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Abstract: Hyaluronan is expressed in hepatocellular carcinoma (HCC) as HCC generally arises from a cirrhotic liver 
in which excessive production and accumulation of HA leads to developing cirrhosis. Though it has been suggested 
HA is involved in progression of HCC, the mechanisms underlying the connection between HA and HCC progression 
are unclear. Since increased aerobic glycolysis is a metabolic trait of malignant cells and HA-CD44 can modulate 
glucose metabolism, we aim to investigate the roles of PKM2, a key enzyme in glucose metabolism, in the HA-
CD44 axis facilitated the progress of HCC. We shown PKM2 was required for HA-promoted HCC progression, which 
was not modulated by PKM2 kinase activity but by nuclear translocation of PKM2. PKM2 translocation was Erk 
(Thr202/Tyr204) phosphorylation dependent, which functioned at the downstream of HA-CD44 binding. Further-
more, elevated HA expression significantly correlated with PKM2 nuclear location and was an independent factors 
predicting poor HCC prognosis. In conclusions PKM2 nuclear translocation is required for mediating the described 
HA biological effects on HCC progression and our results imply that inhibition of HA may have therapeutic value in 
treating HCC.
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Introduction

Hepatocellular carcinoma (HCC) is one of the 
most common cancers, especially where chron-
ic hepatitis B infection is endemic. It ranks as 
the third most common cancer-related mortali-
ty worldwide and its prognosis is poor (a 5-year 
survival rate can be as low as 5%) [1]. Though a 
number of factors, including uncontrollable 
cancer cell growth and proliferation, cell energy 
metabolism, migration and metastasis, and 
angiogenesis are known to contribute to the 
virulence of cancer cells, effective block of HCC 
progression remains unknown. 

Recent cancer biology study suggests that the 
extracellular matrix (ECM) is pleiotropic and 
has many more functions than just a structural 
scaffold since it can influence cellular destiny 
via various mechanisms [2]. Hyaluronan (HA), a 
member of the glycosaminoglycans, is pro-
duced by cell membrane binding proteins, such 

as the hyaluronan synthases (HASs) [3] and is 
expressed and released by cancer cells, espe-
cially by liver cancer cell [4].

Overexpression of the has gene and the accu-
mulation of HA may relate to malignant trans-
formation of cells [5]. Suppression of HA expres-
sion decreases tumor cell growth [6] and 
invasive capability [7], while increasing sensitiv-
ity to chemotherapy [8]. And HA levels are 
increased in patients with cirrhosis, which rep-
resents a pre-cancerous stage in the pathologi-
cal process toward the HCC [9]. Thus, a clear 
understanding of the relationship between HA 
accumulation and HCC aggressiveness is of 
great need. 

HA-induced effects are predominantly mediat-
ed through interactions with certain hyaladher-
ins. CD44, is a common HA receptor, which is 
upregulated on the surface of some cancer 
cells and has been identified as a marker of 



HA-promoted HCC progression via PKM2 nuclear translocation

510 Am J Cancer Res 2016;6(2):509-521

cancer stem cells [10]. HA-CD44 binding can 
trigger several signaling pathways such as 
PI3K/AKT, MEK [11], and Ras and RhoA signal 
pathways [12], leading to cancer progression. 
However, the specific signaling pathways trig-
gered by HA-CD44 interaction in HCC cells have 
not yet been fully elucidated. 

Increased aerobic glycolysis has been recog-
nized as a metabolic trait of malignant cells and 
constitutes the metabolic basis of cancer pro-
gression. Previous studies have shown that HA 
and CD44 can modulate glucose metabolism 
and lactate efflux [13]. Pyruvate kinase M2 
(PKM2), a key enzyme in glucose metabolism, 
is widely over-expressed in a variety of malig-
nant tumors and is associated with tumorige-
nicity, tumor proliferation and progression. 
Different to pyruvate kinase M1, PKM2 has a 
lower affinity to phosphoenolpyruvate and is 
modulated by a growth factor through tyrosine 
phosphorylation, resulting in reduced activity 
because of repression of binding of fructose-1, 
6-bisphosphate with PKM2 [14]. CD44 as a co-
activator of many growth factor receptors pro-
motes tumor proliferation and metastasis in 
various cancers. The role of CD44 in PKM2 
modulation and its subsequent biological 
action in tumor progression has not been 
clarified.

In this study, we aimed to investigate the effects 
of HA on facilitating the aggressive phenotype 
of HCC cell lines and the underlying mechanism 
in both in vitro and in vivo studies as well as an 
analysis of clinical HCC samples. We initially 
identified PKM2 as a downstream factor of 
HA-CD44 signaling, which induced extracellu-
larly regulated protein kinases (ERK)-dependent 
PKM2 nuclear translocation, that was involved 
in HA-promoted HCC proliferation, metastasis 
potential and aerobic glycolysis switch.

Materials and methods

Cell lines and culture

The human HCC cell line MHCC97H was estab-
lished in the Liver Cancer Institute, Fudan 
University [15]. HepG2 was obtained from the 
Chinese Academy of Sciences Shanghai 
Branch, China. The cell lines were cultured in 
DMEM with high glucose (Life technologies) 
supplemented with 10% fetal bovine serum 
(Life technologies), 100 IU/ml penicillin G and 
100 mg/ml streptomycin sulfate (Sigma-

Aldrich) at 37°C in a humidified atmosphere 
containing 5% CO2.

