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ABSTRACT 

Hepatocellular carcinoma (HCC) is one of the leading cancers in the world in incidence and 

mortality. Current pharmacotherapy of HCC is limited in the number and efficacy of anticancer 

agents. Metabolic reprogramming is a prominent feature of many cancers and has rekindled 

interest in targeting metabolic proteins for cancer therapy. Glycogen is a storage form of glucose, 

and the levels of glycogen have been found to correlate with biological processes in 

reprogrammed cancer cells. However, the contribution of glycogen metabolism to carcinogenesis, 

cancer cell growth, metastasis, and chemoresistance is poorly understood. Thus, we studied the 

processes involved in the inhibition of glycogen metabolism in HCC cells. Pharmacological 

inhibition of glycogen phosphorylase (GP), a rate-limiting enzyme in glycogen catabolism, by 

CP-91149 led to a decrease in HCC cell viability. GP inhibition induced cancer cell death through 

the intrinsic apoptotic pathway. Mitochondrial dysfunction and autophagic adaptations 

accompanied this apoptosis process whereas endoplasmic reticulum stress, necrosis, and 

necroptosis were not major components of the cell death. In addition, GP inhibition potentiated 

the effects of multikinase inhibitors sorafenib and regorafenib, which are key drugs in the 

advanced-stage HCC therapy. Our study provides mechanistic insights into cell death by 

perturbation of glycogen metabolism and identifies GP inhibition as a potential HCC 

pharmacotherapy target. 

 

 

Keywords: Apoptosis; Autophagy; Glycogen phosphorylase; Hepatocellular carcinoma, 

Metabolic reprogramming; Sorafenib 
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1. Introduction  

Liver cancer is the sixth most common cancer in the world and the third leading cause of cancer 

mortalities [1]. Hepatocellular carcinoma (HCC) is the most common form of liver cancer, 

accounting for more than 90% of these cases [2]. HCC treatment involves tumor resection and 

liver transplantation in the early stages of the disease whereas the multikinase, anti-angiogenic 

drugs sorafenib and regorafenib are employed with limited success in the advanced stages [1]. 

Thus, there is a dire need for novel therapeutics for HCC.  

 

 Metabolic reprogramming, a hallmark of many cancers, enables cancer cells to survive, 

proliferate, invade surrounding tissues, and metastasize to distant locations [3, 4]. Normal cells 

utilize glucose mainly by transitioning pyruvate generated by glycolysis to mitochondrial 

oxidative metabolism. On the contrary, cancer cells upregulate their glycolytic pathway even in 

the presence of sufficient molecular oxygen. This phenomenon, referred to as aerobic glycolysis, 

was first noted by Otto Warburg in the 1920s [5]. Warburg’s observations went largely unnoticed 

for decades until recently, when an intimate connection between oncogenes and metabolism was 

discovered [6, 7]. The oncogenes RAS and MYC and the tumor suppressor TP53 are known to 

rewire glucose metabolism [8]. Cancer cells have high biosynthetic demand due to their increased 

proliferation, shifting from the ATP generation-centric aerobic cellular respiration to pathways 

that provide the ability to synthesize nucleic- and fatty acids and confer protection from oxidative 

stress [9, 10]. In addition, metabolic reprogramming is known to promote tumor 

microenvironment acidification, making these metabolic pathway proteins valuable 

chemotherapy targets. In fact, a number of investigational drugs targeting glycolysis are currently 

being studied [11–15]. However, glycolysis is a central cellular energetic pathway, and 

significant toxicities associated with glycolytic inhibitors could restrain their development as 

suitable drugs. 3-bromopyruvate (3-BP) is a known inhibitor of glycolysis and has significant 
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anticancer properties. However, owing to 3-BP’s total energy metabolism blockade, it was 

suspected to be the agent that resulted in the death of three patients at an alternative medicine 

facility in Germany [11, 16]. Alternatively, glycogen, a vital energy supply for cancer cells, may 

be a more suitable pharmacotherapy target. 

 

 Glycogen is a soluble polymer of glucose that has α-1,4 glucosidic linkages and branches 

occurring every 12-14 residues via an α-1,6 glucosidic linkage. Glycogen is synthesized by the 

actions of glycogen synthase and glycogen branching enzyme, and it is catabolized by glycogen 

phosphorylase (GP) and glycogen debranching enzyme (GDE). The liver is the second largest 

storage site for glycogen and plays an important role in maintaining blood glucose homeostasis 

[17]. The conversion of glycogen to glucose is used to maintain cellular glucose homeostasis. 

Hypoxia is one of the characteristics of solid tumors and is known to upregulate glycogen 

metabolism via glycogen synthase [18]. Glycogen is an essential metabolic cache in times of high 

cellular energy demand, such as hypoxia and increased metabolic activity. Indeed, glycogen is 

known to be upregulated in various cancers, and glycogen content inversely correlates with tumor 

proliferation [19]. Thus, glycogen can serve as a reserve for cancer cells during growth, 

proliferation, invasion, and metastasis as well as for survival during nutrient starvation [20, 21]. 

Increased glycogen stores are known to provide a survival advantage to neurons as well as 

cancers in hypoxic environments [22]. Depleting GP induces reactive oxygen species production, 

inhibits proliferation, and causes senescence in U87 and MCF-7 cells [23].  

