
2714  |     J Cell Mol Med. 2021;25:2714–2724.wileyonlinelibrary.com/journal/jcmm

 

Received: 19 August 2020  |  Revised: 5 November 2020  |  Accepted: 4 January 2021

DOI: 10.1111/jcmm.16303  

O R I G I N A L  A R T I C L E

CRKL promotes hepatocarcinoma through enhancing glucose 
metabolism of cancer cells via activating PI3K/Akt

Chunmei Guo1  |   Chao Gao1 |   Xinxin Lv1 |   Dongting Zhao1 |   Frederick T. Greenaway2 |   
Lihong Hao3 |   Yuxiang Tian4 |   Shuqing Liu4 |   Ming- Zhong Sun1

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2021 The Authors. Journal of Cellular and Molecular Medicine published by Foundation for Cellular and Molecular Medicine and John Wiley & Sons Ltd.

Chunmei Guo and Chao Gao contributed equally to this work.  

1Department of Biotechnology, College 
of Basic Medical Sciences, Dalian Medical 
University, Dalian, China
2Carlson School of Chemistry and 
Biochemistry, Clark University, Worcester, 
MA, USA
3Department of Histology and Embryology, 
College of Basic Medical Sciences, Dalian 
Medical University, Dalian, China
4Department of Biochemistry, College of 
Basic Medical Sciences, Dalian Medical 
University, Dalian, China

Correspondence
Ming- Zhong Sun, Department of 
Biotechnology, College of Basic Medical 
Sciences, Dalian Medical University, Dalian 
116044, China.
Email: smzlsq@163.com

Shuqing Liu, Department of Biochemistry, 
College of Basic Medical Sciences, Dalian 
Medical University, Dalian 116044, China.
Email: lsqsmz@163.com

Present address
Chao Gao, College of Medical Laboratory 
Science and Technology, Harbin Medical 
University (Daqing), Daqing, China

Funding information
National Natural Science Foundation of 
China, Grant/Award Number: 31900517, 
81272186 and 81672737; Natural 
Science Foundation of Liaoning, Grant/
Award Number: LQ2017001, LZ2019003, 
20181550168 and LZ2020045; Liaoning 
Provincial Program for Top Discipline of 
Basic Medical Sciences

Abstract
Abnormal glucose metabolism may contribute to cancer progression. As a member 
of the CRK (v- crk sarcoma virus CT10 oncogene homologue) adapter protein fam-
ily, CRKL (CRK- like) associated with the development and progression of various 
tumours. However, the exact role and underlying mechanism of CRKL on energy 
metabolism remain unknown. In this study, we investigated the effect of CRKL on 
glucose metabolism of hepatocarcinoma cells. CRKL and PI3K were found to be over-
expressed in both hepatocarcinoma cells and tissues; meanwhile, CRKL up- regulation 
was positively correlated with PI3K up- regulation. Functional investigations revealed 
that CRKL overexpression promoted glucose uptake, lactate production and gly-
cogen synthesis of hepatocarcinoma cells by up- regulating glucose transporters 1 
(GLUT1), hexokinase II (HKII) expression and down- regulating glycogen synthase 
kinase 3β (GSK3β) expression. Mechanistically, CRKL promoted glucose metabo-
lism of hepatocarcinoma cells via enhancing the CRKL- PI3K/Akt- GLUT1/HKII- 
glucose uptake, CRKL- PI3K/Akt- HKII- glucose- lactate production and CRKL- PI3K/
Akt- Gsk3β- glycogen synthesis. We demonstrate CRKL facilitates HCC malignancy 
via enhancing glucose uptake, lactate production and glycogen synthesis through 
PI3K/Akt pathway. It provides interesting fundamental clues to CRKL- related car-
cinogenesis through glucose metabolism and offers novel therapeutic strategies for 
hepatocarcinoma.
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1  | INTRODUC TION

Hepatocarcinoma (HCC) is the most common primary neoplasm of 
liver with the highest morbidity and mortality rate in the world.1,2 
Marked progress in hepatocarcinoma treatment has been achieved 
by the combination of surgical resection and chemotherapy.3 
However, the relative higher metastasis, recurrence and chemore-
sistance of hepatocarcinoma still leads to poorer prognosis of pa-
tients.4 Therefore, improvement in the diagnosis and treatment of 
hepatocarcinoma depends on boosting our comprehending for the 
underlying molecular mechanisms controlling its development and 
progression. Identifying potential indicators for the progression and 
drug- tolerance of hepatocarcinoma will lead to better diagnosis and 
treatment of the patients.

Emerging as a novel hallmark of cancer, energy metabolism re-
programming is crucial for the proliferation, differentiation and me-
tastasis of cells.5 Even in the presence of enough oxygen, tumour 
cells enhance glucose consumption with increased lactate produc-
tion through aerobic glycolysis instead of oxidative phosphorylation 
for their growths.6 Cancer cells preferentially selected aerobic gly-
colysis over oxidative phosphorylation for glucose- dependent ATP 
production due to mitochondrial impairments.7,8 Increased glycoly-
sis benefits tumour cell growth and dissemination. Lactate accumu-
lation results in an acidic extracellular microenvironment causing 
the death of surrounding normal cells, ECM remodelling, promoting 
EMT and cancer cells metastasis.9- 11 Uncovering the mechanisms 
underlying the Warburg effect is helpful for the development of 
novel therapeutic targets and strategies of human cancers.