Lentivirus and tranfection

Four lentiviruses were established by Hanyin 
Biotechnology, Shanghai, China: an empty vec-
tor control (Control), stable knockdown of PKM2 
(shPKM2), overexpressed PKM2 (PKM2 OE), 
and a PKM2 Ser37A mutation (PKM2 Ser37A) 
[16]. All transfections were performed accord-
ing to the manufacturer’s protocols. Detailed 
lentiviruses establishment protocols were 
described in the Supplementary Material.

Western blot analysis, quantitative real-time 
PCR, and immunofluorescence

Detailed protocols were described in the 
Supplementary Material. 

The RT-PCR primers were synthesized with fol-
lowing sequences: PKM2, 5’-GCTGCCATCTAC- 
CACTTGC-3’ (forward) and 5’-CCAGACTTGGT- 
GAGGACGATT-3’ (reverse); GAPDH, 5’-GCACCG- 
TCAAGGCTGAGAAC-3’ (forward) and 5’-TGGTG- 
AAGAACGCCAGTGGA-3’ (reverse).

Cell proliferation, colony formation, cell migra-
tion, and invasion

Detailed protocols were described in the 
Supplementary Material. 

Measurements of aerobic glycolysis and pyru-
vate kinase activity

Detailed protocols were described in the 
Supplementary Material. A lucose assay kit and 
Lactate assay kit (MAK013 and MAK064, 
Sigma-Aldrich) were used to determine the lev-
els of glucose and lactate respectively. Glucose 
consumption was the difference in glucose 
concentration when compared with DMEM. The 
activity of PK was measured with a Pyruvate 
kinase assay (MAK072, Sigma-Aldrich) accord-
ing to the manufacturer’s instruction.

Evaluation of tumor growth in vivo

The animal experiments were carried out in 
accordance with the guideline of the Shanghai 
Medical Experimental Animal Care Commission 
and all animals received human care. Detailed 
protocols were described in the Supplementary 
Material. Briefly, cells (5×106 per 200 μl 
Matrigel (1:8 diluted, 354263, BD Biosciences, 
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CA) with 100 μg/ml HA (GLR003, R&D sys-
tems)) were subcutaneously injected. The mice 
were euthanized after 4 weeks. The tumor vol-
ume was calculated by (large diameter) × (small 
diameter)2/2.

Patients and immunohistochemistry of tissue 
microarrays (TMAs)

This study was approved by the Institutional 
Review Board of Zhongshan Hospital and writ-

Figure 1. Effect of HA stimulation on HCC cell lines. In MHCC97H and HepG2 cells, HA promoted cells proliferation 
(A), colony formation capacity (B), migration potential (C, D), and aerobic glycolysis switch (E), which effects were 
abolished by CD44 blocking antibody IM7, but not by non-specific lgG. The data were plotted with the mean+SD of 
three different experiments. * p<0.05. ** p<0.01. 
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ten informed consent was obtained from all 
patients. A total of 105 HCC tissues from 

patients who had curative resection from Jan, 
2008 to Dec, 2008 at Liver Cancer Institute, 

Figure 2. PKM2 was involved in HA-promoted HCC cell proliferation, metastasis potential and aerobic glycolysis 
switch. In MHCC97H and HepG2 cells, silencing PKM2 reduced cell proliferation (A), colony formation (B), migration 
potential (C, D), and aerobic glycolysis switch (E), as well as the response to HA stimulus. The data were plotted with 
the mean+SD of three different experiments. * p<0.05. ** p<0.01.



HA-promoted HCC progression via PKM2 nuclear translocation

513 Am J Cancer Res 2016;6(2):509-521

Zhongshan Hospital, Fudan University, Shang- 
hai, China, were analyzed using TMAs. Patient 
follow-up was completed in March, 2014. The 
median follow-up period was 58 months (±19.9, 
range 12-76 months). 

The detail of generating these TMAs and immu-
nohistochemistry protocol were described in 
Supplementary Material. 

The photographs of 4 representative fields 
were captured by Leica QWin Plus v3 software, 
and the integrated optical density (IOD) values 
of those photographs were measured by Image-
Pro Plus v6.0 software. X-tile software program 
was used to identify the significant cut-off point 
of certain protein expression levels in terms of 
overall survival. If more than 50% cells had 
PKM2 located in the nucleus, the samples were 
categorized as nuclear PKM2 positive. A uni-
form setting was applied for all the slides when 
reading each antibody staining. 

Statistical analysis

The data were expressed as mean ± standard 
deviation. The association between variables 
was analyzed using Student’s t test, Mann-
Whitney U test or Fisher’s exact test when 
appropriate. Variables associated with Pro- 
gnosis were identified using univariable Cox 
proportional hazards regression models. 
Significant factors in univariable analysis were 
further subjected to a multivariable Cox regres-
sion analysis in a backward manner. Overall 
survival (OS) was measured from time of resec-
tion until death from any cause or until the last 
date of follow up. Data were censored for 
patients who remained alive at the end of the 
study. Kaplan-Meier plots (log-rank test) were 
used to describe OS. Two-sided p<0.05 was 
considered a significant result. Statistical anal-
yses were performed with SPSS 19.0 for 
windows.

