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Abstract

Phosphoenolpyruvate carboxykinase (PEPCK or PCK) catalyzes the first rate-limiting step in 

hepatic gluconeogenesis pathway to maintain blood glucose levels. Mammalian cells express two 

PCK genes, encoding for a cytoplasmic (PCPEK-C or PCK1) and a mitochondrial (PEPCK-M or 

PCK2) isoforms, respectively. Increased expressions of both PCK genes are found in cancer of 

several organs, including colon, lung and skin, and linked to increased anabolic metabolism and 

cell proliferation. Here, we report that the expressions of both PCK1 and PCK2 genes are 

downregulated in primary hepatocellular carcinoma (HCC) and low PCK expression was 

associated with poor prognosis in patients with HCC. Forced expression of either PCK1 or PCK2 

in liver cancer cell lines results in severe apoptosis under the condition of glucose deprivation and 
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suppressed liver tumorigenesis in mice. Mechanistically, we show that the proapoptotic effect of 

PCK1 requires its catalytic activity. We demonstrate that forced PCK1 expression in glucose-

starved liver cancer cells induced TCA cataplerosis, leading to energy crisis and oxidative stress. 

Replenishing TCA intermediate α-ketoglutarate or inhibition of reactive oxygen species 

production blocked the cell death caused by PCK expression. Taken together, our data reveal that 

PCK1 is detrimental to malignant hepatocytes and suggest activating PCK1 expression as a 

potential treatment strategy for patients with HCC.
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INTRODUCTION

Altered cellular metabolism is a common feature of many different types of cancers.1, 2 One 

notable metabolic alteration in tumors cells is elevated aerobic glycolysis, commonly 

referred to as the Warburg effect,3 which supports tumor growth in part by accumulating 

glycolytic intermediates for anabolic biosynthesis. Hepatocellular carcinoma (HCC) is a 

primary malignancy of the liver and the third leading cause of cancer death worldwide. A 

major function of the liver is to provide fuel, in the form of glucose, to other organs in the 

human body through either degradation of glycogen (glycogenolysis) or synthesis of glucose 

from non-carbohydrate precursors such as amino acids and glycerol (gluconeogenesis). 

While much attention has been paid to glycolytic regulation during tumorigenesis, emerging 

evidence is linking altered expression of gluconeogenic enzymes with tumorigenesis; in 

particular, phosphoenolpyruvate carboxykinase (PCK or PEPCK) genes. Mammalian cells 

express two PCK genes which encode a cytoplasmic (PCK1) and a mitochondrial (PCK2) 

isozymes, respectively, and catalyze the same reaction of converting oxaloacetate (OAA) to 

phosphoenolpyruvate (PEP).4–6 PCK1 catalyzes the first rate-limiting reaction of 

gluconeogenesis in the cytoplasm. The physiological function of PCK2 in mitochondria, 

which lacks other enzymes involved in gluconeogenesis, is not well understood at present. 

Elevated expression of PCK1 is found in colon cancer and is linked to increased glucose and 

glutamine utilization, supporting anabolic pathway and cell proliferation.7 Similarly, 

increased expression of PCK2 gene was found in bladder, breast, and kidney and non-small 

cell lung cancers and plays a critical function of supporting the growth of glucose-deprived 

cancer cells in vitro.8, 9 These findings suggest an oncogenic function of PCK genes during 

the development of tumor in these organs.

Although gluconeogenic enzymes and gluconeogenesis reactions are localized in the 

cytosol, the substrate of PCK1 and PCK2, oxaloacetate (OAA), is produced mainly in 

mitochondria by either pyruvate carboxylase (PC) or TCA enzyme malate dehydrogenase 

(MDH). The conversion of OAA to PEP catalyzed by PCK1 is closely linked to the TCA 

flux which is reciprocally modulated by the processes of replenishing (anaplerosis) and 

removal (cataplerosis) of TCA intermediates.10–12 Although present as a minor activity in 

other tissues, anaplerosis and cataplerosis are highly active in liver cells and their balance is 

critical for the functioning of TCA cycle.12 In fact, flux through anaplerosis and cataplerosis 
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is greater than the oxidation of acetyl-CoA in the TCA cycle in liver.10 One major reaction 

of cataplerosis is the transport of OAA from the mitochondria and decarboxylation to PEP 

by PCK1 or PCK2, which removes intermediates from the TCA cycle.11–13 In addition to 

gluconeogenesis, cataplerotic enzyme PCK, via producing PEP, also play a major role in 

feeding two other biosynthetic pathways, glyceroneogenesis and serine and other amino acid 

synthesis.5 A function of PCK2 in promoting the production of glycolytic/gluconeogenic 

intermediates has been to be important for the growth in NSCLC.8, 9 The regulation of 

gluconeogenesis and cataplerosis, and by extension, the function of PCK genes, in liver and 

kidney are distinctively different from other organs as they are the only two organs in the 

human body that express all genes required for a functional gluconeogenic pathway. In the 

present study, we demonstrate that in contrast to the elevated expression and benefit of 

PCK1 or PCK2 in other types of cancer,7, 8 the expressions of both PCK1 and PCK2 genes 

are downregulated in HCC. We demonstrate that forced PCK expression in glucose-starved 

liver cancer cells induced high ROS level as well as energy crisis, leading to cell apoptosis 

under low glucose condition. Further, we reveal cataplerosis induced by PCK1 as the major 

mechanism of liver cancer cell death and demonstrate that forced PCK1 expression 

efficiently suppresses liver tumor growth in a primary mouse HCC model.

Results

Downregulation of PCK1 and PCK2 are simultaneously in HCC

To examine the expression and clinical relevance of PCK1 and PCK2 in HCC, we performed 

immunohistochemistry (IHC) staining on a tissue microarray composed of more than 220 

human primary liver tumors and paired normal liver tissues (Fig. 1a–d). Strikingly, and in 

contrast with previously reported upregulation of both genes in other cancer types, we found 

that the expression of both PCK1 and PCK2 significantly (p < 0.0001 for both genes) 

decreased in human liver tumors when compared with normal, adjacent liver tissues. 

Furthermore, lower expression of either PCK1 or PCK2 was significantly associated with 

lower overall survival rate and higher tendency of recurrence of HCC patients (Fig. 1e, f). 

Direct Western blotting analysis of additional 17 primary human liver tumors and normal, 

adjacent liver tissues confirmed the dramatic downregulation of both PCK1 and PCK2 in 

HCC when compared to the normal, adjacent liver tissues (Fig. 1g and Supplementary Fig. 