As a member of the CRK (v- crk sarcoma virus CT10 oncogene 
homologue) adapter protein family, CRKL (CRK- like) is ubiquitously 
expressed in eukaryotic organisms.12 CRKL has various linkages 
for combining to BCR- ABL, GAB, C3G, Pax, GEF and SOS to form 
complexes that are crucial for cell survival, proliferation, migration 

and adhesion.13- 15 Hence, CRKL can function in cell signalling 
pathway by either directly forming complex with downstream re-
ceptor molecules to mediate tyrosine kinase activity, or by acting 
as an upstream regulator for signal initiation.15,16 The deregula-
tion of CRKL associated with the development and progression 
of cancers.17,18 We previously found that CRKL deregulation was 
remarkably affecting the metastasis capacities of HCC cells.19,20 
However, the biological function and regulatory mechanism of 
CRKL in metabolism are unknown. Previously, we screened the 
differentially expressed proteins in K562 cells with CRKL knock-
down by iTRAQ quantitative proteomics, Gene ontology (GO) 
analysis revealed that CRKL deregulation related to metabolic 
process (Figure 1A). We speculate that CRKL may affect glucose 
metabolism of hepatocarcinoma cells.

In the present study, we report a novel biological function of 
CRKL in glucose metabolism of hepatocarcinoma. We found that 
CRKL and PI3K were up- regulated in HCC cells and tissues. Moreover, 
CRKL overexpression facilitated the Warburg effect and glycogen 
synthesis of hepatocarcinoma cells. Further investigation revealed 
that CRKL promoted glucose metabolism of hepatocarcinoma cells 
by activating the PI3K/AKT pathway. Our study has uncovered a 
novel CRKL- PI3K/AKT regulatory pathway in glucose metabolism of 
hepatocarcinoma and partially elucidated the molecular mechanism 
underlying glucose metabolism in hepatocarcinoma cells.

2  | MATERIAL S AND METHODS

2.1 | Patient samples

Ten pairs of matched HCC patient tumour tissues and correspond-
ing normal liver tissues were acquired from the Second Affiliated 
Hospital of Dalian Medical University. There are 8 male patients and 

F I G U R E  1   iTRAQ quantitative proteomic screening the differentially expressed proteins in K562 cells with CRKL knockdown. A, GO 
analysis of the differentially expressed proteins involved in cellular processes. B, KEGG analysis of the differentially expressed proteins 
involved in signal transduction pathway
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2 female patients, 5 patients ≥ 60 years and 5 patients < 60 years; 
5 patients are primary HCC and 5 patients unknown; 3, 5 and 1 pa-
tients are T1, T2 and T3 stages, 1 patient unknown. The research 
approach was approved by the Ethical Committee of Dalian Medical 
University with approval number 2019- 014, and informed consent 
was signed by all patients.

2.2 | Cell culture

Human hepatocarcinoma HepG2, HuH7, HCCLM3 and normal 
liver LO2 cells were obtained from Cell Bank of the Type Culture 
Collection, Shanghai Institute of Cell Biology, Chinese Academy 
of Sciences. All cells were cultured in DMEM (Gibco) medium with 
10% foetal bovine serum (FBS, TransGen) at 37°C in a humidified 
atmosphere with 5% CO2. HCCLM3- PCDH, HCCLM3- PCDH- CRKL, 
HuH7- PCDH and HuH7- PCDH- CRKL cells, which our group previ-
ously constructed,20 were also grown in 10% FBS supplemented 
with DMEM.

2.3 | Western blotting (WB) assay

Protein was extracted from cells and tissues using ice- cold RIPA 
buffer as previously described.20 Equivalent amounts of protein 
determined by Bradford method and separated by 10% SDS- PAGE. 
The protein bands were electrotransferred to nitrocellulose (NC) 
membrane (PALL), blocked with 5% skim milk (BD) and subsequently 
incubated with the primary antibodies CRKL (1:2000, Santa Cruz 
Biotechnology), PI3K (1:500, Sanying), p- Akt (1:800, pThr308/
Ser473, Cell Signaling), GLUT1 (Glucose transporters1, 1:500, Wanlei 
Biotechnology), HKII (Hexokinase II, 1:500, Wanlei Biotechnology), 
GSK3β (Glycogen syntheses kinase 3β, 1:500, Wanlei Biotechnology), 

ACTB (1:5000, TransGen Biotech) and GAPDH (1:5000, Sanying) at 
4°C overnight. After incubation with the secondary antibody at RT 
for 3 hours, protein bands were observed by ECL and quantified 
using the Bio- Rad ChemiDoc™ MP system (Bio- Rad).