Results

HA promoted the cell proliferation, metasta-
sis potential and aerobic glycolysis switch in 
MHCC97H and HepG2 cells

First, we evaluated the effects of HA on the pro-
liferation in MHCC97H and HepG2 which have 
different metastasis potential. Different con-
centrations of HA (50, 100, 150, 200 μg/ml) 
were included in the HepG2 cell proliferation 

assay. Compared with the control group, all 
four HA concentrations promoted the prolifera-
tion of HepG2 cells (Day 4: p<0.001 all four 
group vs Control). HA at 100 μg/ml led to sig-
nificantly higher proliferation of HepG2 cells 
compared with 50 μg/ml HA (Day 4: p<0.001), 
while HA at 150 or 200 μg/ml shown similar 
effects on cell proliferation to HA at 100 μg/ml 
(Day 3: p=0.051, p=0.862; Day 4: p=0.011, 
p=0.206) (Supplementary Figure 1A). Second, 
we also noted that HA at 100 μg/ml significant-
ly promoted the proliferation of MHCC97H cells 
(Day 4: p=0.001) (Figure 1A). Thus, the 100 
μg/ml concentration was chosen for use in 
experiments of the two HCC cell lines. 

The impact of HA on colony formation capacity 
of HCC cells was next examined. The number of 
colonies of MHCC97H and HepG2 cells after 
HA treatment was significantly higher com-
pared to the control group (Figure 1B). 
Furthermore, the ability of migration and inva-
sion of cells was higher by including HA treat-
ment (Figure 1C and 1D).

It has been suggested that aerobic glycolysis is 
associated with increased anabolic metabo-
lism in rapid proliferative cancer cells [13], 
including HCC [17], and CD44, the most com-
mon receptor for HA, is involved in modulating 
glucose metabolism [13]. Therefore, we further 
examined cellular glycolysis after HA stimula-
tion. By measuring glucose consumption and 
lactate production which partially reflects the 
status of glycolysis, we found HA significantly 
increased the glucose consumption and lac-
tate production in HCC cells (Figure 1E). 

To verify whether the effects of HA were medi-
ated by CD44, we analyzed CD44 expression 
by flow cytometry. Results revealed a high per-
centage of cells were positive for CD44 in both 
MHCC97H and HepG2 cells (Supplementary 
Figure 1B). Using a CD44 blocking antibody IM7 
[18], we found that the promotion of prolifera-
tion, metastasis potential, and aerobic glycoly-
sis switch of HA were abolished by IM7, but not 
by non-specific lgG, suggesting the effects of 
HA on HCC cells were mediated by interacting 
with CD44 (Figure 1). 

PKM2 plays an essential role in HA-CD44 pro-
moted progression in HCC cells

Given that PKM2 is a key enzyme in cancer 
aerobic glycolysis and that the role of CD44 in 
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Figure 3. HA stimulated PKM2 nuclear translocation through ERK pathway activation. A. Total PKM2 was detected 
under different stimulations, suggesting HA stimulus had no effect on PKM2 expression levels. B. HA stimulus had 
no effect on total PK activity of HCC cells. C. Nuclear protein was extracted. HA-CD44 binding led to PKM2 nucle-
ar translocation. Lamin B was used as loading controls. D. Immunofluorescence shown HA-CD44 binding led to 
PKM2 nuclear translocation. E. HA stimulus activated Src (phosphor-Src Tyr416) and ERK (phosphor-p44/42 MAPK 
Thr202/Tyr204). The efficiency of Src and ERK inhibitor were detected. F. Blocking ERK activation could inhibit HA-
induced PKM2 nuclear translocation. 
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modulation of glycolysis [13], we examined 
whether PKM2 was required for HA-CD44 pro-
moted HCCs progression in vitro. MHCC97H 
and HepG2 cells were transfected with lentivi-
rus vectors, resulting in the stable knockdown 
of PKM2 (Supplementary Figure 1C).

As shown in Figure 2, the knockdown of PKM2 
significantly reduced the response to HA stimu-
lus as seen with reduced cell proliferation, col-
ony formation, migration, invasion, and 
increased glucose consumption in both 
MHCC97H and HepG2 cells, but there was no 
reduced response in the control group, com-
pared with the wild type cells. 

HA-CD44 binding leads to ERK-dependent 
PKM2 nuclear translocation

The aforementioned results suggested PKM2 
mediated HA-induced HCC progression. We fur-
ther examined the expression of PKM2 and the 
pyruvate kinase activity in HCC cells. No clear 
changes were observed in the overall PKM2 
expression and pyruvate kinase activity in 
those cells (Figure 3A and 3B). However, 
Western blot and Immunofluorescence PKM2 
was translocated to the nucleus following 6 
hours of HA stimulation in both MHCC97H and 
HepG2 cells (Figure 3C and 3D). Thus, it would 
appear that HA-CD44 binding led to PKM2 
nuclear translocation but did not involve altera-
tions in PKM2 activity or expression.