 

 Several GP inhibitors are known, and CP-91149, an indole carboxamide allosteric 

inhibitor of GP, was developed as a potential antidiabetic drug. Indeed, CP-91149 treatment 

increased glycogen levels in human and rat hepatocytes [24, 25]. Few studies have investigated 

glycogen catabolism as a potential target for anticancer agents with emphasis on GP [23, 26] and 

GDE [27]. However, the precise role of GP in cancer biology and the mechanistic insights on 
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employing GP inhibitors for cancer therapy are not known. Patients with Hers disease, who have 

decreased liver GP activity, exhibit mild symptoms [28]. Therefore, GP inhibitors for HCC could 

result in less systemic toxicities than traditional chemotherapeutics. In the current study, we 

investigated the mechanism of CP-91149 treatment-induced cell death of HCC cells and 

determined whether CP-91149 could potentiate known and investigational anti-cancer agents. 

 

 

2. Materials and methods 

2.1. Reagents  

Chemicals were purchased from the following sources: CP-91149, regorafenib, 2-deoxy-D-

glucose, NS3694, and etoposide (ApexBio, Houston, USA); carbonyl cyanide 3-

chlorophenylhydrazone (CCCP) (Tocris Bioscience, Minneapolis, USA); 3-bromopyruvate and 

chloroquine (Alfa Aesar, Tewksbury, USA); 6-aminonicotinamide (Acros-Organics, New Jersey, 

USA); sorafenib (Fisher Scientific, Hampton, USA). Mitochondria/cytosol fractionation kit was 

from Biovision (Milpitas, USA). PYGL plasmid was from Origene (RC210683, Rockville, USA). 

Accutase solution, Propidium iodide (PI), Hoechst 33342 (HO), MitoTracker Red CMXRos, 

FxCycle PI/RNase staining solution, CM-H2DCFDA, and CyQuant Direct Cell Proliferation 

Assay kit were from ThermoFisher Scientific (Waltham, USA). FITC-Annexin V apoptosis 

detection kit was purchased from BD Biosciences (Franklin Lakes, USA). All antibodies were 

from Cell Signaling Technology (Danvers, USA) except for the LC3B and α-tubulin antibodies, 

which were from Proteintech Group (Rosemont, USA).  

 

2.2. Cell culture and transfection 

Human hepatocellular carcinoma (HepG2 and Hep3B) and rat hepatocellular carcinoma (H4IIE) 

cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) normal glucose (5.5 mM) 
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and supplemented with 10% v/v FBS. All drug treatments were carried out 16 hr after 

subculturing cells to about 70% confluency. Cells were transfected, where indicated, with a 

plasmid for the glycogen phosphorylase liver isoform (PYGL) by electroporation using Neon 

transfection system as per the manufacturer’s protocol. Cells were treated with inhibitors after 24 

hr of transfection.  

 

2.3. Cell viability determination 

Cell viability was determined using MTT dye (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) and neutral red dye (3-amino-7-dimethylamino-2-methyl-

phenazine hydrochloride). Cells were incubated with drugs at indicated concentrations and time 

points. For the MTT assay, at the end of the drug treatments, cells were treated with 0.05% (w/v) 

MTT dye for 3 hr at 37°C. The formazan crystals were dissolved in DMSO and absorbance was 

measured at 570 nm using the SpectraMax M5e plate reader (Molecular Devices, Sunnyvale, 

USA). The neutral red assay was performed as described by Repetto et al. with minor 

modifications [29]. Briefly, at the end of the drug treatments, cells were incubated with 40 µg/ml 

neutral red dye for 3 hr at 37 °C.  Cells were then destained using a solution (50% ethanol, 49% 

deionized water, and 1% glacial acetic acid). Absorbance was measured at 540 nm using 

SpectraMax M5e plate reader.  

 

2.4. Cell proliferation assay 

Cell proliferation was determined using the CyQuant Direct Proliferation Assay kit as per the 

manufacturer’s protocol. Briefly, at the end of drug treatments, medium was carefully aspirated 

from each well without disturbing the cells. 50 µl of 2X detection reagent was added to each well 
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containing 50 µl medium containing cells for 1 hr at 37 °C. Fluorescence was measured using the 

Spark 10M plate reader.  

 

2.5. FITC-Annexin V/PI assay  

For apoptosis detection, HepG2 cells were dual-stained using the FITC-Annexin V apoptosis 

detection kit. Briefly, at the end of the drug treatments, cells were washed with PBS and detached 

using Accutase solution (Corning, Carlsbad, USA). Collected cells were further washed twice 

with cold PBS, resuspended in cold 1X binding buffer, and dual stained with FITC-Annexin V 

and PI in the dark at 25 °C for 15 min. Flow cytometry was immediately performed on cells using 

the BD Accuri C6 flow cytometer (BD Biosciences) and analyzed using FlowJo v.10 software. 

 

2.6. HO-PI staining 

At the end of CP-91149 treatment, HepG2 cells were incubated with PI (25 µg/mL) for 10 min in 

the dark. Next, cells were washed with PBS and incubated with HO dye (11.25 µg/mL). Images 

were taken immediately using the EVOS FL Auto Imaging System (ThermoFisher Scientific, 

Waltham, USA) and quantified using ImageJ 1.8.0 software. 

 

2.7. Subcellular fractionation 

Mitochondrial and cytoplasmic fractions were isolated using the Mitochondria/Cytosol 

fractionation kit according to the manufacturer’s protocol. HepG2 cells were collected at the end 

of the treatments and washed with ice-cold PBS, then centrifuged at 600g for 5 min at 4 °C, 

followed by resuspension of pellet in 1X cytosol extraction buffer mix. An ice-cold dounce tissue 

grinder was used for cellular homogenization. The homogenates were centrifuged at 700g for 10 
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min at 4 °C, and the supernatants were collected and centrifuged at 10,000g for 30 min at 4 °C. 