2.4 | Co- immunoprecipitation (Co- IP) assay

The interaction between CRKL and PI3K was determined by Co- IP 
assay as previously described.20 Protein was extracted from 5 × 106 
HCCLM3, HCCLM3- PCDH or HCCLM3- PCDH- CRKL cells by RIPA 
buffer; then, protein was incubated with control anti- rabbit IgG 
(Santa Cruz Biotechnology) or anti- CRKL (Santa Cruz Biotechnology), 
PI3K (Sanying) for 1 hour at 4°C. The immune complexes were pulled 
down by protein A/G magnetic beads (Santa Cruz Biotechnology) 
overnight at 4°C. After washing with RIPA buffer for 3 times, the 
immunoprecipitated proteins were detected by WB.

2.5 | Glucose oxidase- peroxidase (GOD- POD) assay

The effect of CRKL up- regulation on glucose uptake of hepatocarci-
noma cells was detected by glucose detection kit (Nanjing Jiancheng 
Bioengineering Institute). Each group 1 × 104 cells in 200 μL 10% 
FBS supplemented with DMEM from each group were seeded into 
a separate well of 96- well plate, incubated at 37°C with 5% CO2 
for 24 hours, removed into a 0.6 mL Eppendorf tube and centrifu-
gated with 560 g for 10 minutes. Then, 3 μL of supernatant from 
each group was mixed well with 300 μL of working solution already 
loaded in a 96- well pate and incubated at 37°C for 15 minutes. The 
absorbances at 505 nm were measured using a microplate reader 
(Thermo). Meanwhile, 3 μL of calibrator (5.55 mmol/L) was used for 
calibration. Results were the averages from triplicate measurements.

F I G U R E  2   The different expressions and correlationship of PI3K and CRKL in HCC tissues and cells. WB assays indicated that PI3K was 
overexpressed in HCC tumourous tissues compared with paracancerous normal liver tissues (A) and in HCC HepG2, HCCLM3 and HuH7 cell 
lines compared with normal liver LO2 cells (B). C, The expression level of CRKL was positively correlated with PI3K expression in both HCC 
tissues and cells
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2.6 | Lactate oxidase (LOD) assay

The effect of CRKL overexpression on lactate production of hepato-
carcinoma cells was measured using a lactate detection kit (Nanjing 
Jiancheng Bioengineering Institute). Each group 1 × 104 cells in 
200 μL 10% FBS supplemented with DMEM from each group were 
seeded into a separate well of 96- well plate, incubated at 37°C with 
5% CO2 for 6, 12, 18 and 24 hours, removed into a 0.6 mL Eppendorf 
tube and centrifugated with 560 g for 10 minutes. Then, 2 μL of 
supernatant from each group was mixed well with 100 μL enzyme 
working liquid and 20 μL chromogenic reagent in a 96- well pate, 
and incubated at 37°C for 10 minutes. Then, 200 μL stop reagent 
was added to each well for absorbance assay at 530 nm using a mi-
croplate reader (Thermo). Meanwhile, 2 μL of calibrator (3 mmol/L) 
was used for calibration. Results were the averages from triplicate 
measurements.

2.7 | Periodic acid Schiff reaction (PAS) assay

The effect of CRKL overexpression on glycogen synthesis of hepa-
tocarcinoma cells was measured by a glycogen staining kit (Wanlei 
Biotechnology). The 25 mm diameter cover glasses were placed into 
6- well plates, 4 × 104 cells in 100 μL 10% FBS supplemented with 
DMEM from each group were loaded into a well of 6- well plate with 
a 25 mm cover glass and incubated at 37°C for 24 hours. Then, the 

cover glass was washed with PBS, fixed with ice- cold acetone, in-
cubated with periodic acid and washed with distilled water. Then, 
the cover glasses were incubated in 100 μL Schiff for 15 minutes, 
stained with haematoxylin, clarified by xylene, dehydrated by gradi-
ent ethanol and imaged by an upright microscope (Olympus) with 
400× and 1600×. Amaranth spherical particle in cytoplasm refers to 
the PAS- positive reaction.

2.8 | Statistical analysis

All data analysis was completed using GraphPad Prism 5.0 software 
(GraphPad Software Inc). Student's t test was used for comparison 
between two groups. The correlation between the expression level 
of CRKL and PI3K was analysed by the Spearman's rank correlation 
coefficient. P ≤ .05 was considered statistically significant. All ex-
periments were performed in triplicate for quantitative comparison.

