figure 3D). There existed one potential Sam68-specific 
binding motif (ATAA, 1,692–1,695 nt) in PKM2 mRNA, 
and we constructed a PKM2 mutant with the motif 
deletion. HA-tagged Sam68 and PKM2 mutants were co-
transfected into 293 T cells, and these cells were then 
subjected to RIP and PCR analyses. The results showed 
that Sam68 did not bind to PKM2 with the ATAA deletion 
mutation (Figure 3E).

After splicing, PKM2 mRNA was transported to the 
cytoplasm to translate PKM2 protein and display its 
pyruvate kinase function. We demonstrated that ectopic 
Sam68 expression promoted the levels of PKM2 mRNA 
in cytoplasm, whereas Sam68 knockdown inhibited the 
cytoplasmic distribution of PKM2 mRNA, suggesting that 
Sam68 promoted the transport of PKM2 mRNA from the 
nucleolus to cytoplasm (Figure 3F). Meanwhile, the western 
blot results found that Sam68 overexpression enhanced the 

Figure 2 The function domain of Sam68 mediates aerobic glycolysis. (A) Schematic diagram for Sam68-fusion protein (residues 1–443), 
full-length or designated mutants (ΔN lacks residues 1–102, ΔC lacks 347–443, and ΔKH lacks 162–228) fused with HA tag. (B,C) The 
pyruvate kinase activity and lactate production were measured in CRC cells transfected with different Sam68 mutants. (D) Schematic 
diagram of Sam68 mutation (G178E) in the KH domain. (E,F) The effects of Sam68 G178E mutation on the pyruvate kinase activity and 
lactate production in CRC cells. *P<0.05, ***P<0.001. CRC, colorectal cancer.
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protein expression of PKM2 (Figure 3G).

Sam68 regulates PKM Splicing and increases PKM2 
mRNA expression

We next speculated that whether Sam68 could regulate 
PKM2 splicing. Our data showed that Sam68 binds to EI9 
of PKM (Figure 3A). The inclusion of PKM exon 9 (E9) 
promoted the formation of PKM2 mRNA (Figure 4A). The 
effects of the Sam68 silencing on PKM alternative splicing 
were further investigated by qRT-PCR (Figure 4B,C). In 
contrast, Sam68 overexpression resulted in the opposite 
phenomenon (Figure 4D,E). Sam68 knockdown resulted 
in an increase in PKM1/PKM2 mRNA, from 28% to 48%. 

Sam68 overexpression significantly decreased PKM1/PKM2 
mRNA, from 69% to 27%.

Sam68 expression is positively correlated with PKM2 in 
CRC tissues

Although it was confirmed that Sam68 and PKM2 could 
promote CRC progression, their correlations in CRC were 
still unknown. IHC results confirmed that Sam68 protein 
expression was also upregulated in CRC tissues, and higher 
Sam68 protein expression levels were associated with more 
reduced survival rates (Figure 5A,B). Besides, the protein 
expression of Sam68 was positively correlated with the 
PKM2 mRNA expression in CRC tissues (Figure 5C). The 

Figure 3 Sam68 is associated with PKM2 mRNA to affect glucose metabolism. (A) The binding of Sam68 to PKM2 mRNA in CRC 
cells transfected with Sam68-HA performed by RIP assays. (B) Predicted Sam68-binding region with PKM2 mRNA by CatRAPID omics  
(http://s.tartaglialab.com/). (C) Sam68-ΔKH mutant binding domain to PKM2 mRNA. (D) Sam68-G178E mutant binding domain 
to PKM2 mRNA. (E) Sam68 binding domain to PKM2 mRNA with the ATAA deletion. (F) The PKM2 mRNA levels analysis with 
overexpression of Sam68 in the cytoplasm. (G) The PKM2 protein levels in ectopic expression of Sam68 cells. **P<0.01. PKM2, pyruvate 
kinase muscle 2; CRC, colorectal cancer.
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Figure 4 Sam68 promotes PKM2 splicing from PKM. (A) Diagrammatic sketch of PKM splicing assay with PstI digestion protocol. (B) 
PKM splicing assays in Sam68-depleted HCT116 cells. (C) The effects of the silence of sam68 on PKM splicing by qRT-PCR. (D) PKM 
splicing assays in Sam68-overexpressing HCT116 cells. (E) The effects of the Sam68 overexpression on the PKM splicing were investigated 
by qRT-PCR.  *P<0.05, **P<0.01, ***P<0.001. PKM2, pyruvate kinase muscle 2.

analysis results from the TCGA RNA-seq database, GEO 
GDS2947 database, GEO GSE31737 database, GEO 
GSE32323 database further showed that Sam68 were also 
up-regulated at mRNA level in CRC samples compared 
with NCT samples (Figure 5D). Together, these data 
suggested that Sam68 could positively regulate PKM2 levels 
in CRC.