The supernatant was considered the cytosolic fraction while the pellet was resuspended using the 

mitochondrial extraction buffer mix and was considered the mitochondrial fraction.  

 

2.8. Western blotting 

HepG2 cells were lysed by scraping in modified RIPA buffer (50 mM Tris pH 8.0, 150 mM 

NaCl, 1% v/v NP40, 0.5% w/v deoxycholate, 0.1% w/v SDS, 10% v/v glycerol, 10 mM NaF, 0.4 

mM EDTA) with protease inhibitors. The lysates were cleared by centrifugation at 10,000g for 10 

min. Next, Laemmli sample buffer containing SDS and β-mercaptoethanol was added and 

samples were denatured by heat. Subsequently, samples were separated on polyacrylamide gels 

and transferred to PVDF membrane and processed for Western blotting with chemiluminescence 

detection. Images were obtained using ChemiDoc MP imaging system (Bio-Rad) or Azure C500 

imaging system and analyzed using ImageJ 1.8.0 software.   

 

2.9. Mitochondrial membrane potential (MMP) assay 

MMP was assessed using MitoTracker Red CMXRos according to the manufacturer’s protocol. 

Briefly, at the end of CP-91149 treatment, HepG2 cells were washed twice with PBS and 

incubated with MitoTracker Red CMXRos dye (100 nM) prepared in serum-free medium for 30 

min at 37 °C. Cells were washed twice with PBS and fixed in 3.7% v/v formaldehyde in PBS for 

15 mins. Cells were detached using Accutase solution and analyzed using the BD Accuri C6 flow 

cytometer and FCS Express 6 software. 

 

2.10. Measurement of the total reactive oxygen species (ROS) levels 
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Cellular oxidative stress was evaluated using the chloromethyl derivative of 2′,7′-

dichlorodihydrofluorescein diacetate (CM-H2DCFDA). Briefly, at the end of the drug treatments, 

HepG2 cells were washed with PBS and detached using Accutase solution. Collected cells were 

washed twice with PBS, resuspended in serum-free medium, and stained with CM-H2DCFDA (20 

µM) for 30 min. at 37 °C in the dark. Flow cytometry was performed on cells using the Amnis 

FlowSight Imaging flow cytometer (MilliporeSigma, Burlington, USA) and analyzed using the 

Amnis IDEAS software to gate live and single positively-stained cells. 

 

2.11. Cell cycle analysis 

Cell cycle analysis was performed using the FxCycle PI/RNase Staining Solution. Briefly, at the 

end of the drug treatments, cells were washed twice with PBS and detached using Accutase 

solution. Cells were fixed using 70% ethanol at –20 °C overnight. Ethanol was removed from 

samples by centrifugation at 850 g and then cells were incubated with PI/RNase for 30 min. 

Subsequently, cells were analyzed using the BD Accuri C6 flow cytometer and FCS Express 6 

software. 

 

2.12. Immunofluorescence microscopy 

HepG2 cells were cultured on poly-D-lysine-coated glass coverslips in 24-well cell culture plates. 

Cells were then treated with indicated drugs on the following day. Next, cells were washed with 

PBS and fixed using formaldehyde (3.7% v/v in PBS). Cells were permeabilized using cold 

Triton X-100 (0.25% v/v in PBS), for 5 minutes, washed, and incubated in FBS solution (10% 

v/v in PBS) for 1 hr. Next, samples were incubated with LC3B antibody overnight followed by 

washes and incubation with Alexa Fluor 594-conjugated secondary antibody. Coverslips were 
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mounted on slides using DAPI Fluoromount-G (SouthernBiotech), and images were taken using 

the EVOS FL Auto Imaging System (ThermoFisher Scientific). 

 

2.13. Statistical analysis 

Values are mean ± SEM of at least three independent experiments. Differences between groups 

are analyzed by one-way analysis of variances with either Dunnett’s or Tukey post hoc test. The 

significance has been considered at *p≤0.05 and **p≤0.01. Data for Western blotting, imaging, 

and flow cytometry are representative of at least three independent determinations. 

 

 

 

 

3. Results 

3.1. CP-91149 decreases viability of hepatocellular carcinoma cells 

We used an MTT cell viability assay in human (HepG2 and Hep3B)- and rat (H4IIE) 

hepatocellular carcinoma cells to examine the effects of the glycogen phosphorylase (GP) 

allosteric inhibitor CP-91149. Treatment with CP-91149 decreased the viability of HepG2, 

Hep3B, and H4IIE cells in a concentration-dependent manner, respectively (Fig. 1A-C). 

Etoposide, an anticancer agent, was used as a positive control in the experiment. In addition, we 

performed a neutral red dye uptake assay, which measures the capacity of viable cells to 

incorporate and bind to neutral red dye, in HepG2 and H4IIE cells. A concentration-dependent 

decrease in the viability of HepG2 and H4IIE cells by CP-91149 treatment was confirmed (Fig. 

1D and Supplementary Fig. 1A, respectively). Next, we determined H4IIE cell viability via an 

MTT assay at various time points after CP-91149 treatment, which showed a time-dependent 
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decrease in cell viability (Fig. 1E). Based on these results, we chose the CP-91149 concentrations 

and treatment time to further investigate cell death mechanisms. 

 

3.2. CP-91149 treatment decreases proliferation and alters the morphology of HepG2 cells 

We measured the effect of CP-91149 treatment on HepG2 cell proliferation using CyQuant assay. 

HepG2 cells showed a significant reduction in cell proliferation after incubation with CP-91149 

for 48 hr (Fig. 2A). CP-91149 toxicity was accompanied by altered morphology evident from the 

phase-contrast microscopy images of HepG2 (Fig. 2B) and H4IIE cells (Supplementary Fig. 1B). 