3  | RESULTS

3.1 | The expression patterns and correlation of 
CRKL and PI3K in HCC tissues and cells

We found CRKL expression was up- regulated in HCC tumour tis-
sues by IHC and WB assays.19,20 Consistently, CRKL was more 

F I G U R E  3   CRKL promotes Warburg effect of hepatocarcinoma cells. A and B, CRKL were stably overexpressed in HCCLM3 and HuH7 
cells. C, CRKL enhanced glucose uptake of hepatocarcinoma cells by GOD- POD assay. D and E, CRKL enhanced lactate production of 
hepatocarcinoma cells by LOD assay
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Cell
Glucose uptake 
(mmol/L) Cell

Glucose uptake 
(mmol/L)

HCCLM3 3.309 ± 0.057 HuH7 2.987 ± 0.034

HCCLM3- PCDH 3.561 ± 0.112 HuH7- PCDH 3.085 ± 0.065

HCCLM3- PCDH- CRKL 4.552 ± 0.156 HuH7- PCDH- CRKL 3.761 ± 0.044

TA B L E  1   The relative glucose uptake 
amounts of hepatocarcinoma cells

TA B L E  2   The lactate production amounts of hepatocarcinoma cells

Cell 0 h (mmol/L) 6 h (mmol/L) 12 h (mmol/L) 18 h (mmol/L) 24 h (mmol/L)

HCCLM3 1.330 ± 0.063 1.796 ± 0.397 2.378 ± 0.052 3.050 ± 0.066 4.834 ± 0.052

HCCLM3- PCDH 1.222 ± 0.247 1.922 ± 0.235 2.630 ± 0.298 3.330 ± 0.270 5.560 ± 0.175

HCCLM3- PCDH- CRKL 1.328 ± 0.193 3.178 ± 0.315 5.448 ± 0.060 10.340 ± 0.075 12.41 ± 0.389

HuH7 1.006 ± 0.041 1.452 ± 0.228 1.856 ± 0.391 2.622 ± 0.416 4.200 ± 0.376

HuH7- PCDH 1.168 ± 0.174 1.638 ± 0.146 2.286 ± 0.040 2.858 ± 0.241 4.760 ± 0.051

HuH7- PCDH- CRKL 1.262 ± 0.106 2.578 ± 0.036 4.286 ± 0.307 5.888 ± 0.241 9.292 ± 0.162

F I G U R E  4   The influence of CRKL 
overexpression on the glycogen syntheses 
of HCCLM3 (A) and HuH7 (B) cells by PAS 
assays

TA B L E  3   The relative glucose uptake amounts of hepatocarcinoma cells

Cell
Glucose uptake 
(mmol/L) Cell

Glucose uptake 
(mmol/L)

HCCLM3- PCDH 3.778 ± 0.126 HuH7- PCDH 3.383 ± 0.164

HCCLM3- PCDH- CRKL 5.640 ± 0.135 HuH7- PCDH- CRKL 4.552 ± 0.147

HCCLM3- PCDH- CRKL- LY294002 2.516 ± 0.144 HuH7- PCDH- CRKL- LY294002 2.368 ± 0.128
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abundant in HepG2, HCCLM3 and HuH7 cells compared with nor-
mal liver LO2 cells.20 These showed the important role of CRKL in 
hepatocarcinogenesis.

We detected PI3K was overexpressed in HCC tissues and cells. 
WB assay showed that PI3K expression was up- regulated by 74.5% 

(P = .0422) in the tumour tissues from 10 HCC patients (Figure 2A). 
Meanwhile, PI3K was expressed in all the tested cells, and a com-
paratively higher expression was exhibited in hepatocarcinoma cells 
compared to normal liver LO2 cells. The protein expression levels of 
PI3K were increased by 45.4% (P = .0016), 158.3% (P = .0005) and 

F I G U R E  5   CRKL promotes glucose metabolism of hepatocarcinoma cells by activating the PI3K/AKT pathway. A, The influence of 
CRKL overexpression on protein expression levels of PI3K, p- AKT, HKII, GLUT1 and GSK3β. The expression level changes of PI3K, p- AKT, 
HKII, GLUT1 and GSK3β in HuH7- PCDH- CRKL and HCCLM3- PCDH- CRKL cells (B) or in HuH7- PCDH and HCCLM3- PCDH cells (C) after 
treatment with LY294002. D, The glucose uptake was decreased after blocking PI3K/AKT pathway in HuH7- PCDH- CRKL and HCCLM3- 
PCDH- CRKL cells. E, The lactate production was reduced after blocking PI3K/AKT pathway in HuH7- PCDH- CRKL and HCCLM3- PCDH- 
CRKL cells. F, The glycogen synthesis was weakened after blocking PI3K/AKT pathway in HuH7- PCDH- CRKL and HCCLM3- PCDH- CRKL 
cells. G, Co- IP assay measured the interaction between CRKL and PI3K

TA B L E  4   The lactate production amounts of hepatocarcinoma cells

Cell 0 h (mmol/L) 6 h (mmol/L) 12 h (mmol/L) 18 h (mmol/L) 24 h (mmol/L)

