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Abstract: In this study, we investigated the biological function of pyruvate kinase M2 (PKM2) and its regulation by 
deregulated microRNAs (miRNAs) in thyroid cancer (TC). The mRNA and protein expression of PKM2 was examined 
by quantitative reverse transcription PCR and western blot. The biological role of PKM2 was demonstrated through 
small interfering RNA-mediated knockdown experiments. The regulation of PKM2 by miR-148a and miR-326 was 
confirmed by western blot, dual luciferase activity assays, and rescue experiments. PKM2 was overexpressed in TC 
tissues and cell lines. The knockdown of PKM2 in TC cells suppressed cell proliferation, reduced colony formation, 
and inhibited cell invasion and migration significantly. Luciferase reporter assays revealed that PKM2 is a direct 
target of two tumor-suppressive miRNAs, miR-148a and miR-326. Re-expressed PKM2 rescued the anticancer ef-
fects of miR-148a. Taken together, these data strongly suggest that, apart from gene amplification and mutation, 
the activation of PKM2 in TC is partly due to the down-regulation of the tumor-suppressive miRNAs miR-148a and 
miR-326. Thus, PKM2 is overexpressed and plays an oncogenic role in thyroid carcinogenesis.
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Introduction

Thyroid cancer (TC), located at the base of the 
neck, is one of the most common endocrine 
malignancies [1] and one of the fastest rising 
malignant tumors, owing to widespread envi-
ronmental and dietary changes in recent ye- 
ars [2, 3]. Although most TCs can be managed 
successfully with a combination of radioactive 
iodide and levothyroxine suppression therapy 
after complete surgical intervention, a propor-
tion of TCs remain irresponsive to treatment 
and result in comorbidities and mortality [4]. 
Diverse TCs have been identified, and the va- 
riability of TCs has been confirmed in molecu-
lar, cellular, and clinical studies, which have 
suggested an imbalance in related regulatory 
genes as a risk factor for tumorigenesis [5]. 
Understanding the molecular mechanisms in- 
volved in the formation and development of  
TC is important for preventing and treating TC 
as well as improving patient survival.

Pyruvate kinase (PK), a rate-limiting enzyme in 
glycolysis, exists in four isoforms (M1, M2, L, 
and R). Among these isoforms, PKM2 is pre-

dominantly expressed in the fetus and is re- 
placed by PKM1 during development [6]. This 
leads to increased glucose uptake and lactate 
production and decreased O2 consumption by 
cancer cells. A large body of evidence indicates 
that cancers predominantly express PKM2, 
which acts as a critical regulator of cancer cell 
metabolism [7]. Usually, high levels of PKM2 
are associated with a poor prognosis for 
patients with cancer [8]. Additionally, PKM2 
acts as a transcriptional coactivator to pro- 
mote gene transcription in cancer cells and is 
believed to play a crucial role in tumor progres-
sion. Most physiological studies have focused 
on the regulation of cell migration by PKM2 and 
found that PKM2 is a key determinant of cell 
proliferation and migratory behavior [9]. Xu et 
al. [10] reported that the PKM2/NF-κB/miR-
148a/152 pathways regulate angiogenesis and 
cancer progression. However, the mechanism 
by which PKM2 up-regulation and activation are 
involved in TC has not been elucidated. Thus, 
we investigated the mechanism of PKM2 up-
regulation and how PKM2 activation promotes 
TC.

http://www.ajtr.org
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Materials and methods

Clinical samples

Twenty pairs of TC tissues and adjacent non-
tumor tissues were collected from The First 
Affiliated Hospital of Bengbu Medical College 
and The Second Hospital of Anhui Medical Uni- 
versity. All patients did not receive any radio-
therapy, chemotherapy or radiofrequency abla-
tion before surgical resection. Written informed 
consents were obtained from all enrolled 
patients.