S1a). To determine if PCK1 and PCK2 are downregulated at the level of transcription, we 

measured the mRNA levels of PCK1 and PCK2 from another 16 independent HCC patients. 

This experiment showed that mRNA levels of both PCK genes were significantly decreased 

in HCC compared to normal, adjacent liver tissues (Fig. 1h, i and Supplementary Fig. S1b, 

c). These results are further supported by the interrogation of the RNA-seq data from 50 

pairs of human liver tumors available from The Cancer Genome Atlas (TCGA) liver 

hepatocellular carcinoma project (Fig. 1j, k). Together, these results demonstrate that unlike 

other types of cancers, both PCK1 and PCK2 are downregulated in liver cancer through, at 

least in part, a transcriptional mechanism, and that lower PCK expression is associated with 

poor prognosis.
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PCK1 promotes liver cancer cell death under low glucose

To investigate the functional significance of PCK1 and PCK2 downregulation in HCC 

progression, we first examined a panel of six liver cancer cell lines for the expression levels 

of PCK1 and PCK2. While PCK2 is consistently expressed in all six cell lines, PCK1 is 

expressed in only two cell lines, HepG2 and Hep3B, and is almost undetectable in the other 

four liver cancer cell lines (Supplementary Fig. S2a). Next, we knocked down of PCK1 in 

HepG2 cells and found that depletion of PCK1 significantly increased cell proliferation 

(Supplementary Fig. S2b, c). This result suggests a function of PCK1 in suppressing HCC 

cell proliferation, consistent with a tumor suppressive function in vivo. We then selected SK-

Hep-1 cell line for subsequent studies to determine the functional consequence and 

mechanism of elevated PCK1 expression as it expresses nearly no PCK1 and relatively low 

PCK2, which mimics the expression pattern in HCC. We generated SK-Hep-1 cells that 

stably express individual PCK1, PCK2 or both PCKs (Fig. 2a). PCK1 was expressed to a 

level close to that in mouse normal liver tissue and PCK2 was expressed to a level 

comparable to the endogenous PCK2. Neither forced expression of PCK1, PCK2 nor 

combination of both significantly affected cell growth under normal culture condition (Fig. 

2b). Considering that glucose concentration is generally lower in tumors than that in normal 

tissue [e.g.14], we cultured SK-Hep-1 cells stably expressing individual PCK1, PCK2 and 

both PCKs under low glucose condition (0.1 mM). Surprisingly, enforced expression of 

PCK1 caused dramatic cell death under low glucose condition compared to control cells 

(Fig. 2c). Ectopic expression of PCK2 also increased cell death, although to a lesser extent. 

Co-expression of both PCKs caused most significant death of glucose-starving cells (Fig. 

2d). The extent of cell apoptosis inversely correlates with glucose concentration and 

positively correlates with time course (Fig. 2e, f), further supporting the notion that elevated 

PCK cause cell death in glucose deprived conditions. Further confirming this result, ectopic 

expression of PCK1 in another liver cancer cell line, SMMC-7721, also caused severe cell 

death under low glucose condition (Supplementary Fig. S2d–f). The milder effect of 

promoting the death in glucose-deprived cells by enforced PCK2 expression than PCK1 

expression may be due in part to the fact that PCK2 requires PCK1 to exert its effect on 

gluconeogenesis.6 We therefore focused on PCK1 in our subsequent studies.

To investigate PCK1 function in liver cancer progression in vivo, we implanted SK-Hep-1 

stable cells harboring empty vector or PCK1 expression into nude mice and determined 

xenograft tumor growth (Supplementary Fig. S2g). Consistent with its role in promoting cell 

apoptosis, ectopic expression of PCK1 significantly suppressed xenograft tumor growth 

(Fig. 2g). Cell apoptosis in the xenograft tumor tissues was determined by terminal 

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining. Significant more (7 

folds) TUNEL positive cells were observed in xenograft tumors derived from PCK1 

expressing cells compared to cells expressing control empty vector (Fig. 2h), indicating that 

PCK1 expression promote apoptosis of liver tumor cells in vivo.

PCK1-promoted death of glucose-deprived cells requires its enzymatic activity and is 
mediated by caspase-dependent apoptosis

To determine whether the catalytic activity of PCK1 is required to cause cell death, a 

catalytically inactive PCK1(C288S) mutant15 was stably expressed in SK-Hep-1 cells (Fig. 
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3a). C288S mutation substantially reduced the cell death induced by glucose deprivation 

(Fig. 3b, c). Moreover, 3-mercaptopicolinic acid (3-MPA), a specific inhibitor of PCK1,16 

almost completely inhibited the death of PCK-expressing cells under low glucose condition 

(Fig. 3b,c). These data indicate that the enzymatic activity of PCK1 is required for its effect 

in promoting glucose-deprived liver cancer cell death.

Cells stably expressing wild-type PCK1, but not vector, exhibited cleavage of caspase-3, a 

marker for the activation of apoptosis, after cultured in glucose-free medium for 10 h (Fig. 

3d). Expression of catalytic inactive PCK1(C288S) mutant reduced, but not completely 

inhibited the cleavage of caspase-3. This is consistent with a partial inhibition of cell 

apoptosis by the PCK1(C288S) mutant when compared with the wild type PCK1 (Fig. 3b, 

c). Treatment of cells with Z-VAD-FMK, a pan-caspase inhibitor, significantly reduced the 

death of PCK1-expressing SK-Hep-1 liver cancer cells after glucose starvation (Fig. 3e, f). 

In contrast, Necrostatin-1, a necroptosis inhibitor, had no effect on cell death (Fig. 3e, f). 

Collectively, these data demonstrate that PCK1 induces liver cancer cell death under low 

glucose condition through apoptosis and requires its enzymatic activity.

Enforced PCK1 expression induces TCA cataplerosis, energy crisis and oxidative stress in 
glucose-starved HCC cells

In addition to its well-known role of catalyzing the conversion of OAA to PEP in 

gluconeogenesis (Fig. 4a), PCK1 is also involved in energy generation and TCA cycle 

maintenance through regulating TCA cataplerosis.7, 17, 18 In searching for the mechanism 

underlying the pro-apoptotic effect of elevated PCK1 expression, we observed that ectopic 

expression of wild-type PCK1, but not catalytic inactive PCK1(C288S) mutant, significantly 

increased the phosphorylation of AMPKα1 on Thr172, acetyl-CoA carboxylase (ACC) on 

Ser79, and c-Jun on Ser73 under low glucose condition (Fig. 4b). These results suggest that 

elevated PCK1 expression in glucose-starving liver cancer cells may cause a stress condition 

linked to energy crisis. Supporting this notion, PCK1 expression in SK-Hep-1 dramatically 

reduced cellular ATP level by 4 folds in cells cultured in low glucose medium, but not in 

normal medium (Fig. 4c). Ectopic expression of PCK1 in another HCC cell line 

SMMC-7721 also significantly reduced ATP level in glucose-starved condition 

(Supplementary Fig. S3a).