HepG2 cell size decreased in a concentration-dependent manner based on morphology, and this 

result was confirmed by the measurement of forward scatter in flow cytometry (Fig. 2C). Next, 

we transiently transfected a plasmid expressing the GP liver isoform (PYGL) by electroporation 

to check whether it could protect HepG2 cells from CP-91149 treatment. Our results showed a 

partial protection by PYGL from CP-91149 treatment (Fig. 2D), which could be explained by the 

limited transfection efficiency (49.1 ± 9.4 %) as evaluated by transfecting an EGFP-N3 plasmid, 

in HepG2 cells. 

 

3.3. CP-91149 treatment induces apoptosis in HepG2 cells 

Based on the morphological observations of HCC cells upon CP-91149 treatment, we 

hypothesized apoptosis as the primary cell death mechanism and therefore probed HCC cells with 

various markers of apoptosis. First, we performed annexin V-FITC / propidium iodide (PI) 

staining and flow cytometric analysis of HCC cells. The number of HepG2 cells in the early 

apoptotic phase (lower right quadrant) increased significantly upon CP-91149 treatment (Fig. 3A, 

B). In addition, we utilized HO-33342 (HO) and PI dye staining to delineate between apoptosis 

and necrosis processes via fluorescence microscopy. The HO dye enters live cells while PI can 
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enter only necrotic cells. In this assay, blue fluorescence indicates healthy cells, bright blue 

fluorescence denotes apoptotic cells, and necrotic cells exhibit red fluorescence. The number of 

apoptotic cells increased significantly upon CP-91149 treatment, whereas the higher CP-91149 

concentrations of 75 µM and 100 µM showed mixed apoptotic-necrotic cells, a feature often 

present in late apoptotic cells (Fig. 3C, D). 

 

3.4. Mitochondrial dysfunction leads to intrinsic apoptosis in CP-91149-treated HepG2 cells 

We wanted to decipher the signaling pathway of apoptosis upon glycogen perturbations in HepG2 

cells. Mitochondrial dysfunction and mitochondrial outer membrane permeabilization (MOMP), a 

process that leads to the leakage of mitochondrial intermembrane space proteins, often precedes 

the intrinsic pathway of apoptosis [30]. First, we measured the mitochondrial membrane potential 

(MMP) using MitoTracker Red CMXRos dye, the accumulation of which in the mitochondria is 

dependent upon MMP. We utilized carbonyl cyanide m-chlorophenyl hydrazine (CCCP), a 

protonophore uncoupler of oxidative phosphorylation, as a positive control that is known to 

dissipate MMP.  Flow cytometric analysis revealed that MMP decreased significantly upon CP-

91149 treatment in HepG2 cells (Fig. 4A). Next, we measured reactive oxygen species (ROS) 

levels as a marker to study oxidative stress. The number of HepG2 cells with higher levels of 

ROS increased upon CP-91149 treatment as evident by the rightward shift of the curve (Fig. 4B) 

and quantification of fluorescence intensity (Fig. 4C). 

 We performed subcellular fractionation of HepG2 cells and probed for the apoptotic 

markers in the mitochondrial and the cytosolic fractions using COX-IV and α-tubulin expression 

to assess the purity of the fractions, respectively. Upon CP-91149 treatment, the expression of 

Bax decreased in the cytosolic fraction and increased in the mitochondrial fraction (Fig. 4D, E), 

whereas the expression of cytochrome c increased in the cytosolic fraction and decreased in the 

mitochondrial fraction (Fig. 4D, E). The expression of cleaved caspase-3, an active form of the 
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executor caspase that leads to proteolysis of a large number of substrates, was determined in 

HepG2 cell lysate. A decrease in the expression of procaspase-3 and increase in the expression of 

cleaved caspase-3 upon CP-91149 treatment confirmed the occurrence of apoptosis (Fig. 4F, G). 

Next, we measured the expressions of caspase-8 and caspase-9 as markers of the extrinsic and the 

intrinsic apoptotic pathways, respectively. Procaspase-9 levels decreased, and cleaved caspase-9 

levels increased; in addition, a modest increase in cleaved caspase-8 was observed upon CP-

91149 treatment of HepG2 cells (Fig. 4F, G, and Supplementary Fig. 2A, B). Thus, our data 

identified that CP-91149 treatment induces the intrinsic pathway of apoptosis in HCC cells. 

NS3694 is an inhibitor of apoptosome formation and inhibits activation of procaspase-9 to 

caspase-9 [31]. To confirm the intrinsic apoptotic pathway as the mechanism of HepG2 cell 

death, we co-treated HepG2 cells with NS3694 and CP-91149 for 24 hr and performed MTT cell 

viability assay. NS3694 protected HepG2 cells from cell death induced by CP-91149 (Fig. 4H). 

Taken together, our data indicate that CP-91149 treatment results in ROS generation, 

mitochondrial dysfunction, and MOMP triggering the intrinsic pathway of apoptosis in HepG2 

cells.  