To further identify the signal involved in PKM2 
nuclear translocation, we explored the down-
stream signal of HA-CD44. Consist with previ-
ous studies [19, 20], we examined and found 
c-Src and ERK were significantly activated  
at 30 minutes following HA stimulation 
(Supplementary Figure 1D and 1E). Then, treat-
ed the cells with c-Src kinase inhibitor 
(AZD0530, a gift from AstraZeneca) or MEK 
kinase inhibitor (PD98059, Selleck), we found 
only the inhibition of ERK activation blocked the 
nuclear translocation of PKM2, but no signifi-
cant effects were observed after inhibition of 
c-Src, indicating the activation of MEK/ERK fol-
lowing HA stimulation mediated PKM2 nuclear 
translocation (Figure 3E, 3F. and Supplementary 
Figure 1F).

PKM2 nuclear translocation was critical for 
the HA-stimulated HCC progression in vitro and 
tumor growth in vivo

Considering the aforementioned data, however, 
whether PKM2 enzymatic activity or just PKM2 

nuclear translocation mediated the HA-CD44 
promoted HCC progression was not clarified. To 
clarify the issue, we constructed a lentivirus 
vector carrying flag-tagged PKM2 with Ser37A 
mutant and then transfected the lentivirus into 
MHCC97H and HepG2 since It has been report-
ed that phosphorylated PKM2 Ser 37 is 
required for PKM2 translocation to the nucleus 
[16]. As shown in Figure 4A, 4B. and 
Supplementary Figure 1G, a PKM2 Ser37A 
mutant that was expressed in HCC cells was 
resistant to HA-induced nuclear translocation.

Similar to the shPKM2 cells, the expression of 
the PKM2 mutant blocked the aggressive 
behaviors of HCC cells as well as leading to a 
diminished response to HA stimulation when 
comparing control group (Figure 4C-G), which 
suggested that PKM2 nuclear translocation 
was required for HCC progression and aerobic 
glycolysis upon HA stimulation.

Furthermore, the role of PKM2 in promoting 
HA-stimulated HCC cell growth was corroborat-
ed in vivo. The MHCC97H cells with shPKM2 or 
PKM2 mutant were implanted subcutaneously 
in nude mice together with Matrigel and HA. 
Tumor growth in the mice with shPKM2 or 
PKM2 mutant were significantly retarded com-
pared with controls (1.33±0.11 vs 2.07±0.16 
cm3, p=0.004 and 1.53±0.15 vs 2.07±0.16 
cm3, p=0.038 respectively, Figure 4H). 
Conversely, the mice implanted with MHCC97H 
cells with PKM2 over-expression (PKM2 OE) 
formed larger tumors subcutaneously (2.30± 
0.20 vs 2.07±0.16 cm3, p=0.424, Figure 4H). 

HA expression correlated with PKM2 nuclear 
localization and HA overexpression and PKM2 
nuclear localization were closely related to 
poor prognosis of HCC

Considering the biological effects of HA on HCC 
cells, we analyzed clinical data and explored 
the HA relevance to HCC progression. The 
expression of HA was immunohistochemically 
evaluated in 105 primary HCC cancer samples 
that were paired with normal liver tissues. As 
defined in materials and methods, high HA 
expression was detected in 49 (46.7%) of 105 
tumor tissues (typical low and high HA expres-
sion are shown in Figure 5A), and tumor tissues 
exhibited significantly higher expression of HA 
compared with paired normal liver tissues 
(p<0.001, Figure 5B). HCC patients with elevat-
ed HA expression was significantly associated 
with poor overall survival (p<0.001, Figure 5C). 
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Further, we evaluated the correlation between 
the expression of HA, clinical features and bio-
logical markers of patients. As summarized in 
Table 1, high HA expression significantly corre-
lated with large tumor size and poor tumor dif-
ferentiation (p=0.019 and p=0.001, respec- 
tively).

Considering that HA-induced PKM2 nuclear 
translocation is important in the HA-CD44 sig-
naling pathway, we investigated the pattern of 
PKM2 expression. As defined in materials and 
methods, it shown 40 of 105 samples (38.1%) 
had high PKM2 expression. And 47 (44.8%) 
tumor tissues had PKM2 located in the nucle-

Figure 4. PKM2 nuclear translocation was crucial for HA-stimulated HCC progression. (A) The efficiency of flag-
tagged lentivirus transfection was detected. PKM2 OE is short for PKM2 overexpression, PKM2 Ser37A is short for 
PKM2 Ser37 mutation. (B) Nuclear protein was extracted. PKM2 Ser37 mutation inhibited the nuclear translocation 
of PKM2. In MHCC97H and HepG2 cells, Mutated PKM2Ser37 reduced cell proliferation (C), colony formation (D), 
migration potential (E, F), and increased glucose consumption (G), as well as the response to HA stimulus. (H) Cells 
with different expression levels of PKM2 were subcutaneously implanted with HA. Tumor volumes were measured 
(n=6).
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us, while the dominant PKM2 nuclear translo-
cation was not detected in a single normal liver 

tissue (typical expression are shown in Figure 
5D). Compared with paired normal liver tissues, 

Figure 5. Elevated HA related to PKM2 nuclear localization and poor prognosis of HCC. A. Typical weak/strong stain-
ing of HA. B. Tumor tissues exhibited higher HA expression. C. Survival curves for OS according to HA expression 
level. D. Typical staining of PKM2: weak/strong (upper panel); cytoplasm/nucleus location (bottom panel). E. Tumor 
tissues exhibited higher PKM2 expression. F. No clear correlation between HA and PKM2 expression. G. PKM2 
nuclear localization correlated with the HA, but not PKM2 staining densities. H. Survival curves for OS according to 
PKM2 expression level or PKM2 location. I. Two typical tissues that reflected the correlation between HA and PKM2 
expression.
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the tumor tissues exhibited significantly higher 
expression of PKM2 (p<0.001, Figure 5E).