To elucidate how elevated PCK1 expression may affect ATP production and energy 

homeostasis, we performed mass spectrometry analysis to determine the glycolytic and TCA 

intermediates. As expected, PEP, the catalytic product of PCK1, was significantly increased 

in PCK1 expressing cells (Fig. 4d). 3-phosphoglycerate (3PG), a succeeding intermediate 

after PEP on the gluconeogenic pathway, was also increased; likely due to the equilibration 

of reversible reactions catalyzed by non-rate-limiting enzymes enolase and 

phosphoglycerate mutase (Supplementary Fig. S3b). 3PG can bind to and inhibit the activity 

of 6-phosphogluconate dehydrogenase, which catalyzes the conversion of 6-

phosphogluconate to ribulose-5-phosphate on the pentose phosphate pathway (PPP).19 

Ribose-5-phosphate (R5P), the succeeding intermediate after ribulose-5-phosphate, was 

decreased in PCK1 expressing, glucose-starving cells (Supplementary Fig. S3c).
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R5P is a major intermediate of the pentose phosphate pathway (PPP) that protects cells 

against oxidative damage. A decrease in R5P suggests attenuated PPP and increased 

oxidative stress, leading us to examine the redox state of SK-Hep-1 cells. We found that the 

ROS level was dramatically elevated by two folds in PCK1-expressing, glucose-deprived 

SK-Hep-1 cells (Fig. 4e). Consistently, the ratio of GSH/GSSG was also significantly lower 

in PCK1 expressing SK-Hep-1 cells (Fig. 4f). Likewise, ectopic expression of PCK1 in 

another HCC cell line SMMC-7721 also resulted in higher ROS level culturing in low 

glucose media (Supplementary Fig. 3d), further supporting that elevated PCK1 induces 

oxidative stress.

Elevated PCK1 expression also led to a significant decrease in the relative abundance of 

citrate, fumarate and malate in whether SK-Hep-1 cells were cultured in glucose-rich (25 

mM) or deprived (0.1 mM) media (Fig. 4g), indicating a severe TCA cataplerosis. 

Furthermore, the abundance of citrate, fumarate, malate and succinate was significantly 

reduced in PCK1-expressing glucose-starved SMMC-7721 cells (Supplementary Fig. S3e). 

Collectively, these data suggest that enforced PCK1 expression triggers glucose-deprived 

liver cancer cell death by causing truncated gluconeogenesis, energy crisis, TCA cycle 

cataplerosis and high ROS levels.

ROS suppression or α-KG replenishment blocks cell death caused by PCK1 expression 
under low glucose condition

To elucidate the role of ROS in PCK1 induced cell death, we treated cells with N-acetyl-l-

cysteine (NAC), an inhibitor of ROS. Treatment of NAC in both SMMC-7721 and SK-

Hep-1 significantly blocked cell death caused by PCK1 expression under low glucose 

condition (Fig. 5a, b and Supplementary Fig. S4a). As PCK1 leads to a severe decrease in 

the relative abundance of TCA cycle intermediates (Fig. 4), we replenished TCA cycle with 

several cell membrane-permeable precursors of metabolic intermediates (Supplementary 

Fig. S4b). Interestingly, addition of dimethyl-α-ketoglutarate (dimethyl-α-KG) also 

significantly rescued the cell death of PCK1 expressing SMMC-7721 and SK-Hep-1 cells 

under low glucose condition (Fig. 5a, b and Supplementary Fig. S4a). To a lesser extent, 

addition of cell-permeable pyruvate, succinate and malate also reduced the apoptosis of 

glucose-deprived cells caused by elevated PCK1 expression (Supplementary Fig. S4b). 

Addition of cell-permeable dimethyl-α-ketoglutarate also increased the levels of 

intracellular α-KG, fumarate, malate and citrate (Supplementary Fig. S4c), indicating an 

effective TCA anaplerosis. Addition of dimethyl-fumarate led to more severe cell death 

(Supplementary Fig. S4b), probably due to toxicity of the chemical.20, 21

Previous studies demonstrated that α-KG plays a crucial role in redox homeostasis through 

increasing subsequent fumarate levels, which binds to and activates ROS-scavenging 

enzyme Gpx1.22 Indeed, either dimethyl-α-KG or NAC completely reversed the elevation of 

ROS induced by ectopic PCK1 expression under low glucose condition (Fig. 5c). High 

GSH/GSSG and NADPH/NADP+ ratios scavenge ROS and maintain cellular redox balance.
23 We found that dimethyl-α-KG also partially reversed the decreases of GSH/GSSG and 

NADPH/NADP+ ratio in PCK1-expressing, glucose-deprived cells, while NAC completely 

reversed the decreases (Fig. 5d, e). In addition, supplement of dimethyl-α-KG may also 

Liu et al. Page 6

Oncogene. Author manuscript; available in PMC 2018 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increase cellular ATP level and alleviate energy stress, as indicated by the decreased 

phosphorylation of AMPKα1 and ACC (Fig. 5f). As ROS is mainly generated in 

mitochondria respiratory chain from complex I, high NADH/NAD+ ratio in mitochondrial 

matrix and high ratio of reduced coenzyme Q (CoQH2) to the oxidized Q (CoQ) contribute 

to superoxide (O2
.−) generation.24 The ratio of NADH/NAD+ and CoQH2/CoQ were 

increased by two folds in PCK1 expressing cells compared to control cells (Fig. 5g, h). 

Consistently, this change was also reversed by the addition of dimethyl-α-KG (Fig. 5g, h). 

Collectively, these data indicate that α-KG and NAC inhibit apoptosis of PCK1-expressing, 

glucose-deprived liver cancer cells by preventing TCA cataplerosis and oxidative stress (Fig. 

5i).