 

3.5. CP-91149 treatment induces autophagic adaptations in HepG2 cells 

GP inhibition limits the availability of glucose from cellular glycogen. Therefore, we studied the 

effects of nutrient starvation and the involvement of autophagy in CP-91149-induced death of 

HepG2 cells. First, we performed an MTT cell viability assay in the presence of normal glucose 

(5.5 mM), high glucose (25 mM), and no glucose in CP-91149-treated cells. The cell viability 

assay was performed in the presence or absence of pyruvate (1 mM) in DMEM medium with 

glutamine to delineate the effects of CP-91149 on glucose energy metabolism. HepG2 cell 

viability was maximum in normal glucose medium, followed by high glucose medium, and the 

lowest in no glucose medium (Supplementary Fig. 3A). HepG2 viability was moderately lower in 
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medium without pyruvate. However, alterations in both glucose levels and pyruvate did not have 

a major impact on CP-91149 treatment in HepG2 cells (Supplementary Fig. 3A, B). Our findings 

on nutrient starvation experiments were surprising as we expected these treatments to bolster the 

effects of CP-91149 in HepG2 cells. Autophagic adaptations could explain the inability of 

nutrient starvation strategies to bolster CP-91149 effects. Thus, we hypothesized that autophagic 

adaptations in response to CP-91149 dampen the efficacy of the drug. Cytosolic LC3 is 

conjugated with phosphatidylethanolamine to form LC3-phosphatidylethanolamine conjugate 

(LC3-II) during autophagy. LC3II is then recruited to the autophagosome membrane, rendering it 

an appropriate marker of autophagy [32].  We studied endogenous LC3B localization by 

immunofluorescence microscopy in HepG2 cells. Tunicamycin induces endoplasmic reticulum 

stress associated autophagy and was used as a positive control. LC3B punctate localization 

increased with higher concentrations of CP-91149 (75 and 100 µM) indicating an increase in 

autophagy (Fig. 5A, B). To confirm the occurrence of autophagy, we measured the expression of 

LC3B and Beclin-1 by Western blotting, which showed an induction of autophagy upon CP-

91149 treatment (Fig. 5C, D). Chloroquine, an agent that impairs lysosomal acidification and 

thereby blocks autophagy flux, was used as a positive control. Taken together, our results reveal 

that autophagy is an accompanying event in CP-91149-induced cell death in HepG2 cells. 

 

3.6. Endoplasmic reticulum (ER) stress pathway, necrosis, and necroptosis are not key 

mediators of CP-91149-induced death in HepG2 cells 

ER stress and the unfolded protein response are often implicated as accompanying factors in 

various pathophysiology and are known to result in cell death [33]. Therefore, we studied ER 

stress markers upon CP-91149 treatment in HepG2 cells. ER stress inducer tunicamycin was used 

as a positive control. Protein expression of JNK was unaltered and phospho-JNK levels at the 

expected sizes (54kDa and 46kDa) did not change upon CP-91149 treatment (Fig. 6A, B). 

Interestingly, we observed an additional band for phospho-JNK at 42kDa that showed high 
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expression only in CP-91149-treated cells (Fig. 6A). The significance of this band needs to be 

studied further. Expression of the chaperone Bip also did not change upon CP-91149 treatment 

(Fig. 6A, B). Therefore, we infer that ER stress is not the primary pathway for CP-91149 

treatment-induced death of HepG2 cells.  

 Since HO-PI staining indicated the presence of necrosis at higher CP-91149 

concentrations (Fig. 3C, D), we used a cytotoxicity assay based on the release of lactate 

dehydrogenase from cells to measure necrosis. The data showed the presence of necrosis only at 

100 µM CP-91149 treatment (Fig. 6C). Next, we investigated whether the necrosis observed was 

secondary to apoptosis or necroptosis. We employed necrostatin-1, a RIP1 kinase inhibitor that 

blocks the programmed necroptosis process [34]. Co-treatment with necrostatin-1 did not protect 

HepG2 cells from the CP-91149-induced decrease in cell viability, indicating the absence of 

necroptosis (Fig. 6D). One of the key needs for the metabolic reprogramming of cancer cells is 

the constant supply of nucleotides for rapid proliferation. Thus, we determined whether inhibition 

of glycogen catabolism interferes with cell division in HepG2 cells. A PI-based flow cytometric 

determination of cell cycle analysis indicated that cells treated with lower concentrations of CP-

91149 were arrested in the G0/G1 phase, and cells treated with 100 µM CP-91149 were arrested in 

the S phase (Fig. 6E, F). Therefore, our data indicate that CP-91149 induces concentration-

dependent cell cycle alterations in HepG2 cells. 

 

 

3.7. CP-91149 treatment is synergistic with multikinase, anti-angiogenic inhibitors that are 

vital for HCC treatment 

The therapeutic potential of GP inhibitors for cancers depends on the premise that alterations of 

glycogen catabolism will affect cancer biology by augmenting the effect of current 

chemotherapeutics. Inhibition of distinct targets in metabolic pathways can result in 
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chemotherapy synergy as evident with the success of trimethoprim and sulfamethoxazole. 

Therefore, we tested whether GP inhibition can be synergistic with glycolysis or pentose 

phosphate pathway inhibition. Additionally, we tested CP-91149 for synergy with current 

indicated chemotherapeutics sorafenib and regorafenib for advanced-stage HCC. HepG2 cells 

were treated with CP-91149 in combinations with the multikinase inhibitors sorafenib and 

regorafenib, glycolysis inhibitors 2-deoxyglucose (2-DG) and 3-bromopyruvate (3-BP), and 

pentose phosphate pathway inhibitor 6-aminonicotinamide (6-AN). The combinations of CP-

91149 with various inhibitors for their synergy profile was determined by the Chou-Talalay 

method combination index numbers, where a number lesser than 1 indicates synergy, 1 indicates 

no effect, and a number greater than 1 indicates antagonism [35].  CP-91149 combinations were 

synergistic with the multikinase inhibitors sorafenib and regorafenib (Fig. 7A-B, F-G). Notably, 

sorafenib and regorafenib are indicated for advanced-stage HCC, thus highlighting the potential 

of glycogen metabolic inhibition in HCC [2]. The combinations of CP-91149 with 2-DG, and 3-

BP were not synergistic, indicating that they possibly target the same or similar signaling 

pathway(s) (Fig. 7C-D, H-I). The combination of CP-91149 with 6-AN was synergistic only at 

higher concentrations of CP-91149 employed (Fig. 7E, 7J). 