We then analyzed whether PKM2 nuclear loca-
tion was associated with HA expression level. In 
line with our in vitro study aforementioned, 
there was no clear correlation between HA 
expression and total PKM2 expression levels 
(Figure 5F). Moreover, PKM2 nuclear location 
correlated with HA expression, but not total 

PKM2 expression level (Figure 5G). (Two typical 
tissues that reflected the correlation between 
HA and PKM2 expression was shown in Figure 
5I).

We also analyzed potential HCC prognostic fac-
tors through univariate and multivariate analy-
sis. Six factors were significantly associated 
with overall survival, including high HA expres-
sion, PKM2 expression, PKM2 nuclear location, 

Table 1. Association of HA expression and PKM2 subcellular localization with clinicopathological 
characteristics in HCC (n=105)
Charactieristic n HA high p PKM2 high p Nuclear PKM2 p
Total 105 49 (46.7%) 40 (38.1%) 47 (44.8%)
Gender
    Male 87 (82.9%) 37 (42.5%) 32 (36.8%) 37 (42.5%)
    Female 18 (17.1%) 2 (11.1%) 0.671 8 (44.4%) 0.548 10 (55.6%) 0.549
Age
    ≤60 70 (66.7%) 34 (48.6%) 28 (40.0%) 31 (44.3%)
    >60 35 (33.3%) 15 (42.9%) 0.81 12 (34.3%) 0.139 16 (45.7%) 0.872
HBsAg
    No 22 (20.9%) 7 (31.8%) 6 (27.3%) 11 (50.0%)
    Yes 83 (79.1%) 42 (50.6%) 0.262 44 (53.0%) 0.21 36 (43.4%) 0.78
Liver cirrhosis
    No 24 (22.9%) 10 (41.7%) 8 (33.3%) 8 (33.3%)
    Yes 81 (77.1%) 39 (48.1%) 0.593 32 (39.5%) 0.784 39 (48.1%) 0.293
Serum AFP (ng/ml)
    ≤20 53 (50.5%) 24 (45.3%) 16 (30.2%) 19 (35.8%)
    >20 52 (49.5%) 25 (48.1%) 0.821 24 (46.2%) 0.244 28 (53.8%) 0.172
Tumor size (cm)
    ≤5 51 (48.6%) 18 (36.7%) 19 (37.3%) 20 (39.2%)
    >5 54 (51.4%) 31 (63.3%) 0.019* 21 (38.9%) 0.819 27 (50.0%) 0.372
Tumor number
    Single 87 (82.9%) 39 (44.8%) 32 (36.8%) 39 (44.8%)
    Multiple 18 (17.1%) 10 (55.6%) 0.56 8 (44.4%) 0.548 8 (44.4%) 0.919
Tumor encapsulation
    Yes 63 (60.0%) 27 (42.9%) 26 (37.7%) 34 (55.7%)
    No 42 (40.0%) 22 (52.4%) 0.491 14 (38.9%) 0.81 8 (38.1%) 0.103
Vascular invasion
    No 69 (65.7%) 30 (43.5%) 17 (27%) 24 (34.8%)
    Yes 36 (34.3%) 19 (52.8%) 0.484 23 (54.8%) 0.015* 23 (63.9%) 0.043*
Tumor differentiation
    I/II 85 (81.0%) 31 (36.5%) 31 (36.5%) 35 (41.2%)
    III/IV 20 (19.0%) 18 (90.0%) 0.001* 9 (45.0%) 0.241 12 (60.0%) 0.251
TNM stage
    I 49 (46.7%) 22 (44.9%) 19 (38.8%) 20 (69.0%)
    II/III 56 (53.3%) 27 (48.2%) 0.823 21 (37.5%) 0.943 27 (48.2%) 0.652
*p<0.05. Abbreviations: HBsAg, hepatitis B surface antigen; AFP, alpha-fetoprotein; TNM, tumor-node-metastasis.
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male gender, tumor diameter larger than 5 cm, 
and vascular invasion (Table 2, Figure 5C and 
5H). Further multivariate analysis shown that 
high HA expression and tumor diameter larger 
than 5 cm were independent prognostic factors 
that significantly affected overall survival 
(p=0.040 and p=0.014, respectively).

Discussion

This study revealed the mechanism of 
HA-promoted HCC progression through ERK-
dependent PKM2 nuclear translocation. 