PCK1 suppresses liver tumorigenesis in vivo

We further investigated the functional roles of PCK1 in liver tumorigenesis using a model of 

inducible mouse primary hepatocellular carcinoma. Hydrodynamic injection of plasmids 

encoding YAP(5SA) and the piggyBac transposase which promotes chromosomal 

integration of co-injected plasmid induced liver tumors around 100 days post-injection.25 

Consistent with its downregulation in human HCC, PCK1 was also significantly reduced in 

YAP-5SA induced mouse liver tumors (Supplementary Fig. S5a). Taking the advantage of 

the YAP(5SA) model, we hydrodynamically co-injected transposon plasmids encoding 

PCK1 together with YAP-5SA and the piggyBac transposase (Fig. 6a). Expression of 

exogenous YAP and PCK1 was readily detected in mouse liver 24 hours post injection, and 

co-expression of PCK1 did not appreciably affect the expression of YAP(5SA) 

(Supplementary Fig. S5b). Four months after injection, a number of visible tumors were 

observed on the surface of livers injected with YAP(5SA) (Fig. 6b), which is in accordance 

with a previous study.25 In contrast, expression of PCK1 significantly reduced the number of 

liver tumors and liver tumor burden on mice livers induced by the YAP(5SA) (Fig. 6c, d). 

Immunohistochemistry (IHC) staining demonstrated a consistent higher level of nuclear 

YAP(5SA) expression in tumor tissues than adjacent normal tissues in either group (Fig. 6e). 

PCK1 expression, on the other hands, was consistently lower in tumor cells when compared 

with adjacent normal tissues, regardless whether it is the tumors developed in YAP(5SA) 

singularly injected or YAP(5SA) and PCK1 co-injected mice. We analyzed the concentration 

of glucose within the microenvironment of 8 primary mouse liver tumors and normal, 

adjacent liver tissues. Our data showed that the glucose level of the tumor interstitial fluid 

(~0.8 mM) was approximately 19 times lower than that of the normal liver (~15 mM) (Fig. 

6f), indicating a glucose-deprived condition. Higher percentage of TUNEL positive cells 

were observed in tumors developed from YAP(5SA)/PCK1 co-injected liver (Fig. 6g). This 

result provides additional evidence supporting that PCK1 negatively regulates tumor growth.

Hematoxylin and Eosin (H&E) staining also revealed some histological difference between 

YAP(S5A) singularly injected and YAP(S5A)-PCK1 co-injected liver tumors. YAP-5SA 

tumors displayed more disorganized lobular structure when compared with either adjacent 

normal tissues or tumors developed from YAP(5SA)/PCK1 co-injected liver. Moreover, liver 

tumors developed in mice co-injected with YAP(5SA) and PCK1 were smaller and often 

surrounded by an outer fibrous capsule (Fig. 6h), indicating a lack of metastasis potential. In 

comparison, no clear boundaries can be seen between tumors and adjacent normal tissues in 
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the livers injected with YAP(5SA), indicating an invasive nature and a high risk of 

metastasis. Furthermore, liver tumors induced by YAP(5SA) have much more stromal cells 

when compared with those tumors developed in mice co-injected with YAP(S5A) and PCK1 

plasmids (Fig. 6i). The interaction between stromal and tumor cells is known to play a major 

role in cancer progression.26, 27 Together, these phenotypes indicate that compared to liver 

tumors developed in mice injected with YAP(5SA), liver tumors that developed in mice co-

injected with YAP(5SA) and PCK1 grew slower and less aggressively, supporting the 

notions that downregulation of PCK1 benefits liver tumor growth while forced PCK1 

expression efficiently suppresses liver tumorigenesis in vivo.

Discussion

PCK1 plays critical regulator roles in controlling gluconeogenesis and its dysfunction has 

been linked to diabetes, obesity, insulin resistance, fatty liver, and other metabolic diseases.
11, 13 Recent studies had linked altered PCK expression with cancer development. Increased 

expressions of PCK1 and its mitochondrial homologue PCK2 are found in cancer of several 

organs, including colon, lung and skin, and linked to increased anabolic metabolism and cell 

proliferation.7–9 These findings suggest an oncogenic function of PCK genes in the tissues. 

Surprisingly, we found that in more than 200 pairs of hepatocellular carcinoma (HCC) and 

surrounding normal tissues we have examined, the expression of PCK1 and PCK2 were both 

significantly downregulated in HCC. Similar PCK1 downregulation was also previously 

observed in a smaller cohort of HCC.28 We determined the functional significance of PCK 

downregulation in HCC by showing that forced expression of either PCK1 or PCK2 in liver 

cancer cell lines led to significant apoptosis under low glucose condition. We provide a 

mechanism underlying growth inhibition and tumor suppressive function of PCK gene in 

liver cells by causing TCA cataplerosis, energy crisis and excessive oxidative damages in 

glucose-deprived liver cells. In contrast, the function of PCK appears to be important for 

maintaining anabolic metabolism in other type of cells. In colon cancer cells, PCK1 

increases glucose uptake and glutamine utilization,7 while in lung cancer cells, 

mitochondrial PCK2 supports anabolic metabolism by promoting glutamine-to- OAA-to-

PEP conversion.8 These results indicate that the functional consequence of gluconeogenic 

PCK1 and PCK2 expression are distinctively different during the development of tumors in 

different tissues; exhibiting an oncogenic activity in some cancer type such as non-

gluconeogenic lung and colon tissues while suppressing the growth of tumors in other 

tissues or organs such as gluconeogenic livers. This notion is consistent with a previous 

report that fructose-1,6-bisphosphatase (FBP1), the second rate-limiting enzyme of 

gluconeogenic pathway, is depleted in clear cell renal carcinoma (ccRCC), the cancer of the 

other major gluconeogenic organ, kidney.29 Similarly, forced expression of FBP1 inhibited 

ccRCC cell growth in culture and also in a mouse liver cancer model. Hence, gluconeogenic 

enzymes may play different roles in non-gluconeogenic and gluconeogenic tissues. It is 

currently not clear how PCK expression results in such contrasting consequences in different 

cells, facilitating anabolic metabolism in some tissues and causing TCA cataplerosis and 

subsequent energy crisis in others. Further investigations on the precise mechanism of PCK1 

will still be needed to illuminate why PCK1 has different functions in different tissues.
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Upon glucose deprivation, enforced PCK1 expression induced cataplerosis results in severe 

reduction of TCA intermediates, leading to energy crisis and ROS increase. Supporting the 

notion that TCA cataplerosis causes cell death, supplement cells with TCA intermediate, α-

KG, effectively rescued PCK1-induced energy crisis, oxidative stress and apoptosis of 

glucose-deprived liver cancer cells. In our study, a ROS inhibitor, NAC, also completely 

rescued PCK1-induced liver cancer cell death. It’s known that excessive TCA cataplerosis 

flux could provoke oxidative metabolism and induce oxidative stress.11 Although the 

increase of mitochondrial NADH/NAD+ ratio in PCK1-expressing cells could partially 

explain the ROS increase, whether the oxidative metabolism was changed and how the ROS 

was accumulated in PCK1-expressing liver cancer cells still need further exploration.