 

 

 

4. Discussion 

Cancer cells reprogram their glucose metabolism to fulfill increased cellular demand for 

proliferation, and the altered biological processes such as metastasis [3]. The reprogrammed 

glucose metabolism provides intermediates for nucleic acid biosynthesis, bolsters antioxidant 

defense, and augments amino acid biosynthesis [7]. Considerable efforts have been devoted to 

halt this reprogramming with metabolic inhibitors  such as 3-bromopyruvate (3-BP), 2-deoxy-D-
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glucose (2-DG), FX11, etc. [13]. Malignant tissues are known to store higher amounts of 

glycogen than their tissue of origin [36]. However, not much is known about the role of glycogen 

in cancer biology, limiting the ability to utilize glycogen metabolism as a chemotherapy target 

[37]. In this study, we demonstrated that treatment with CP-91149, an allosteric inhibitor of 

glycogen phosphorylase (GP), induced the intrinsic pathway of apoptosis-mediated cell death in 

HepG2 cells, along with a moderate involvement of autophagy (Fig. 8). Mitochondrial 

dysfunction and increased oxidative stress were observed in this cell death process whereas 

necrosis (other than the ‘secondary necrosis’ to apoptosis), necroptosis, and endoplasmic 

reticulum (ER) stress were not involved (Fig. 8). Interestingly, CP-91149 potentiated the effects 

of anticancer drugs such as multikinase, anti-angiogenic inhibitors sorafenib and regorafenib, and 

potential drugs like 6-aminonicotinamide, which targets the pentose phosphate pathway (Fig. 8). 

These combined findings suggest CP-91149 as a potential drug for the treatment for 

hepatocellular carcinoma (HCC). 

 

 Cancer treatment approaches such as chemotherapy, radiation, and immunotherapy all 

aim to induce death of cancer cells. Cell death by apoptosis is one of the important barriers to 

carcinogenesis as well as one of the key processes employed by chemotherapy drugs [38, 39]. 

Many cancer chemotherapy agents operate through the intrinsic/mitochondria-mediated pathway 

of apoptosis that is regulated by the BH3-domain family of pro- and anti-apoptotic proteins [39]. 

Activation of the intrinsic apoptosis pathway causes the release of cytochrome c from 

mitochondria, which binds to procaspase-9 and Apaf-1 and forms an apoptosome. Clustering of 

procaspase-9 in this fashion leads to the activation of caspase-9. Our study showed the presence 

of multiple markers of mitochondrial dysfunction and the intrinsic apoptosis in HepG2 cells 

induced by CP-91149 (Fig. 4).  NS3694, an inhibitor of apoptosome formation, showed 

protection against cell death induced by CP-91149 (Fig. 4) [31]. Thus, we showed that the 

intrinsic pathway of apoptosis was the primary cell death mechanism induced by CP-91149 
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treatment in HepG2 cells. Some cancers are known to evade the apoptotic pathway and such 

resistance makes these cancers aggressive [40]. Because inhibition of glycogen metabolism 

induced apoptosis in HCC cells, this strategy could be studied in other apoptosis-resistant cancer 

cells [21].  

 

 The classical trigger for autophagy is nutrient starvation. Autophagy has been considered 

as a cell-protective mechanism, providing cells with essential nutrients in the conditions of 

deprivation [41]. Macroautophagy also recycles damaged cellular organelles such as 

mitochondria and thereby protects cells. However, recent research has shed light on the role of 

autophagy in the cell death process where autophagy either accompanies it or is considered as a 

causative factor [42]. The role of autophagy in cancer biology is not completely understood, with 

studies indicating both a protective pro-survival role and a growth-suppressing role as a causative 

factor in cell death [43]. Our study showed increased levels of LC3B-II expression and 

autophagosome formation at higher concentrations of CP-91149 (Fig. 5A, C). However, the 

cellular morphology did not resemble large-scale vacuole formation, and the increase in LC3 

puncta was moderate. Hence, we conclude CP-91149-induced cell death accompanies autophagy 

but that the autophagic process itself is not a causative factor in this mechanism. The latter 

hypothesis is supported by a similar finding of overcoming autophagy in HCC cells for the 

glycolysis inhibitor 3-BP [44]. In addition, no significant augmentation of the effects of CP-

91149 was observed when metabolic substrates such as glucose, and pyruvate were restricted 

(Supplementary Fig. S3). Moreover, the combinations of CP-91149 with the glycolytic inhibitors 

2-DG and 3-BP were not synergistic (Fig. 6I). Thus, these findings indicate that there are marked 

differences in targeting glycolysis and glycogen metabolism. More studies are needed to delineate 

the differences between glycogen and glycolytic inhibitors in the context of cancer biology. 
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 Most studies of CP-91149 have focused on its role in the management of diabetes where 

it was shown to be a specific inhibitor for GP causing glycogen accumulation [45]. However, 

only a handful of studies have investigated the inhibition of glycogen metabolism in cancer. In a 

key study, Favaro et al. showed that hypoxia in glioblastoma cell cultures or ischemia in tumor 

xenografts led to increased gene and protein expression of glycogen metabolic enzymes such as 