We found the significantly stronger ability of 
cancer cell proliferation and migration potential 
was associated with higher HA expression lev-
els. Some studies have explored the mecha-
nisms of HA and its role in promoting tumor 
progression. Kharaishvili et al. revealed that 
excessive HA accumulation in ECM may dilute 
tissue compression, which surrounds cancer 
cells, owing to its electrostatic repulsion and 
ability to trap water [21]. It is likely that the 
loose and hydrated nature of HA facilitates can-
cer cell proliferation and expansion. Further- 
more, HA also has anti-adhesive properties 
permitting tumor cells to be released from the 
primary tumor mass. However, given that HA 
could reflect the state of liver cirrhosis which is 
considered a pre-cancerous condition, the 

cer cells. When comparing normal adults cells, 
cancer cells are more likely to show altered 
metabolic patterns in which they assimilate 
more glucose and process it primarily into lac-
tate through aerobic glycolysis [25]. Thus, can-
cer cells attained metabolic advantages for cell 
proliferation and division [25].

We further studied the mechanisms underlying 
HA-induced HCC progression. We shown for the 
first time that PKM2 nuclear translocation was 
required to progress HA-induced HCC progres-
sion. Furthermore, the MEK/ERK axis was 
strongly associated with effects of HA on PKM2 
nuclear translocation in HCC cells. Our results 
corroborate recent findings focusing on other 
tumor cells, in which PKM2 could endow cancer 
cells with a malignant phenotype by translocat-
ing to the nucleus. Once in the nucleus, PKM2 
phosphorylated specific nuclear proteins, such 
as β-catenin, HIF-1 and STAT3, and activated 
transcription of various genes [26]. 

It has been reported that HA-CD44 binding 
selectively led to an enhanced activity of the 
cell cycle regulatory genes such as CYCLIN D1 
in a MAPK and Akt dependent manner [19, 27]. 
Also, HA binding to CD44 specifically stimulat-
ed the Wnt/β-catenin pathway in promoting 
proliferation and invasion of cells [28, 29]. 
However, the molecules that mediated the sig-

Table 2. Univariate and multivariate analyses of prognostic factors af-
fecting OS (n=105)

Multivariate
Variables Univariate p HR (95.0% CI) p
HA expression 0.000* 2.468 (1.041-5.851) 0.040*
PKM2 expression 0.033* 1.826 (0.904-3.688) 0.093
PKM2 nuclear vs cytoplasm 0.020* 1.713 (0.803-3.658) 0.164
Age, >60 vs. ≤60 years 0.514 
Gender, Male vs. Female 0.002* 1.964 (0.791-4.876) 0.146
HBsAg, Positive vs. negative 0.467 
Liver cirrhosis, Yes vs. No 0.353 
Serum AFP, >20 vs. ≤20 ng/mL 0.460 
Tumor size, >5 vs. ≤5 cm 0.001* 2.488 (1.202-5.148) 0.014*
Tumor number, Multiple vs. Single 0.164 
Tumor encapsulation, No vs. Yes 0.642 
Vascular invasion, Yes vs. No 0.006* 1.859 (0.941-3.671) 0.074
Tumor differentiation, III/IV vs. I/II 0.394 
TNM stage, II/III vs. I 0.055 
*p<0.05. Abbreviations: HBsAg, hepatitis B surface antigen; AFP, alpha-fetoprotein; TNM, 
tumor-node-metastasis; HR, hazard ratio; CI, confidence interval.

hydrated microenviron-
ment caused by HA 
accumulation might be 
linked to increased tu- 
mor tissue stiffness 
[21], which has been 
shown to be associat- 
ed with HCC develop- 
ment [22]. Other relat- 
ed mechanisms include 
HA’s ability to increa- 
se extravascular stress 
mainly by elevating in- 
terstitial fluid pressures 
[23], while Chauhan et 
al. argued that HA is the 
major determinant of 
solid stress [24].

We also found excessive 
expression of HA abnor-
mally up-regulated aero-
bic glycolysis in parallel 
with progression of can-
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naling of HA-CD44 down-stream were not iden-
tified. Our study provided evidence that PKM2, 
a well-recognized co-activator of β-catenin, 
could partially mediate the effects of HA on 
β-catenin activity, consequently leading to HCC 
progression. To some extent, our findings sup-
ported the previous observations, in which HA 
was found to regulate the activation of HIF-1 
and STAT3 [30, 31]. PKM2 may serves as a pos-
sible bridge between HA signaling and the acti-
vation of cancer related genes in transcription. 

Recently, HA has emerged as a promising ther-
apeutic target for cancer therapy. The HA syn-
thesis inhibitor, 4-methylumbelliferone [6] and 
the enzymatic agent, PEGPH20 (pegylated 
human recombinant hyaloronidase) [32] were 
both found to decrease HA expression and led 
to strong inhibition of tumor development in 
vivo. However, in view of ubiquitous expression 
of HA in human various organs, improving the 
specificity of anti-tumor effects and the mini-
mizing of side-effects are required. Our study 
shown that PKM2, another recently emerging 
cancer therapeutic target, was a crucial factor 
located downstream of HA, providing a poten-
tial co-target for cancer drug development.