A major finding of this study is that forced expression of PCK1 significantly inhibited liver 

tumorigenesis in vivo in mice. Using a mouse model of inducible mouse primary 

hepatocellular carcinoma, we found that forced expression of PCK1 suppressed liver tumor 

growth induced by the oncoprotein YAP(5SA). Not only the rate of liver tumorigenesis was 

reduced by PCK1 expression, the YAP(5SA)/PCK1 liver tumors that developed in the mice 

were more benign on histology. PCK genes, although their expression significantly 

downregulated in HCC, are rarely mutated. These observations raise an intriguing possibility 

that inducing PCK gene expression may be exploited as a strategy for the treatment of HCC.

Methods

Chemical reagents, antibodies and plasmids

3-mercaptopicolinic acid, Z-VAD-FMK and Necrostatin-1 were purchased from Santa Cruz 

Biotechnology. Dimethyl-2-oxoglutarate, dimethyl-fumarate, dimethyl-succinate and 

dimethyl-malate were purchased from Tokyo Chemical Industry, Sodium pyruvate and L-

glutamine were purchased from Thermo Fisher Scientific, N-acetylcysteine (NAC) was 

purchased from Sigma-Aldrich, and dichlorofluorescin diacetate from Beyotime.

Antibodies against PCK1 (ab28455, Abcam), PCK2 (ab70359, Abcam) and YAP1 

(ab52771, Abcam), phospho-AMPKα (Thr172) (Cell Signaling Technology, 2535), 

AMPKα (Cell Signaling, 2532), phospho-ACC (Ser79) (Cell Signaling, 11818) and 

phospho-c-Jun (Ser73) (Cell Signaling, 3270) were purchased commercially.

pBABE-Flag-PCK1 and pQCXIH-Flag-PCK2 were cloned from cDNA provided by Dr. 

Jiahuai Han (Xiamen University, Xiamen, China). The PB[CMV-myc-YAP-5SA]DS, 

PB[Act-RFP]DS and Act-PB Transposase plasmids were generous gifts from Dr. Bin Zhao 

(Zhejiang University, Hangzhou, China). The PB[CMV-flag-PCK1]DS donor plasmids were 

constructed by excising Act-RFP from the PB[Act-RFP]DS plasmid and ligating the 

corresponding fragments excised from pQCXIH vectors.

Intracellular ROS, ATP level, NADPH/NADP+ ratio, mitochondrial NADH/NAD+ ratio and 
CoQH2/CoQ ratio measurements

Total intracellular ROS was determined by staining cells with dichlorofluorescin diacetate 

(DCFH-DA, Beyotime). Briefly, cells were washed with PBS and incubated with 10 μM 

DCFH-DA at 37°C for 30 min. Cells were then washed twice with PBS and analyzed by 
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flow cytometry (BD AccuriTM C6). Intracellular ATP level, NADH/NAD+ ratio and 

NADPH/NADP+ ratio was determined using ATP Assay Kit (Beyotime), NAD/NADH 

Quantitation Colorimetric Kit (Biovision) and NADP/NADPH Quantitation Colorimetric Kit 

(Biovision) according to manufacturer’s instructions, respectively. Mitochondria was 

isolated as described30 for detecting mitochondrial NADH/NAD+ ratio. The ratio of 

CoQH2/CoQ was estimated as previously described11.

Intracellular metabolites measurements

The intracellular levels of PEP, 3PG, R5P, GSH and GSSG were determined by liquid 

chromatography-mass spectrometry (LC-MS). The relative abundance of α-KG, succinate, 

citrate, fumarate and malate were detected using gas chromatography-mass spectrometry 

(GC-MS). The mass spectrometry was performed as previously described31 and analyzed 

using the Analyst Software (version 1.6).

Cell viability assay

Cell apoptosis was determined by using a commercial FITC Annexin V Apoptosis Detection 

Kit (BD Pharmingen), except for Figure 2D, in which cell viability was determined by cell 

counting after staining with trypan blue (Sigma-Aldrich). Briefly, cells were collected, 

washed twice with cold PBS, and re-suspended in 1× Binding Buffer (10 mM HEPES, pH 

7.4; 140 mM NaCl; 2.5 mM CaCl2) at a concentration of 1 × 106 cells/ml. FITC Annexin V 

(5 μl) and PI (5 μl) were added to 100 μl of the solution, followed by incubation for 15 min 

at room temperature (RT) in the dark. Stained cells were analyzed by flow cytometry (BD 

AccuriTM C6).

Xenograft and hydrodynamic injection

For Xenograft experiments, nude mice (athymic nu/nu, male, 6 weeks old; Shanghai SLAC 

Laboratory Animal) were subcutaneously injected with 5 × 105 SK-Hep-1 cells harboring 

empty vectors on the left flank, and cells with stable expression of PCK1 on the right flank, 

respectively. Mice were sacrificed 4 weeks after injection, and xenograft tumors were 

dissected and analyzed.

For hydrodynamic injection, male ICR mice (4 weeks of age, weighing 20–25 g) were 

purchased from Shanghai SLAC Laboratory Animal. For each mouse, 60 μg of transposon 

plasmids and 10 μg of transposase-expressing plasmids were diluted in sterile Ringer’s 

solution in a volume equal to 10% of body weight and injected within 5 to 7 seconds 

through the tail vein.

Animals were randomly assigned to subcutaneous injection and hydrodynamic injection. 

Xenograft tumor experiments and hydrodynamic injection on mice were approved by the 

Animal Care and Use Committee at Fudan University.

Tissue immunohistochemistry

Paraffin-embedded liver cancer and matched normal liver tissue microarrays were obtained 

from Shanghai Zhongshan Hospital, Fudan University. Freshly dissected mouse liver tissues 

were fixed with 4% paraformaldehyde overnight at RT, and embedded in a paraffin block. 
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Paraffin-embedded slides were deparaffinized in xylene for 2 times, 3 min each, rehydrated 

in a series of ethanol solutions. After two washes in PBS for 5 min each, antigen retrieval 

was performed in Citrate Antigen Retrieval Solution (Beyotime) by boiling for 10 min. After 

cooling down to RT and rinsing with PBS for two times, the slides were blocked with 10% 

fetal bovine serum in PBS for 1 h at RT. Then, various primary antibodies were applied in a 

concentration of 8 μg/mL overnight at 4 °C. After wash with PBS, HRP conjugated 

secondary antibodies were added onto the slides for 1 h at RT. DAB substrate solution was 

used to reveal the color of antibody staining.