Cell lines

The human TC cell lines (TPC-1, K1 and BCPAP), 
and the normal human thyroid cell line HT-ori3 
were obtained from the American Type Culture 
Collection (ATCC, Manassas, VA, USA). All the 
cell lines were maintained in RPMI 1640 sup-
plemented with 10% fetal bovine serum (FBS, 
Hyclone, USA), 100 U/mL penicillin, and 100 
μg/mL streptomycin (Invitrogen, US) in a hu- 
midified 5% (v/v) CO2 atmosphere at 37°C.

RNA isolation and reverse transcription-quanti-
tative polymerase chain reaction (RT-qPCR)

According to the manufacturer’s protocol, total 
RNA was isolated from homogenised tissues 
and cell lines using TRIzol reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.). RNA quantity 
and quality were evaluated by Nano Drop 
ND-1000 spectrophotometer (Thermo Fisher 
Scientific, Inc.). cDNA synthesis and qRT-PCR 
as previously introduced [11]. U6 and GAPDH 
were used to normalize the level of miR-148a, 
miR-326 and PKM2 mRNA expression, respec-
tively. The primers used in the present study 
were as follows: miR-148a, 5’-TCA GTG CAC TAC 
AGA ACT TTG T-3’ (forward) and 5’-TCT GTC AAC 
GAT ACG CTA CGT-3’ (reverse); miR-326, 5’-GTC 
TCC CAG AUA AUG CG-3’ (forward) and 5’-CGT 
TCA GGG TCC-3’ (reverse); U6, 5’-TCT TCG TCA 
TCA CAT ATA CTA AAA T-3’ (forward) and 5’-CTC 
TTC ACG AAT TTT CGT GTC AT-3’ (reverse); 
PKM2, 5’-GTC GAA TCC CCA TAG TGA AG-3’ (for-
ward) and 5’-GTG AAT CAA TGT CCA GTC GG-3’ 
(reverse); and GAPDH, 5’-CGG AGT CAA CGG 
ATT TGG TCG TAT-3’ (forward) and 5’-ATC CTT 
CTC CAT GGT GGT GAA GAC-3’ (reverse).

Western blot analysis

To determine the expression of PKM2, equal 
amounts of protein (about 30 mg) per lane 

were separated by 8% SDS-polyacrylamide gel 
and transferred to PVDF membrane. The mem-
branes were blocked in 5% skim milk for 1 h 
and then incubated with a specific antibody 
(PKM2, ab38237, 1:1000; Abcam, Cambridge, 
MA, USA) for 2 h. GAPDH (Santa Cruz, USA)  
was selected for an internal control. The band 
density of specific proteins was quantified after 
normalization with the density of GAPDH.

miRNA/siRNA transfection

The miRNA precursors, miR-148a, miR-326 
were from Life Technologies, and siPKM2, 
PKM2 were from Qiagen (Valencia, CA, USA). All 
transfection were performed in a 30 nM con-
centration for 36 hours followed with functional 
study and RNA/protein analysis.

MTT cell proliferation was assessed by Cell 
Titer 96 NonRadioactive Cell Proliferation As- 
says (Promega, Madison, WI) and colony for- 
mation assays were used to detect the prolif-
eration activity according to manufacturer’s 
instruction. The cell migration assays were per-
formed by Transwell chamber (Corning Glass 
Works, Corning, New York, USA) and the cell 
invasion assay using BD Biocoat Matrigel 
Invasion Chambers (BD Biosciences, Franklin 
Lakes, NJ) has been described previously [12]. 
The functional study of siPKM2, PKM2 (Qiagen, 
Valencia, CA) was also performed as above 
except that a concentration of 25 nM siRNA 
was used.

Luciferase reporter assay

The cells were seeded into 48-well plates fol-
lowed by transfection with the Renilla lucifer-
ase pRL-TK plasmid (100 ng/ml, Promega, USA) 
plus the recombinant Firefly luciferase pGL3 
reporters contained 3’UTR region of human 
PKM2 in combination with miR-148a or miR-
326 by using Lipofectamine 2000. For the  
luciferase reporter assay, cells were cultured  
in 96-well plates, transfected with the pla- 
smids and miRNA mimics using Lipofectamine 
2000. 48 h after transfection, relative lucifer-
ase activities were measured using the Luci- 
ferase Assay System (Promega).