In summary, we found the HCC cells treated 
with HA exhibited aggressive properties of pro-
liferation, migration and energy metabolism in 
vitro. And PKM2 nuclear translocation was 
required to progress HA-induced HCC progres-
sion. Further, we analyzed the clinical data and 
shown that HA overexpression correlated with 
PKM2 nuclear localization and poor prognosis 
of HCC. These findings suggest that target HA is 
a promising treatment of HCC.
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Supplementary Figure 1. A. Different concentrations of HA (50, 100, 150, 200 μg/ml) were included in the HepG2 
cell proliferation assay. Compared with the control group, all four HA concentrations promoted the proliferation of 
HepG2 cells. B. A high percentage of cells were positive for CD44 in both MHCC97H and HepG2 cells. C. MHCC97H 
and HepG2 cells were transfected with lentivirus vectors, resulting in the stable knockdown of PKM2. D. c-Src and 
ERK were significantly activated at 30 minutes following HA stimulation. E. HCC cells were incubated for 6h with 
Saracatinib (4-500 μmol/ml) or PD98059 (7-900 μmol/ml) and the IC50 were calculated, which were much more 
than the kinase inhibiting concentration of those two drugs that had been reported previously. Treated HCC cells 
with Saracatinib or PD98059 at reported concentration did not affecting the morphology of the HCCs cells. F. Block-
ing ERK activation could inhibit HA-induced PKM2 nuclear translocation. G. Cytoplasm protein was extracted. PKM2 
Ser37 mutation inhibited the nuclear translocation of PKM2. 
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Supplementary materials and methods

Lentivirus and tranfection

Four lentiviruses were established by Hanyin Biotechnology, Shanghai, China: an empty vector control 
(Control), stable knockdown of PKM2 (shPKM2), overexpressed PKM2 (PKM2 OE), and a PKM2 Ser37A 
mutation (PKM2 Ser37A). All transfections were performed according to the manufacturer’s protocols.

Stable knockdown of PKM2 (shPKM2) was accomplished using shRNA (5’-CATCTACCACTTGCAATTA-3’) 
targeting the PKM2 exon 10 or a non-target shRNA control in pHY-LV-KD5.1 vector. Lentivirus targeting 
PKM2 was constructed with the full-length PKM2 cDNA cloned in pHY-LV-KD5.1 vector to overexpress 
PKM2 (PKM2 OE) or with an empty vector control. 

PKM2 mutation (Ser37A) plasmid (vector pHY-LV-OE1.6) was amplified by over-lapping PCR products 
using the following primers: F: 5’-CCGGAATTCGCCACCATGGACTACAAGGACGATGACGACAAGTCGAAGC- 
CCCATAGTGAAG-3’; R: 5’-CGGGATCCTCACGGCACAGGAACAACAC-3’; Mutant F: TGCCGCCTGGACATTGA- 
TGCACCACCCATCACAGCCC-3’; Mutant R: 5’-GGGCTGTGATGGGTGGTGCATCAATGTCCAGGCGGCAGGGC- 
TGTGATGGGTGGTG-3’. Primers F/mutant R and mutant F/R were used for the first round of PCR indepen-
dently, then the primer F/R with first round products as template were used for a second round of PCR 
to generate a full length mutation sequence [1].

Preparation of whole cell lysates, subcellular fractionation and Western blot analysis

The protocol was described in detail in previously by our lab [2]. Briefly, the whole-cell lysates were 
extracted using RIPA lysis buffer (Beyotime, China) containing PMSF and phosphatase inhibitor (Roche) 
at 4°C; The cytosol and nuclear extracts were prepared using NE-PER Nuclear and Cytoplasmic 
Extraction Reagents (Pierce Biotechnology). Protein samples were separated by 10% SDS-PAGE gel and 
transferred onto polyvinylidene difluoride membranes (Millipore). The membranes were blocked with 5% 
bovine serum albumin (BSA, Beyotime, China) for 2 hours, washed, and then incubated with primary 
antibodies overnight at 4°C at concentrations, which the manufacturer’s protocol recommended. After 
washing, the membrane was incubated with appropriate HRP-conjugated secondary antibodies (Santa 
Cruz Biotechnology) and detected using enhanced chemiluminescence method (Pierce, IL). The amounts 
of proteins were quantified by densitometry with ImageJ software (National Institutes of Health, 
Bethesda, MD, USA) and normalized to relative internal standards. All of the experiments were per-
formed in triplicate.

Quantitative real-time PCR

Total RNA was extracted using Trizol reagent. cDNA was synthesized from 500 ng RNA with PrimeScript 
RT Master Mix (Takara, Japan). Quantitative real-time PCR was performed using 2 × SYBR Green PCR 
Master Mix under the following conditions. 95°C for 30 seconds, followed by 40 cycles at 95°C for 5 
seconds, 64°C for 34 seconds, and a melt cure step using a Step One Plus Real-Time PCR System 
(Applied Biosystems). The target gene expression levels for each experiment were normalized to GAPDH. 
The relative gene expression levels were detected and calculated by the Ct comparative method. 

The RT-PCR primers used were as following. PKM2, 5’-GCTGCCATCTACCACTTGC-3’ (forward) and 
5’-CCAGACTTGGTGAGGACGATT-3’ (reverse); GAPDH, 5’-GCACCGTCAAGGCTGAGAAC-3’ (forward) and 
5’-TGGTGAAGAACGCCAGTGGA-3’.