Glucose measurement

Isolation of liver interstitial fluid was performed as described32 and the glucose levels were 

determined using Glucose (GO) Assay Kit (Sigma-Aldrich).

Cell culture

All the cancer cell lines were obtained from ATCC except SMMC-7721, BEL-7404 and L-

O2 cell lines, which were gifts from Shanghai Institutes for Biological Sciences. MCF7 and 

A498 were cultured in Eagle’s Minimum Essential Medium with 10% fetal bovine serum 

(FBS) and 100 units/ml penicillin and streptomycin (Invitrogen). SK-Hep-1, Hep3B, 

HepG2, SMMC-7721, L-O2, BEL-7404, HEK-293T and HEK-293 were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) with 10% FBS. 786-O was cultured in 

RPMI-1640 medium with 10% FBS. All cell lines were routinely tested for mycoplasma and 

confirmed as negative. For low glucose treatment, cells were maintained in glucose-free 

DMEM (Life Technologies) with 10% dialyzed FBS (Gibco), supplemented with various 

concentrations of glucose. Dimethyl-2-oxoglutarate (5 mM), dimethyl-fumarate (0.2 mM), 

dimethyl-succinate (5mM), dimethyl-malate (5 mM), sodium pyruvate (1 mM), L-glutamine 

(2 mM), NAC (10 mM), 3-MPA (100 μM), Z-VAD-FMK (20 μM) and necrostatin-1 (50 μM) 

were supplemented to the medium along with low glucose.

Virus infection

Retroviruses were employed to stably express PCK1 or PCK2 in SK-Hep-1 and 

SMMC-7721 cells using pBABE and pQCXIH vectors respectively. Retroviral vectors were 

co-transfected into HEK-293T cells together with two packing plasmids expressing VSVG 

and GAG. Thirty-six hours after transfection, viruses in supernatant were collected and used 

to infect SK-Hep-1 and SMMC-7721 cells. Cells stably expressing PCK1 or PCK2 were 

selected in puromycin (2 μg/mL) or hygromycin (50 μg/ml), respectively.

Retroviruses were used to stably knock down PCK1 in HepG2 cells using pMKO.1 vector. 

The sequences of siRNA targeting human PCK1 were present as following:

siPCK1 #1: GCACATCCCAACTCTCGATTT

siPCK1 #2: GCAGATCTGAAAGGCACACTT

Cell proliferation assay

SK-Hep-1 or HepG2 cells were seeded at 40,000 cells/well or 50,000 cells/well, in triplicate 

into 6-well plates and cell numbers were counted per day for 5 d or 7 d, respectively
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Immunoblot analysis

Cells were lysed by SDS gel-loading buffer consisting of 50 mM Tris-HCl (pH 6.8), 10% 

glycerol, 5% β-mercaptoethanol, 2% SDS and 0.0005% bromophenol blue. The lysates were 

resolved by SDS-PAGE. Then, separated proteins were transferred to nitrocellulose 

membranes. The membranes were blocked with 5% skimmed milk diluted in TBST (20 mM 

Tris, 135 mM NaCl, and 0.02% Tween 20) for 1 h at RT, and then incubated with primary 

antibodies overnight at 4 °C. Primary antibodies were detected by horseradish peroxidase 

(HRP)-conjugated secondary antibodies followed by exposure to ECL Plus (Thermo Fisher 

Technology).

Quantitative RT-PCR

Total RNA was isolated from liver tissues using Trizol reagent (Invitrogen) following the 

manufacturer’s instructions. cDNA was synthesized using oligo-dT primers in TransScript 

First-Strand cDNA Synthesis SuperMix supplied by Transgene Biotech and preceded to 

real-time PCR with gene-specific primers in the presence of SYBR Premix Ex Taq 

(TaKaRa) in a 7900HT Sequence Detection System (Applied Biosystems). β-actin was used 

as a housekeeping control. Primer sequences were present as following:

PCK1-F: 5′-GAGAAAGCGTTCAATGCCAG-3′

PCK1-R: 5′-ATGCCGATCTTTGACAGAGG-3′

PCK2-F: 5′-AGCCTCTTCCACCTGGTGTT-3′

PCK2-R: 5′-AATCGAGAGTTGGGATGTGC-3′

Actin-F: 5′-GCACAGAGCCTCGCCTT-3′

Actin-R: 5′-GTTGTCGACGACGAGCG-3′

Statistics

Statistical analysis and graphical presentation were performed using Prism 5 (GraphPad), 

except for TCGA data analysis, which was presented by R language. Data shown are from 

one representative experiment of at least three independent experiments and are given as 

mean ± SD. Statistical analysis of significance was based on the two-tailed Student’s t-test 

for all the figures, except for Figure 1J and 1K, which was calculated by Wilcoxon rank sum 

test, and except for Figure 5H, which was based on the one-tailed Student’s t-test. Statistical 

significance was provided for all cases and the variance among groups was not statistically 

different. The sample sizes were determined on the basis of previous experience in the 

laboratory and pre-specified effect sizes considered to be biological significant. No samples 

or animals were excluded from any analyses and all replicates were authentic biological 

replicates. Blind analysis was not performed in this study.

Human study approval

Written informed consent was obtained from each HCC patients who underwent surgery at 

the Liver Cancer Institute, Zhongshan Hospital, Fudan University, Shanghai, China. This 

study was approved by the Zhongshan Hospital Research Ethics Committee.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The expression of PCK1 and PCK2 was significantly decreased in HCC and low PCK 
expression was associated with poor prognosis in patients with HCC
(a) Statistical analysis of PCK1 protein levels from 234 pairs of human liver tumors and 

adjacent normal liver tissues determined by IHC staining. The intensities of PCK1 proteins 

were quantified using the Motic Images Advanced software. The horizontal bars represent 

means of PCK1 protein level within each group (***p < 0.001). (b) Representative IHC 

staining of PCK1 from 4 pairs of patient samples described in (a). Scale bars: 50 μm. (c) 

Statistical analysis of PCK2 protein levels from 220 pairs of human liver tumors and 

adjacent normal liver tissues determined by IHC staining. Quantification was described in 

(a). The horizontal bars represent means of PCK2 protein level within each group (***p < 