HCCLM3- PCDH 1.218 ± 0.060 1.830± 0.042 2.472 ± 0.057 3.502 ± 0.06675 5.012 ± 0.086

HCCLM3- PCDH- CRKL 1.204 ± 0.049 2.924 ± 0.083 5.420 ± 0.161 8.682 ± 0.314 11.200 ± 0.453

HCCLM3- PCDH- CRKL- LY294002 1.424 ± 0.060 1.920 ± 0.043 3.258 ± 0.100 3.948 ± 0.116 6.332 ± 0.143

HuH7- PCDH 0.830 ± 0.066 1.364 ± 0.064 1.784 ± 0.049 2.548 ± 0.089 3.778 ± 0.079

HuH7- PCDH- CRKL 0.918 ± 0.091 1.818 ± 0.087 3.490 ± 0.080 5.562 ± 0.088 7.202 ± 0.152

HuH7- PCDH- CRKL- LY294002 0.814 ± 0.082 1.386 ± 0.053 2.768 ± 0.060 3.866 ± 0.067 4.874 ± 0.148
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90.0% (P = .0040) in HepG2, HCCLM3 and HuH7 compared to LO2 
cells (Figure 2B). The results demonstrated the involvement of PI3K 
overexpression in hepatocarcinogenesis. Taken together, our results 
indicate that PI3K may act as a tumour promoter involved in the de-
velopment and progression of HCC.

We further analysed the inter- correlation of CRKL and PI3K 
expression. The up- regulations of CRKL and PI3K were positively 
correlated in both HCC patients’ tissues (Figure 2C, R2 = .5381, 
P = .0157) and cells (Figure 2C, R2 = .9074, P = .0474). Our results 
demonstrate that the expression of CRKL is positively related with 
PI3K, and the dysexpressions of CRKL and PI3K are closely cor-
related in affecting hepatocarcinoma malignancy.

3.2 | CRKL promotes the Warburg effect of 
hepatocarcinoma cells

Warburg effect is a hallmark of cancer cell growth and metastasis. 
Previously, our group showed the stable CRKL overexpressions 
in HCCLM3 and HuH7 cells, HCCLM3- PCDH- CRKL and HuH7- 
PCDH- CRKL, leading to their invasive behaviours.20 CRKL protein 
levels were increased by 179.3% (P = .0023, Figure 3A) and 83.7% 
(P = .0162, Figure 3B) in HCCLM3- PCDH- CRKL and HuH7- PCDH- 
CRKL cells compared with HCCLM3- PCDH and HuH7- PCDH cells, 
respectively, while there were no CRKL protein expression level 
differences between HCCLM3 and HCCLM3- PCDH (Figure 3A), or 
HuH7 and HuH7- PCDH cells (Figure 3B). Herein, we found CRKL 
up- regulation promoted glucose metabolism of HCCLM3 and HuH7 
cells.

GOD- POD assay showed CRKL enhanced glucose uptake of 
hepatocarcinoma cells (Figure 3C, Table 1). No glucose uptake dif-
ferences were observed between HCCLM3 and HCCLM3- PCDH 
(Figure 3C), or in HuH7 and HuH7- PCDH cells (Figure 3C). In com-
parison with HCCLM3- PCDH and HuH7- PCDH cells, the glucose 
uptake was increased by 27.8% (P = .0065, Figure 3C) and 21.9% 

(P = .0313, Figure 3C) in HCCLM3- PCDH- CRKL and HuH7- PCDH- 
CRKL cells, respectively.

LOD assay showed CRKL enhanced lactate production of he-
patocarcinoma cells (Figure 3D,E, Table 2). No lactate production 
differences were observed between HCCLM3 and HCCLM3- PCDH 
(Figure 3D), or in HuH7 and HuH7- PCDH cells (Figure 3E). In com-
parison with HCCLM3- PCDH or HuH7- PCDH, the lactate pro-
duction was increased by 65.4% (P = .0156), 107.1% (P = .0132), 
212.4% (P = .0009), 160.7% (P = .0013) or 57.4% (P = .0340), 87.5% 
(P = .0142), 106.0% (P = .0013), 95.2% (P = .0140) in HCCLM3- 
PCDH- CRKL (Figure 3D) or HuH7- PCDH cells (Figure 3E) at the 
inoculation time intervals of 6, 12, 18 and 24 hours, respectively. 
Taken together, the above findings strongly support the notion that 
CRKL enhances the Warburg effect of hepatocarcinoma cells.

3.3 | CRKL promotes glycogen synthesis of 
hepatocarcinoma cells

Glycogen synthesis is another important indicator of glucose me-
tabolism. PAS assay showed CRKL overexpression promoted gly-
cogen synthesis of hepatocarcinoma cells (Figure 4). Compared to 
HCCLM3- PCDH and HuH7- PCDH, HCCLM3- PCDH- CRKL and 
HuH7- PCDH- CRKL cells exhibited strong positive PAS reaction with 
amaranth spherical particle glycogen was distributed in cytoplasm. 
The results further indicate that CRKL promotes glucose metabolism 
of hepatocarcinoma cells.