Immunofluorescence

PKM2 expression in HCC cell lines was detected using an immunofluorescence assay. Cells were treat-
ed with 4% formaldehyde and then permeabilized with 0.5% Triton X-100. Non-specific block binding 
was carried out with 5% BSA before incubation with the primary antibody (Anti-PKM2, ab137791 at 
1:500 dilutions, Abcam, UK) overnight at 4°C. Secondary antibody (Alexa Fluor 594, Invitrogen, CA) was 
incubated at 37°C for 30 minutes. Nuclei were stained with DAPI (Roche) at 37°C for 5 minutes. Mouse 
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lgG was used as a negative control. Fluorescence microscopy (Leica Microsystems Imaging Solutions, 
UK) was used to observe the results. 

Cell proliferation and colony formation

Cell proliferation was done as described [2]. In brief, 97H cells and G2 cells (4000 cells/well) were 
seeded into a 96-well plate. At the indicated time points, 100 μl Cell Kit-8 (Dojindo) was added to the 
cells for 2 hours, and then the plate was read using an enzyme-linked immunosorbent assay plate 
reader at 450 nm. 

Cells were plated in 6-well plates at a density of 1000 cells/well and incubated for 14 days. The cells 
were fixed with 2% formalin for 10 minutes and stained with 0.5% crystal violet for 5 minutes prior to be 
photographed. Cell colonies with a diameter larger than 50 μm were counted using ImageJ software 
(National Institutes of Health, Bethesda, MD, USA).

Cell migration and invasion

Cell migration was evaluated using the scratch wound assay. Cells were cultured for 2 days to form a 
tight cell monolayer, which was then wounded with a 200 μl plastic pipette tip. Cultured by serum-free 
culture medium for 48 hours, migration cells at the wound front were photographed. Cell migration was 
calculated as percentages of cell coverage to the initial cell-free zone using ImageJ software. The values 
are the means of three independent experiments.

Transwell Permeable Supports (Corning, Lowell, MA, USA) with an 8-µm polycarbonate filter membrane 
was used, with 150 µg Matrigel (BD Biosciences, San Diego, CA, USA) coated on the top surface of the 
filter. Cells (2 × 104 cells/well) with 150 μl serum-free medium were seeded into upper chamber of each 
well of a 24-well plate. And lower reservoir was filled medium containing 10% serum. After incubating 24 
hours in normal conditions, the cells on the top surface were cleared physically, while the cells translo-
cated the filter were stained and quantitated by visual inspection of the filter membranes.

Measurements of aerobic glycolysis and pyruvate kinase activity

Cells (2 × 105) were seeded in 24-well plates, and the medium was changed after 6 h with serum free 
DMEM. Then, cells were incubated with the serum free DMEM with or without IM7 (20 μg/ml) or lgG (20 
μg/ml) at 4°C for 30 minutes. Next, the medium was changed to 1 ml normal-serum DMEM with or 
without HA (100 μg/ml, Ultra Low Mw, GLR003, R&D systems) for 12 h, and then the medium was col-
lected for measurement of glucose and lactate concentrations. A lucose assay kit and Lactate assay kit 
(MAK013 and MAK064, Sigma-Aldrich, USA) were used to determine the levels of glucose and lactate 
respectively. Glucose consumption was the difference in glucose concentration when compared with 
DMEM. The activity of PK was measured with a Pyruvate kinase assay (MAK072, Sigma-Aldrich, USA) 
according to the manufacturer’s instruction.

Evaluation of tumor growth in vivo

The animal experiments were carried out in accordance with the guideline of the Shanghai Medical 
Experimental Animal Care Commission and all animals received human care. Male BALB/c nude mice 
(5 weeks old, Shanghai Institute of Materia Medica, Chinese Academy of Science) were housed under 
specific pathogen-free conditions. Twenty-four mice were randomized into four groups and cells (5 × 106 
per 200 μl Matrigel (1:8 diluted, 354263, BD Biosciences, CA) with 100 μg/ml HA (GLR003, R&D sys-
tems)) were subcutaneously injected. The tumor volumes were measured by vernier caliper every week, 
and the mice were euthanized after 4 weeks. The tumor volume was calculated by (large diameter) × 
(small diameter)2/2.

Flow cytometry 

Cells (2 × 105) were stained with directly labeled mouse monoclonal antibodies directed against CD44 
(APC-conjugated) in 0.1 ml PBS containing 0.1% bovine serum albumin for 30 minutes at 4°C. Non-
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specific lgG was used as a negative control. FACScaliber Flow cytometer (BD Biosciences) and FlowJo 
software (Tree Star Inc, Ashland, Ore) were used to analyze the stained cells.

Tissue microarray construction

Tissue microarrays (TMAs) were generated in our previous reports [3]. Briefly, representative areas of 
tumor and adjacent normal tissue were circled away from the necrotic, hemorrhagic and major fibrotic 
areas. Triplicates of 1-mm diameter cylinders were cored from the areas of interest in the donor blocks 
and inserted into a recipient paraffin block in a grid pattern using a tissue arrayer (Beecher Instruments, 
Silver Spring, MD, USA). Sections (4 μm) were then cut from each recipient paraffin block.
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