0.001). (d) Representative IHC staining of PCK2 from 4 pairs of patient samples described 

in (c). Scale bars: 50 μm. (e) Kaplan-Meier survival curve and probability recurrence curve 
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of the 234 HCC patients separated into two groups by PCK1 protein levels in tumors. High 

and low PCK1 expressions were quantified by the intensities of PCK1 staining described in 

(a). (*p < 0.05). (f) Kaplan-Meier survival curve and probability recurrence curve of the 220 

HCC patients separated into two groups by PCK2 protein levels in tumors. High and low 

PCK2 protein levels were quantified by the intensities of PCK2 staining described in (c). (** 

p < 0.01, ***p < 0.001). (g) The protein levels of PCK1 and PCK2 were downregulated in 

17 additional patient liver tumors determined by Western blotting. (h and i) The mRNA level 

of PCK1 (h) and PCK2 (i) in patient-matched normal liver and tumor tissues was analyzed 

by RT-PCR. (j and k) Boxplot of normalized PCK1 (j) and PCK2 (k) mRNA levels in 50 

pairs of human normal liver and HCC tissues provided by The Cancer Genome Atlas 

(TCGA) liver hepatocellular carcinoma (LIHC) project (https://gdc-portal.nci.nih.gov/

projects/TCGA-LIHC). Box plots represent the 25th to 75th percentiles with median, and 

the whiskers represent the maximum and the minimum value. Statistical significance was 

determined by Wilcoxon rank sum test. p =1.123e−14 for PCK1 and p = 2.867e−09 for PCK2.
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Figure 2. PCK1 promotes liver cancer cell death after glucose starvation
(a) Establishment of SK-Hep-1 cells that stably express flag-PCK1, flag-PCK2 or both 

proteins. PCK1 and PCK2 expression levels were detected by specific antibodies. 

Endogenous PCK1 in SK-Hep-1 cells was not detected due to its low expression level. The 

upper band in PCK2 blotting indicates the ectopic flag-PCK2. (b) Neither ectopic expression 

of PCK1 nor PCK2 affected cell proliferation cultured in media containing 5 mM of 

glucose. Results are mean cell numbers ± SD of triplicate samples. (c) Ectopic expression of 

PCK1 or PCK2 led to cell death under low glucose condition. SK-Hep-1 cells ectopically 

expressing indicated PCK gene were cultured in high (25 mM) or low (0.1 mM) glucose 

conditions for 10 h. Photos were taken under a phase-contrast microscope. Scale bars: 50 

μm. (d) Quantification of cell viability in (c) was performed by cell counting after trypan 

blue staining. Results are mean cell viability ± SD of triplicate samples (***p < 0.001). (e) 

Apoptosis of SK-Hep-1 cells ectopically expressing indicated PCK gene after cultured under 

low glucose (0.1, 0.5, 1 mM) condition for 10 h. Cells were stained by propidium iodide (PI) 
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and Annexin V FITC and analyzed by flow cytometry. (f) Apoptosis of SK-Hep-1 cells 

ectopically expressing indicated PCK gene after cultured under 0.1 mM glucose for 

indicated time. Cell viability was determined by propidium iodide (PI) and Annexin V FITC 

staining. Results are mean cell viability ± SD of triplicate samples (***p < 0.001). (g) 

Ectopic expression of PCK1 suppressed xenograft tumor growth. SK-Hep-1 cells expressing 

empty vector or PCK1 were injected subcutaneously into the left and right flanks of 10 nude 

mice, respectively. At 4 weeks after injection, tumors were collected and measured by 

weight and volume. Values are mean tumor weight/volume ± SD of ten mice within each 

group (***p < 0.001). (h) Higher percentages of TUNEL positive cells in PCK1 expressing 

xenograft tumors indicated a significant cell apoptosis (***p < 0.001). Scale bars: 10 μm. 

Values are mean percentages of TUNEL positive cells ± SD of six slides within each group.
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Figure 3. PCK1 induced death of glucose-deprived cells is dependent on PCK1 enzymatic 
activity and mediated by caspase-dependent apoptosis
(a) Verification and comparison of ectopically expressed flag-tagged PCK1C288S mutant and 

wildtype PCK1. (b) Inhibition of PCK1 activity abolished its ability in promoting cell death 

after glucose deprivation. SK-Hep-1 cells ectopically expressing PCK1 or PCK1C288S 

described in (a) were cultured in media containing 0.1 mM of glucose in the absence or 

presence of PCK1 inhibitor 3-MPA (100 μM) for 10 h. Photos were taken using a phase-

contrast microscope. Scale bars: 50 μm. (c) Quantification of cell death were detected by 

Annexin V and PI staining and analyzed by flow cytometry. Results are the percentage of 

Annexin V and/or PI positive cells ± SD of triplicate samples (***p < 0.001). (d) Ectopic 

expression of PCK1 induced Caspase 3 cleavage. SK-Hep-1 cells were cultured in media 

containing 0.1 mM of glucose for the durations indicated. Caspase 3 level was detected by 
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Western blotting. (e and f) Caspase inhibitor Z-VAD-FMK, but not necroptosis inhibitor 

Necrostatin-1, prevented the death of cells ectopically expressing PCK1 after glucose 

deprivation. SK-Hep-1 cells ectopically expressing PCK1 or PCK1C288S described in (a) 

were cultured in media containing 0.1 mM of glucose in the presence of Z-VAD-FMK (20 

μM) or Necrostatin-1 (50 mu;M) for 10 h. Dead cells were examined and quantified by 

Annexin V and PI staining. Scale bars in (e): 50 mu;m. Results are the percentages of dead 

cells ± SD of triplicate samples (***p < 0.001; ns, no significance).
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Figure 4. PCK1 induced TCA cataplerosis, energy crisis and oxidative stress in liver cancer cells
(a) A diagram illustrating the reactions catalyzed by PCK1 in regulating TCA cycle and 

gluconeogenesis. PFK1, phosphofructokinase1; FBP1, fructose-1,6-bisphosphatase 1. G6P, 

glucose 6-phosphate; F6P, fructose 6-phosphate; F-1,6-BP, fructose 1,6-bisphosphate; PEP, 

phosphoenolpyruvate; R5P, ribose 5-phosphate; OAA, oxaloacetate; α-KG, α-ketoglutarate. 