GP [23]. That study indicated that the silencing of GP in glioblastoma cells leads to oxidative 

stress and causes senescence through p53 activation [23]. Glycogen-metabolic proteins such as 

GP and glycogen synthase are key players in the hypoxic response of cancers and regulate cell 

survival and metastasis [23, 46, 47]. CP-320626, an indole carboxamide allosteric inhibitor of 

GP, induced  defects in the pentose phosphate pathway, de novo fatty acid synthesis, and changes 

in cellular proteome in pancreatic cancer cells [48, 49]. Similarly, CP-91149 treatment increased 

glycogenosis and potentiated hormone therapy in prostate cancer [50]. Another study suggested 

the potential of blocking the glycogen debranching enzyme (GDE), involved in glycogen 

catabolism, for bladder cancer [51]. A recent study has also highlighted the key role of fibroblasts 

to alter tumor glycogen promoting proliferation and metastasis [52]. Collectively, these studies 

underline the importance of targeting glycogen metabolism for anticancer therapy.    

 

 Sorafenib (first-line) and regorafenib (second-line) are the only drugs indicated with 

survival benefits in advanced-stage hepatocellular carcinoma [1]. Sorafenib and regorafenib are 

multikinase inhibitors that block the signaling by RAF, VEGFR, and PDGFR thereby affecting 

proliferation signaling, angiogenesis, and apoptosis [53]. By inhibiting GP, CP-91149 acts on a 

different target than that of sorafenib and regorafenib. Our results showed synergy between CP-

91149 and sorafenib or regorafenib, which could be due to targeting prominent cancer biological 

alterations such as proliferation signaling, angiogenesis, and metabolic reprogramming. 

 

5. Conclusion 
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In the current study, we have shown that GP inhibition in HCC cells induces intrinsic apoptosis, 

mitochondrial dysfunction, and oxidative stress. Autophagic adaptations and cell cycle arrest 

accompanied those processes. The stimulus for the apoptosis could arise from the mitochondrial 

dysfunction and oxidative stress. Future studies could address the link between glycogen 

perturbations and mitochondrial dysfunction. Necrosis, necroptosis, and ER stress are largely 

absent in HCC cell death induced by CP-91149. To our knowledge, this is the first study to 

demonstrate the efficacy of metabolic inhibition in potentiating the multikinase, anti-angiogenic 

inhibitors sorafenib and regorafenib for HCC. Thus, our study elucidates the cell death 

mechanism of GP inhibition and highlights GP as a potential target for HCC.  
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Figure Legends 

Fig. 1. CP-91149 treatment decreases the viability of hepatocellular carcinoma cells: Viability of 

A) HepG2, B) Hep3B, and C) H4IIE cells was determined by MTT assay after 24 hr incubation 

with increasing concentrations of CP-91149. Anticancer drug etoposide was used as a positive 

control. One-way ANOVA, n=3, **p<0.01. D) Viability of HepG2 cells was determined after 24 

hr incubation with increasing concentrations of CP-91149 by neutral red dye uptake assay. 

Anticancer drug etoposide was used as a positive control. One-way ANOVA, n=3, **p<0.01 E) 

Viability of H4IIE cells was determined after incubation with CP-91149 or etoposide for the 

indicated time points using MTT assay. One-way ANOVA, n=3, *p<0.05, **p<0.01.  

 

Fig. 2. CP-91149 treatment decreases the proliferation and alters morphology of HepG2 cells: 

A) Proliferation of HepG2 cells was determined using a CyQuant assay after 48 hr incubation 

with indicated concentrations of CP-91149. Anticancer drug etoposide was used as a positive 

control. One-way ANOVA, n=3, **p<0.01. B) Representative phase-contrast images from the 

morphological analysis of HepG2 cells after 24 hr incubation with etoposide or CP-91149. Scale 

bar: 200 µm. C) Effect of CP-91149 treatment on HepG2 cell size determined using flow 

cytometry. One-way ANOVA, n=3, **p<0.01. D) Viability of HepG2 cells was determined after 

transfection with either empty mammalian expression vector pcDNA 3.1 or a vector expressing 

liver isoform of glycogen phosphorylase (PYGL) and treatment on the next day with CP-91149 

for 24 hr. One-way ANOVA, n=3, **p<0.01 compared with control, ##p<0.01 compared between 

groups.  
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Fig. 3. CP-91149 treatment induces apoptosis in HepG2 cells: A) Annexin V-FITC and 

propidium iodide (PI) flow cytometry dot plots. HepG2 cells were treated with etoposide 80 µM 

or increasing concentration of CP-91149 for 24 hr and were then categorized based on the dye 

uptake as follows: viable cells (negative for annexin-V and PI), early apoptotic cells (positive for 

annexin-V only), late apoptotic cells (positive for both annexin-V and PI), and necrotic cells 

(positive for PI only). B) Quantitative data from flow cytometry experiment mentioned in (a). 

One-way ANOVA, n=4, *p<0.05, **p<0.01. C) Representative images of HepG2 cells stained 

with Hoechst-33342 (HO) and PI. HepG2 cells were treated with etoposide 80 µM or CP-91149 

(25-100 µM) for 24 hr and then stained with HO and PI. Scale bar: 200 µm. D) Quantification of 

bright HO- and PI-positive cells was performed using FIJI plugin of ImageJ software. One-way 

ANOVA, n=3, ##p<0.01, **p<0.01. 