In vivo tumorigenicity model

TPC-1 cells (5×106 cells suspended in 0.1 ml 
PBS) were transfected with PKM2 or scramble 
control then were injected subcutaneously into 
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the left flank of 4-week old Balb/c nude mice 
respectively. Diameters of tumors were mea-
sured and documented each 5 days with a total 
of 25 days. The animal care and experimental 
protocols were approved by Bengbu Medical 
College. And parts of tumours were evaluated 
by immunohistochemistry with indicated anti-
bodies (Ki67).

Rescue experiments

For the rescue experiments, TCP-1 and K1  
cells were first transfected with miR-148a,  
miR-326 precursor or negative control respec-
tively. After 24 h incubation, PKM2 expression 
plasmid together with empty vector (pcDNA3.1, 
Life Technologies) was transfected to the cells 
using Transfection Reagent (Roche, Nutley, NJ). 
After another 24 h, cells were harvested for 
functional study (MTT proliferation, monolayer 
colony formation, and cell invasion assays).

Statistical analysis

All data were analyzed by GraphPad Prism ver-
sion 6 statistical software. Measurement data 
were expressed by mean ± standard deviation 
(SD). The Student’s t-test test was used for 
comparisons between two groups. One-way 
analysis of variance was applied for compari-

lines compared to the normal human thyroid 
cell HT-ori3. 

In further to determine the role of PKM2 in the 
TC, we also detected the protein level of PK- 
M2 in the human TC tissues and the matched 
normal tissues by western blot. The TC tissues 
showed an up-regulated PKM2 expression 
compared with the matched normal tissues 
(Figure 1C).

The oncogenic role of PKM2 in vitro and vivo

Given the abundance of PKM2 in TC, siRNA-
mediated knockdown was performed in TPC-1 
and K1 cells for functional studies. A signifi-
cantly decreased cell proliferation was detect-
ed in PKM2-depleted TC cells (P < 0.01, Fi- 
gure 2A). Also, PKM2 knockdown significantly 
reduced colony formation in these cell lines (P 
< 0.01, Figure 2B). In addition, siRNA-mediated 
knockdown of PKM2 decreased TC cell migra-
tion (P < 0.01, Figure 2C) and invasion (P < 
0.01, Figure 2D). Moreover, the oncogenic role 
of PKM2 was validated in vivo. PKM2 overex-
pression significantly enhanced the growth of 
tumor xenografts in nude mice (P < 0.01, Fi- 
gure 2E). In addition, we also detected the 
expression of Ki67 in the tumor tissues. 
Compared with the NC group, PKM2 overex-

Figure 1. PKM2 is overexpressed in thyroid cancer (TC). A, B. PKM2 mRNA 
was up-regulated in TC tissues and cell lines. C. PKM2 protein was overex-
pressed in TC tissues.

sons between multiple groups. 
Statistical significance was as- 
sumed for P < 0.05.

Results

PKM2 is up-regulated in TC

To investigate whether PKM2 
is dysregulated in TC, we firstly 
detected the expression level 
of PKM2 in 20 pairs of human 
TC tissues and the matched 
normal tissues by RT-qPCR as- 
says. As shown in Figure 1A, 
PKM2 expression levels were 
significantly up-regulated in 
human TC tissues compared 
with matched normal tissues. 
Moreover, the mRNA expres-
sion of PKM2 in the TC cell 
lines also was determined. As 
shown in the Figure 1B, we 
showed significant up-regula-
tion of PKM2 in the TC cell 
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Figure 2. PKM2 silencing in TC cells exhibited a tumor-suppressive function. A. MTT assays revealed that PKM2 
knockdown by short interfering RNA significantly suppressed TC cell proliferation. B. Monolayer colony formation 
assays suggested that PKM2 depletion reduced anchorage-dependent colony formation. C. PKM2 knockdown de-
creased the cell migration ability of TC cells. D. Cell invasion was significantly inhibited in PKM2-depleted TC cells. 
E. PKM2 overexpression promoted xenograft formation in nude mice and Ki67 levels in tumors, as assessed by 
immunohistochemistry.

pression group showed a significant increase of 
Ki67. 