3.4 | CRKL promotes glucose 
metabolism of hepatocarcinoma cells by 
activating the PI3K/AKT pathway

The underlying molecular mechanism of CRKL in glucose me-
tabolism is unclear. We found a remarkable positive relationship 

F I G U R E  6   The schematic underlying 
mediation mechanism of CRKL on 
glucose metabolism in hepatocarcinoma. 
CRKL promotes glycolysis and glycogen 
synthesis through the PI3K/Akt pathway 
by increasing GLUT1 expression, 
potentiating HKII activity and inactivating 
GSK3β activity
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between the expression levels of CRKL and PI3K in HCC tissues 
and cells. Meanwhile, KEGG analysis revealed that CRKL deregula-
tion is related to the PI3K/AKT pathway (Figure 1B). CRKL over-
expression activated the PI3K/AKT pathway (Figure 5A). CRKL 
overexpression increased the protein expression levels of PI3K 
and p- AKT by 52.3% (P = .0070), 18.3% (P = .0492) or 69.7% 
(P = .0134), 27.3% (P = .0170) in HCCLM3 or HuH7 cells. Moreover, 
the expression levels of glucose metabolism- related molecules 
were also changed after CRKL overexpression (Figure 5A). CRKL 
overexpression increased the protein expression levels of HKII 
and GLUT1 by 55.3% (P = .0112) and 63.0% (P = .0034) and de-
creased the protein expression level of GSK3β by 47.0% (P = .014) 
in HCCLM3 cells; meanwhile, CRKL overexpression increased the 
protein expression levels of HKII and GLUT1 by 30.6% (P = .0086) 
and 52.0% (P = .0214) and decreased the protein expression level 
of GSK3β by 36.7% (P = .0243) in HuH7 cells. The results indicate 
that CRKL may promote glucose metabolism of hepatocarcinoma 
cells by activating the PI3K/AKT pathway.

The linkage of the PI3K/AKT pathway to CRKL- mediated 
glucose metabolism was validated using LY294002. The treat-
ment of HCCLM3- PCDH- CRKL and HuH7- PCDH- CRKL cells 
with LY294002 resulted in reduced protein expression of PI3K 
and p- Akt, indicating LY294002 successfully blocked the PI3K/
AKT pathway (Figure 5B). Meanwhile, the protein expression lev-
els of HKII and GLUT1 were decreased, and the protein expres-
sion level of GSK3β was increased after blocking the PI3K/AKT 
pathway (Figure 5B,C). The results validate CRKL affects glucose 
metabolism of hepatocarcinoma cells by mediating the PI3K/AKT 
pathway.

Furthermore, we detected the glucose metabolism change after 
blocking the PI3K/AKT pathway. The Warburg effect was inhibited 
after blocking the PI3K/AKT pathway in HCCLM3- PCDH- CRKL 
and HuH7- PCDH- CRKL cells. The glucose uptake was decreased by 
124.0% (P = .0043) and 92.3% (P = .0313) in HCCLM3- PCDH- CRKL 
and HuH7- PCDH- CRKL cells after blocking the PI3K/AKT pathway 
(Figure 5D, Table 3). Meanwhile, the lactate production was de-
creased by 34.3% (P = .0223), 39.9% (P = .0053), 47.6% (P = .0092), 
34.5% (P = .0017) and 23.7% (P = .0383), 20.6% (P = .0464), 30.5% 
(P = .0132), 32.3% (P = .0140) in HCCLM3- PCDH- CRKL and HuH7- 
PCDH- CRKL cells at 6, 12, 18 and 24 hours after blocking the PI3K/
AKT pathway (Figure 5E, Table 4). Moreover, the glycogen synthesis 
was weakened after blocking the PI3K/AKT pathway in HCCLM3- 
PCDH- CRKL and HuH7- PCDH- CRKL cells, the PAS- positive re-
action was weakened and the content of glycogen was obviously 
reduced after blocking the PI3K/AKT pathway (Figure 5F). These 
results indicate that CRKL regulates glucose metabolism of hepato-
carcinoma cells by mediating PI3K/AKT pathway.

A previous study reported that the SH3N domain of CRKL could 
binding to the p85 PxxP motif of PI3K and resulted in activated 
PI3K.46 We performed a Co- IP experiment to confirm the direct 
interaction between CRKL and PI3K in HCCLM3 cells. Our results 
obviously demonstrated that CRKL or PI3K protein band presented 
in the immunoprecipitated CRKL- PI3K complexes with antibodies 

against PI3K or CRKL. Moreover, the amount of CRKL- PI3K complex 
was more in HCCLM3- PCDH- CRKL cells than in HCCLM3- PCDH 
cells (Figure 5G). Our results illuminate that CRKL directly binds to 
PI3K to positively mediate the expression of PI3K.

4  | DISCUSSION

Metabolism involves the biological processes that allow healthy 
cells to maintain energy balance.21 Malignant cells reprogram their 
metabolism and energy production for their rapid proliferation and 
survival in severe environments due to the mutation of oncogenes 
and the inactivation of tumour suppressor genes.22 The dysregu-
lated metabolism represents an adaptive advantage that facilitates 
growth and metastasis of tumour cell during tumorigenesis.23 Most 
cancer cells rely on the Warburg effect as a source of ATP. The 
change of tumour metabolism, particularly glucose metabolism, is 
regarded as a target for anti- cancer therapy.24,25 Better understand-
ing of the molecular mechanism underlying energy metabolism is 
urgently needed in order to discover novel therapeutic targets and 
strategies to fight cancers.