 

 

Fig. 3. Mitochondrial dysfunction and intrinsic apoptosis in CP-91149-treated HepG2 cells: A) 

Determination of mitochondrial membrane potential (MMP) of HepG2 cells using MitoTracker 

Red CMXRos dye. CCCP, an uncoupler of the oxidative phosphorylation, was used as a positive 

control. One-way ANOVA, n=3, **p<0.01. B) Flow cytometry histogram plots indicating the 

levels of reactive oxygen species via oxidation of CM-H2DCFDA in HepG2 cells incubated with 

increasing concentration of CP-91149 for 24 hr. C) Quantitative data obtained from experiment 

outlined in B indicate mean DCF fluorescence intensity. One-way ANOVA, n=3, *p<0.05. D) 

Western blotting of indicated proteins from the mitochondrial and cytosolic fractions obtained 

from HepG2 cell lysates. COX-4 and tubulin show relative purity of fractions. E) Digitization of 

Western blot analysis performed in D using ImageJ software. One-way ANOVA, n=3, *p<0.05, 

**p<0.01. F) Representative images from the Western blotting of whole cell lysates obtained 

from HepG2 cells probed with cleaved caspase-3, cleaved caspase 8, and cleaved caspase-9 

antibodies. G) Digitization of Western blot performed in F using ImageJ software. One-way 
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ANOVA, n=3, *p<0.05, **p<0.01. H) HepG2 cell viability using MTT assay after 24 hr 

treatment with indicated concentrations of CP-91149 and NS3694. One-way ANOVA, n=3, 

**p<0.01 compared with control, ##p<0.01 compared between groups.  

 

 

Fig. 5. CP-91149 treatment induces autophagic adaptations in HCC cells: A) 

Immunofluorescence staining of endogenous LC3B in HepG2 cells incubated with increasing 

concentration of CP-91149 or tunicamycin (10 µg/mL) for 24 hr. Tunicamycin induces 

endoplasmic reticulum stress-associated autophagy and was used as a positive control. Scale bar: 

100 µm. Images are representative of three independent experiments. B) Quantification of LC3B-

positive punctate fluorescence using imageJ software. One-way ANOVA, n=3, **p<0.01. C) 

HepG2 whole cell lysates after treatment with the indicated concentrations of CP-91149 for 24 hr 

were analyzed by Western blotting with LC3B and Beclin-1 antibodies. Autophagy flux inhibitor 

chloroquine was used as a positive control. D) Digitization of Western blot analysis performed in 

C using ImageJ software. One-way ANOVA, n=3, *p<0.05, **p<0.01.  

 

Fig. 6. Endoplasmic reticulum (ER) stress pathway, necrosis, and necroptosis are not key 

mediators of CP-91149-induced death in HepG2 cells: A) Western blotting was employed to 

analyze the protein expression of ER stress markers phospho-JNK, JNK, and  BiP from HepG2 

cells treated with increasing concentration of CP-91149 or tunicamycin for 24 hr. ER stress 

inducer tunicamycin was used as a positive control. Images are representative from three 

independent experiments. B) Digitization of Western blotting performed in A using ImageJ 

software. One-way ANOVA, n=3, **p<0.01.  C) Determination of lactate dehydrogenase release 

after 24 hr incubation with etoposide or increasing concentration of CP-91149. One-way 

ANOVA, n=3, **p<0.01. D) MTT Cell viability assay of HepG2 cells treated with CP-91149 and 

necrostatin-1 for 24 hr either alone or in combination is shown. One-way ANOVA, n=3, 
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**p<0.01. E) Representative flow cytometric data of cell cycle analysis from CP-91149 treated 

HepG2 cells. F) Representative quantification of cell cycle analysis data indicating percentage of 

cells in given phases. The experiment was replicated to confirm data. 

 

Fig. 7. CP-91149 treatment potentiates the actions of the multikinase, anti-angiogenic inhibitors 

in HepG2 cells: Viability of HepG2 cells was determined after 24 hr incubation with CP-91149 

alone or in combination with A) sorafenib, B) regorafenib, C) 2-deoxy-D-glucose (48 hr 

incubation), D) 3-bromopyruvate , and E) 6-aminonicotinamide. One-way ANOVA, n=3, 

*p<0.05, **p<0.01. F-J) Combination index values of indicated drugs was calculated by the 

Chou-Talalay method using CompuSyn software. A number lesser than 1 indicates synergy 

(green), 1 indicates no effect (yellow), and a number greater than 1 indicates antagonism 

(red). 

 

Fig. 8. A schematic depicting cell death mechanism of CP-91149 in hepatocellular carcinoma 

cells: Allosteric inhibition of glycogen phosphorylase resulted in decreased viability of HepG2. 

Mitochondrial dysfunction was denoted by increased ROS generation, loss of mitochondrial 

membrane potential, and mitochondrial outer membrane permeabilization leading the release of 

cytochrome c. Subsequent activation of intrinsic apoptotic pathway led to cell death. Autophagic 

adaptations accompanied this process whereas primary necrosis, necroptosis, and ER stress were 

not involved. Glycogen metabolic inhibition synergized with multikinase inhibitors sorafenib and 

regorafenib and merits further investigation. 
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HIGHLIGHTS 

 

Inhibition of glycogen catabolism induces intrinsic apoptosis and augments multikinase 

inhibitors in hepatocellular carcinoma cells 

Shrikant Barota, Ehab M. Abo-Alia, Daisy Zhoub, Christian Palaguachib, and Vikas V. 

Dukhandea, * 

 

 

• Glycogen phosphorylase (GP) inhibition induces intrinsic apoptosis in liver cancer cells 

• Mitochondrial dysfunctions- ROS generation and loss of MMP accompany apoptosis  

• Autophagic adaptations are observed upon GP inhibition 

• GP inhibition potentiates multikinase inhibitors in liver cancer cells 

 
 