(b) PCK1 activated AMPKα1 in glucose-deprived cells. SK-Hep-1 cells expressing empty 

vector, wildtype or mutant PCK1 were cultured in media containing 0.1 mM of glucose for 

the durations indicated. Phospho-AMPKα1 (Thr172), phospho-ACC (Ser79) and phospho-

c-Jun (Ser73) were examined by Western blotting. (c) Ectopic expression of PCK1 

decreased cellular ATP level in glucose starved cells. SK-Hep-1 cells expressing empty 

vector or PCK1 were cultured in media containing 0.1 mM or 25 mM of glucose for 5 h, 

followed by measurement of cellular ATP level as described in Methods. Values represent 

Liu et al. Page 21

Oncogene. Author manuscript; available in PMC 2018 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mean ATP levels ± SD of quintuplicate samples (*p < 0.05, ***p < 0.001). (d) Relative 

abundance of PEP was increased in cells ectopically expressing PCK1. SK-Hep-1 cells 

expressing empty vector or PCK1 were cultured under conditions as described in (c). 

Relative abundance of cellular PEP was determined by LC-MS. Values represent mean PEP 

levels ± SD of quintuplicate samples (***p < 0.001). (e) Ectopic expression of PCK1 

resulted in higher ROS level. SK-Hep-1 cells expressing empty vector or PCK1 were 

cultured in media containing 0.1 mM of glucose for 5 h. ROS level was detected by DCFH-

DA staining as described in Methods. Values represent mean ROS level ± SD of triplicate 

samples (***p < 0.001). (f) Ectopic expression of PCK1 reduced GSH/GSSG ratio. SK-

Hep-1 cells expressing empty vector or PCK1 were cultured under conditions described in 

(e). Cellular levels of GSH and GSSG were determined by LC-MS. Values represent mean 

ratios of GSH/GSSG ± SD of quadruplicate samples (***p < 0.001). (g) Relative abundance 

of citrate, malate and fumarate was significantly decreased in cells ectopically expressing 

PCK1. SK-Hep-1 cells expressing empty vector or PCK1 were cultured under conditions as 

described in (c). GC-MS was performed to detect the cellular levels of these metabolites. 

Values represent mean abundance of indicated metabolites ± SD of quintuplicate samples 

(***p < 0.001).
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Figure 5. ROS suppression or α-KG replenishment completely blocked the death of liver cancer 
cells ectopically expressing PCK1 upon glucose deprivation
(a) Supplement of dimethyl-α-KG and NAC blocked the death of cells ectopically 

expressing PCK1 after glucose deprivation. SK-Hep-1 cells expressing empty vector or 

PCK1 were cultured in media containing 0.25 mM of glucose in the absence or presence of 

dimethyl-α-KG (5 mM) or NAC (10 mM) for 12 h. Photos were taken under a phase-

contrast microscope. Scale bars: 50 μm. (b) Quantification of cell death in (a). Dead cells 

were detected by PI staining and analyzed by flow cytometry. Values represent mean 

percentages of dead cells ± SD of triplicate samples (***p < 0.001). (c, d and e) Dimethyl-

α-KG and NAC reversed the upregulation of ROS levels (c) and downregulation of GSH/
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GSSG (d), and NADPH/NADP+ ratio (e) in PCK1-expressing, glucose-deprived cells. 

Values represent mean ROS levels ± SD of triplicate samples for (c), mean GSH/GSSG ratio 

± SD of triplicate samples for (d), and mean NADPH/NADP+ ratio of triplicate samples for 

(e), respectively (*p < 0.05; **p < 0.01; ***p < 0.001). (f) Supplement of dimethyl-α-KG 

reduced the phosphorylation of AMPKα1 and ACC in PCK1-expressing, glucose-deprived 

cells. (g and h) Supplement of dimethyl-α-KG inhibited the elevation of NADH/NAD+ in 

mitochondria (g) and CoQH2/CoQ (h) ratios induced by ectopic PCK1 expression. The ratio 

of NADH/NAD+ (g) in the mitochondria of cells was measured as described in Methods and 

the CoQH2/CoQ (h) ratios were estimated from the succinate/fumarate ratio. Values in (g) 

represent mean ratios of NADH/NAD+ ± SD of triplicate samples. Values in (h) represent 

mean ratios of CoQH2/CoQ ± SD of quintuplicate samples. (*p < 0.05; **p < 0.01; ***p < 

0.001). (i) A working model that demonstrates ROS suppression or α-KG replenishment 

completely blocks death of liver cancer cells ectopically expressing PCK1 after glucose 

deprivation.
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Figure 6. PCK1 suppresses liver tumorigenesis in vivo
(a) Schematic of liver tumorigenesis model by the hydrodynamic injection. Transposon 

plasmid encoding YAP(5SA) and either vector or PCK1 were mixed at a ratio of 1:2, and 

were delivered into mice by hydrodynamic injection together with piggyBac transposase. 

(b–d) Ectopic expression of PCK1 significantly suppressed YAP(5SA) induced liver 

tumorigenesis. Mice were sacrificed at 4 months after hydrodynamic injection, and livers 

were collected and photographed (b). Tumor numbers (c) were counted and liver tumor area 

(d) was calculated using ImageJ software. The horizontal bars represent mean tumor 

numbers (c) and mean tumor area (d) of ten mice within each group (***p < 0.001). (e) 

Representative IHC staining of YAP and PCK1 of mice livers from each group. Dashed lines 

separate tumor tissues from adjacent normal liver tissues. Scale bars: 50 μm. T: liver tumor; 

N: adjacent normal liver tissue. (f) The glucose concentration in interstitial fluid of eight 

primary mouse liver tumors and normal, adjacent liver tissues (***p < 0.0001). (g) Much 

higher percentage of TUNEL positive cells was shown in liver tumors developed in mice co-
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injected with YAP(5SA) and PCK1 than tumors developed in mice injected with YAP(5SA) 

(***p < 0.001). Two representative IHC staining of TUNEL in each group were shown. 

Scale bars: 10 μm. (h) Histological diagnosis of HCC by H&E staining showed significant 

pathological differences between livers injected with YAP(5SA) and YAP(5SA)/PCK1. 

Arrows show representative capsules in H&E slides of livers co-injected with YAP(5SA) and 

PCK1, which separated tumor from adjacent normal liver tissue. Scale bars: 50 μm. T: liver 

tumor; N: adjacent normal liver tissue. (i) Much more severe fibrosis was shown in liver 

tumors developed in mice injected with YAP(5SA) than tumors developed in mice co-

injected with YAP(5SA) and PCK1. Two representative IHC staining of α-smooth muscle 

actin (α-SMA) in each group were shown. Scale bars: 50 μm.
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