CRKL deregulation is associated with various cancers, which 
is an interesting biomarker for diagnosis, therapy and prognosis of 
tumours.13 Previously, we found that CRKL was overexpressed in 
hepatocarcinoma patient tumour tissues and cells, indicating CRKL 
overexpression potentially e promoted hepatocarcinogenesis.19,20 
We also found that CRKL affected the migration and invasion po-
tentials of HCCLM3, HuH7 and HepG2 cells.19,20 Dysregulated me-
tabolism of tumour cell provides an acidic microenvironment that 
facilitates tumour cell migration and invasion, CRKL deregulation 
associates with metastasis, and we speculate that CRKL may affect 
the energy metabolism of tumour cells. So, in the current study, we 
investigated the potential role of CRKL in energy metabolism of 
hepatocarcinoma.

Warburg effect is one of the best characterized metabolic disor-
ders during cancer development and progression, which increases 
glucose uptake and lactate production.5 Glucose uptake and lactate 
production are important biological processes of energy metabo-
lism.10 We measured the effect of CRKL overexpression on Warburg 
effect of hepatocarcinoma cells. We found that CRKL enhanced glu-
cose uptake of HCCLM3 and Huh7 cells (Figure 3C, Table 1). Glucose 
is not able to across the plasma membrane on its own due to the 
hydrophilic composition of glucose; therefore, to overcome this 
condition, cancer cells induce GLUTs expression.26 GLUTs are trans-
membrane proteins responsible for facilitating the transport of ex-
tracellular glucose across the plasma membrane into cells during the 
glucose metabolism process.27,28 GLUT1 is one of the most widely 
expressed isoforms in a variety of cells and has been reported to 
be up- regulated in various cancers; it is mostly relevant to the glu-
cose metabolism.29,30 We found CRKL overexpression increased 
the protein expression level of GLUT1 in HCCLM3 and Huh7 cells 
(Figure 5A). Meanwhile, we found CRKL enhanced lactate produc-
tion of HCCLM3 and Huh7 cells (Figure 3D,E, Table 2). The glycolytic 
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pathway contains a series of 10 reactions, and the enzymes in-
volved in the glycolysis are all potential targets for inhibitors used 
in anti- cancer therapy.31 During the first step of glycolysis, glucose 
is transformed into glucose- 6 phosphate through the phosphoryla-
tion of the 6- hydroxyl group of glucose by the enzyme hexokinase 
(HK).32,33 The HK family contains four isoforms: I, II, III and IV. HKII 
is frequently overexpressed in a variety of cancers and is the major 
enzyme which is closely involved in glycolysis.34- 36 We found that 
CRKL overexpression increased the protein expression level of HKII 
in HCCLM3 and Huh7 cells (Figure 5A). Taken together, our findings 
strongly support the notion that CRKL enhances the Warburg effect 
of hepatocarcinoma cells.

Liver is a crucial organ in glycogen synthesis, glucose metabo-
lism and blood glucose maintenance.37 Glycogen is thought to be ‘a 
store of glucose’.38 Hepatic glycogen synthesis plays a crucial role in 
maintaining normal glucose homeostasis.39 We found CRKL overex-
pression promoted glycogen synthesis of HCCLM3 and HuH7 cells 
(Figure 4). Glycogen synthase kinase 3 (GSK3) is the primary regula-
tory kinase for glycogen synthase (GS) through phosphorylating and 
inactivating GS, including GSK3α and GSK3β,40,41 GSK3β plays an 
important role in the mediation of blood glucose homeostasis.42,43 
We also found that CRKL overexpression increased the protein ex-
pression level of GSK3β in HCCLM3 and Huh7 cells (Figure 5A). Our 
findings strongly support the notion that CRKL enhances the glyco-
gen synthesis of hepatocarcinoma cells.

The PI3K/Akt pathway plays a crucial role in the mediation of 
glucose metabolism through its downstream effector molecules, 
including promotion of glycolysis, glucose uptake, glycogen syn-
thesis and inhibition of gluconeogenesis in the liver.44 Akt in-
creases the glycolysis rate by promoting transcription and plasma 
membrane localization of GLUT1.45 Meanwhile, AKT can enhance 
HKII activity to promote glycolysis, at least in part, by increasing 
its association with a voltage- dependent anion channel at the 
outer mitochondrial membrane.46 In addition, AKT can directly 
phosphorylate GSK3β, thereby rendering the kinase inactive and 
thus promoting glycogen synthesis.47 Previously, our proteomic 
results showed that CRKL deregulation related to the PI3K/
Akt pathway (Figure 1B), PI3K was up- regulated in HCC tissues 
(Figure 2A) and cells (Figure 2B). Meanwhile, CRKL up- regulation 
was positively correlated with PI3K overexpression (Figure 2C). 
We speculate that CRKL may mediate glucose metabolism of he-
patocarcinoma cells via PI3K/AKT pathway. In confirmation of 
the hypothesis, our results showed that CRKL overexpression en-
hanced PI3K and p- AKT expression levels in HCCLM3 and Huh7 
cells (Figure 5A). Furthermore, blocking the PI3K/AKT pathway re-
sulted in decreased protein expression levels of GLUT1 and HKII, 
and increased protein expression level of GSK3β (Figure 5B,C). 
Meanwhile, the promotion effects of CRKL overexpression on 
the glucose uptake (Figure 5D), lactate production (Figure 5E) and 
glycogen synthesis (Figure 5F) of HCCLM3 and Huh7 cells were 
weakened. The SH3N domain of CRKLcan direct bind to the p85 
PxxP motif of PI3K resulted in activated PI3K 48 for generating the 
phosphoinositide phosphates PIP2 and PIP3 at the inner surface 