PKM2 is negatively regulated by miR-148a and 
miR-326 in TC

In the first, we searched the TargetScan data-
base (http://www.targetscan.org/) to predict 

the potential mRNA targets, miR-148a and 
miR-326 were noticed as they have multiple 
putative targets on PKM2 3’UTR (Figure 3A).  
In TC cell lines, miR-148a or miR-326 reduce 
PKM2 expression in both mRNA and protein 
levels (Figure 3B). Moreover, luciferase assays 
were performed to validate the direct binding 
affinity between PKM2 3’UTR and these two 
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miRNAs. Reporter assays revealed that induc-
tion of miR-148a or miR-326 triggered a mark- 
ed decrease of luciferase activity from pGL3-
WT-PKM2-3’UTR but produced no change in 
the luciferase activity from pGL3-MUT-PKM2-
3’UTR (Figure 3C). These data indicated that 
miR-148a or miR-326 directly modulated PK- 
M2 expression by binding to the respective 
3’UTR.

miR-148a and miR-326 are down-regulated 
and display anti-tumor effect in TC

Expression of miR-148a and miR-326 were 
down-regulated in multiple TC cell lines com-
pared with normal human thyroid cell HT-ori3 
(Figure 4A). Given that miR-148a and miR-326 
are often down-regulated in TC, ectopic expres-
sion of miR-148a and miR-326 was applied to 

Figure 3. PKM2 is directly regulated by miR-148a and miR-326 in TC. A. Predicted putative miR-148a and miR-
326-binding sites in the 3’-untranslated region (UTR) of PKM2. B. The mRNA and protein expression of PKM2 after 
miR-148a or miR-326 overexpression in TPC-1 and K1 cells. C. miR-148a or miR-326 suppressed the relative lucif-
erase activity in constructs that contained the 3’-UTR of PKM2.
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identify their functional roles. Overexpressed 
miR-148a and miR-326 suppressed TC cell 
growth accordingly (P < 0.01, Figure 4B). 
Moreover, a significant reduction of colony 
numbers in miRNAs’ transfectants was detect-
ed compared with scramble miRNA groups  
(P < 0.01, Figure 4C). In addition, ectopic ex- 
pression of miR-148a and miR-326 significant-
ly diminished cell migration (P < 0.01, Figure 
4D) and cell invasion (P < 0.05, P < 0.01, Figure 
4E), suggesting their tumor-suppressive role in 
TC.

PKM2 is the bona fide functional target of miR-
148a in thyroid carcinogenesis

Rescue experiments were also conducted to 
justify whether PKM2 is the functional target of 

miR-148a. And PKM2 overexpression was con-
firmed by western blot analysis (Figure 5A). The 
re-expression of PKM2 partly diminished the 
tumor-suppressive effect of miR-148a (MTT 
proliferation assays, P < 0.01, Figure 5B; mono-
layer colony formation, P < 0.01, Figure 5C; cell 
invasion, P < 0.01, Figure 5D). 