Discussion

CRC is the most frequently occurring form of high 

mortality cancer worldwide. The reasons causing CRC are 
numerous, such as genetic epigenetic alterations, damage to 
DNA, or other influences. Metabolic disturbance also could 
be regarded as a crucial factor in promoting CRC progress. 
The metabolism reprogramming of glucose inducing 
metabolic disturbance has been observed in many types of 
cancer, including CRC. Aerobic glycolysis, characterized 
by increased glucose consumption and lactate production, 
is the typical phenotype of glucose intake displayed in 
cancer cells. The main change of tumor cells in the glucose 
metabolism pathway converts to glycolysis, somewhat 
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Figure 5 Sam68 expression is positively correlated with PKM2 in CRC tissues. (A,B) Kaplan-Meier plots of overall survival versus Sam68 
protein by IHC in CRC clinical samples from our tissue bank (×10, ×40). (C) The positive correlation between Sam68 protein and PKM2 
mRNA expression in clinical CRC tissues. (D) Evaluation of the expression of Sam68 in CRC tissues and their paired normal tissues based 
on the data from the GDS2947 and TCGA databases. *P<0.05, ****P<0.0001. PKM2, pyruvate kinase muscle 2; CRC, colorectal cancer.
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oxidative phosphorylation promotes cancer initiation 
and progression (5,19). The genes involved in glucose 
metabolic disturbance function as the oncogenes or tumor 
suppressors also played critical roles in that procedure. 
This study showed that Sam68 regulated glycolysis 
metabolism and displayed an oncogenic function in CRC 
cells.

The metabolism of glucose in CRC is involved in a 
series of proteins, such as glucose transporter 1, glucose 
transporter 4, hexokinase, 6-phosphofructokinase1, 
pyruvate kinase, and lactate dehydrogenase A (20). PKM1 
and PKM2 were the isoforms of pyruvate kinase and 
encoded by the same gene, PKM, through alternative 
splicing. The active form of pyruvate kinases always 
displayed as tetramers, and PKM1 is showed functioning 
as a constitutively active tetramer. Various metabolites 
and functions could allosterically regulate PKM2 as a 
pyruvate kinase (tetramer) or a protein kinase (dimer). 
PKM2 expression and activity are transcriptionally or post-
transcriptionally regulated by many different molecules (21).  
The abnormally expressed isoform of PKM2 could be 
observed in many types of cancer as the typical characteristic 
and presented high relevance with the tumor progress. 
For example, we revealed that the long non-coding RNA 
FEZF1-AS1 could bind to PKM2 and increased its stability 
by inhibiting its degradation in CRC cells, and the increased 
PKM2 protein expression is associated with metastasis 
and prognosis of CRC patients (8). Also, alternative 
splicing of PKM2 is a crucial mechanism mediating PKM2 
upregulation in cancer cells (22-24). Switching from PKM1 
to PKM2 subtype results in increased lactate production 
and decreased oxygen consumption, promoting the growth 
and metastasis of cancer cells (19). The transition of PKM2 
contributes to the control of glycolysis and is essential for 
tumor cell proliferation and survival. Our study found that 
Sam68 functions as a PKM splicer and promoted PKM2 
expression and activity, contributing to glycolysis in CRC 
cells.

Although Sam68 is already recognized as a tumorigenic 
factor (13,25), l ittle was known about its detailed 
mechanisms in tumorigenesis and progression (12,15). It 
is previously reported that higher expression of Sam68 is 
associated with progression and poorer prognosis of several 
types of cancers, including CRC (26,27). We revealed 
that CYTOR drives CRC progression by interacting with 
Nucleolin and Sam68 (15). In this study, we revealed that 
Sam68 could enhance aerobic glycolysis by regulating PKM 
alternative splicing (22-25). Mechanistic investigations 

further found the exact binding sites in the Sam68 KH 
domain and its recognized RNA sequence in PKM2 
mRNA. Through direct binding to the PKM and PKM2 
RNA molecules, Sam68 promotes the splicing of PKM2 
mRNA and helps it transported to the cytoplasm, resulting 
in increasing PKM2 protein levels and glycolysis activity 
in CRC cells. These data show that Sam68 is required for 
the essential metabolic switch, which tilts the metabolic 
program from oxidative phosphorylation to more acidic 
glycolysis, ensuring the growth of CRC cells. Despite the 
general reputation of Sam68 as an oncogenic factor, the 
metabolic features of Sam68 in CRC are a novel finding. 
We believe that Sam68 appears to be a potential target for 
future CRC treatment, and inhibiting PKM2 expression by 
mediating alternative splicing may be an available strategy 
for regulating cancer glycol-metabolism.

Conclusions

In this study, we found that Sam68 can enhance aerobic 
glycolysis by regulating PKM alternative splicing. Although 
sam68 is recognized as a carcinogenic factor, its metabolic 
characteristics in CRC are a discovery. Sam68 seems 
to be a potential target for CRC therapy in the future. 
Inhibition of PKM2 expression through the mediation of 
alternative splicing may be an effective strategy to regulate 
gluconeogenesis in cancer.
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