of the plasma membrane. Then, Akt bound to PIP3 via PH domain, 
simultaneously being phosphorylated at Thr308 by phospho-
inositide dependent kinase- 1 (PDK1) binding to PIP3, and phos-
phorylated its downstream target substrates to exhibit diverse 
biological functions.49 We have shown that CRKL directly binds to 
PI3K in HCCLM3 cells further indicating the direct interaction be-
tween CRKL and PI3K (Figure 5G). Our results indicate that CRKL 
regulates the glucose metabolism of hepatocarcinoma cells via the 
PI3K/AKT pathway.

Some compounds have been developed to interfere with the met-
abolic pathway by inhibiting metabolic enzymes which are important 
for tumour growth; however, normal cells also have the same meta-
bolic requirements as cancer cells; therefore, one of the most effec-
tive anti- cancer metabolism strategies is selectively and effectively 
inhibits metabolic enzymes but without harming the normal cells, 
molecule- targeted therapy is an effective approach for treatment of 
tumour, and this therapeutic strategy by targeting proteins which 
are highly active or overexpressed in cancer cells would minimize the 
effect of anti- cancer drugs in the normal cell. Understanding energy 
metabolism will give us an idea to develop new effective anti- cancer 
therapies that target cancer energy production pathways.6 Many 
proteins involved in glycolysis are overexpressed in cancer cells but 
not all can be safely targeting without harming the normal cell. HKII 
is overexpressed in cancer cells, while its lowexpressed in normal 
cells, as HKII is specifically required by cancer cells, therefore inhib-
iting HKII can interfere with cancer progression, which provides a 
window to target HKII without harming normal cell.50,51 We found 
CRKL promotes HCC hepatocarcinogenesis through enhancing 
cancer cells’ glucose metabolism via increasing GLUT1 expression, 
potentiating HKII activity and inactivating GSK3β activity, in the 
future, we hope the targeted- CRKL drug will be designed to effec-
tively inhibit glucose metabolism via increasing GLUT1 expression, 
potentiating HKII activity and inactivating GSK3β activity, which 
provides fundamental sight of molecule- targeted therapy of cancer, 
molecule- targeted therapy will represent the future development 
direction of treatment of tumours.

Cancer starvation therapy is emerging as an effective method 
for suppressing tumour growth and survival through blocking blood 
supply, depriving glucose/oxygen/nutrients supply.52 However, sev-
eral undesirable properties of these agents, such as low targeting 
efficacy, undesired systemic side effects, elevated tumour hypoxia, 
induced drug resistance and increased tumour metastasis risk, limit 
their future applications.53 To overcome these challenges, combi-
nation therapy of cancer starvation with molecule- targeted ther-
apy will be an efficient way, which can maximize the therapeutic 
efficiency.

As illustrated in Figure 6, the direct binding of SH3N domain 
of CRKL to the p85 PxxP motif of PI3K result in activated PI3K for 
generating the PIP2 and PIP3 at the inner membrane. Then, Akt 
binds to PIP3 via PH domain, simultaneously get phosphorylated 
at Thr308 by PDK1 binding to PIP3. Subsequently, p- Akt promotes 
transcription and translocation of GLUT1 from the endomem-
brane to the cell surface; then, GLUT1 promotes the transport of 
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extracellular glucose across the plasma membrane into the cells. 
In addition, p- Akt promotes transcription and potentiates activity 
of HKII; then, glucose is transformed into glucose- 6- P by HKII and 
undergoes glycolysis followed by the rapid conversion of pyruvate 
into lactate. Meanwhile, p- AKT directly phosphorylates GSK3β 
lead to the inactivation of the kinase, the inactivated GSK3β is un-
able to phosphorylate and inactivate GS, subsequently glycogen is 
synthesized by GS.

Current work demonstrates CRKL- PI3K/Akt regulatory pathway 
in glucose metabolism of hepatocarcinoma. CRKL up- regulation po-
tentially promotes hepatocarcinogenesis via enhancing cancer cells’ 
glucose metabolism through increasing GLUT1 expression, potenti-
ating HKII activity and inactivating GSK3β activity. Herein, our work 
highlights the clue to suppress CRKL in inhibiting glucose metabo-
lism of hepatocarcinoma cells, which provides a new fundamental 
sight of molecule- targeted therapy of cancer.
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