Discussion

In this study, PKM2 was up-regulated in TC  
tissues compared to adjacent non-tumor tis-
sues. In addition, miR-148a and miR-326 were 
consistently down-regulated across a panel of 
TC cells compared with a normal thyroid cell 
line, suggesting their potential roles in TC 
tumorigenesis. TC cells were also treated with 
miR-148a or miR-326 to determine whether 

Figure 4. miR-148a and miR-326 are decreased 
and play anti-tumor roles in TC. A. miR-148a and 
miR-326 expression was down-regulated in TC 
cell lines. B. MTT proliferation results with ec-
topic miR-148a and miR-326 expression in TC 
cells. C. Ectopic expression of miR-148a and 
miR-326 inhibited monolayer colony formation 
by TCP-1 and K1 cells. D, E. Migration and inva-
sion were significantly impaired in miR-148a- 
and miR-326-treated cells compared with their 
scrambled miRNA counterparts. 
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epigenetic modification is responsible for the 
down-regulation of miR-148a/326 in TC. Ecto- 
pic expression of miR-148a and miR-326 re- 
sulted in tumor-suppressive functions by inhib-
iting TC cell proliferation, invasion, and migra-
tion. These functional studies suggest that 
PKM2 plays a crucial role in the development 
and progression of TC.

As some cases of TC exhibit PKM2 mRNA up-
regulation without gene amplification, the miR-

down-regulation of miR-148a and miR-326 rep-
resents a prognostic marker of human cancer. 
Our study enriches the target pool for miR- 
148a and miR-326 in TC. Aberrant regulation  
of PKM2 by this dysregulated miRNA network  
is novel. PKM2 is reported to have a relatively 
high mutation rate in cancers. A risk variant of 
PKM2 in ovarian cancer was revealed by a 
genome-wide association study. PKM2 mis-
sense variants were uncovered in papillary thy-
roid carcinoma and are proposed to impair its 

Figure 5. PKM2 re-expression partly restored the anti-cancer effect of miR-
148a. A. The levels of PKM2 protein among miR-148a-treated TC cell lines 
after re-expression. B. MTT proliferation assays revealed that overexpres-
sion of PKM2 partially diminished the tumor-suppressive effect of miR-
148a. C. Colony formation was partly restored in miR-148a transfectants 
after the re-expression of PKM2. D. PKM2 re-expression also revived cell 
invasion, which was impaired by miR-148a.

NA-mediated regulation on PK- 
M2 was investigated. We iden-
tified miR-148a and miR-326 
as two promising miRNAs that 
may target PKM2 in TC. The 
activation of PKM2 is partly 
due to epigenetic silencing of 
these two miRNAs, which have 
been identified as tumor sup-
pressors. Expression of these 
miRNAs inhibited cell prolife- 
ration, promoted the apopto-
sis of cancer cells, and sup-
pressed tumorigenicity. miR-
148a is silenced in cancers 
and exerts a tumor-suppres-
sive function in esophageal 
cancer [13], colorectal tumori-
genesis [14], liver cancer [15], 
and pancreatic cancer [16]. In 
TC cells, miR-148a functions 
as a tumor suppressor by re- 
pressing the expression of CD- 
K8 [17] and INO80 [18], sug-
gesting that PKM2 is a key tar-
get of miR-148a in many can-
cers. miR-326 is abnormally 
expressed in various human 
cancers and acts as a tumor 
suppressor in melanoma [19], 
osteosarcoma [20], and cer- 
vical cancer [21]. Moreover, 
miR-326 is underexpressed in 
lung tumor tissues and lung 
cancer cell lines [22]. Low miR-
326 expression is correlated 
with disease progression and 
metastasis. Li et al. [23] found 
that down-regulation of miR-
326 was associated with ad- 
vanced stage and low overall 
survival of patients with gas-
tric cancer. Together, these 
findings suggest that aberrant 
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Cdc42 inhibitory ability. We conclude that aber-
rant up-regulation of PKM2, mediated by the 
epigenetic silencing of two miRNAs, may also 
contribute to TC development in the absence of 
genetic mutations.

In conclusion, PKM2 functions as an oncogene 
in thyroid tumorigenesis, especially by promot-
ing metastasis. Multiple mechanisms contrib-
ute to PKM2 up-regulation and activation, 
including gene amplification, gain-of-function 
mutations, and miRNA regulation. Our study 
provides a novel therapeutic target and de- 
scribes the clinical translational potential for 
TC.
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