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Abstract

Src family kinases (SFKs) play a crucial role in the regulation of multiple cellular pathways, 

including mitochondrial oxidative phosphorylation (OXPHOS). Aberrant activities of one of the 

most predominant SFKs, c-Src, was identified as a fundamental cause for dysfunctional cell 

signaling and implicated in cancer development and metastasis, especially in human hepatocellular 

carcinoma (HCC). Recent work in our laboratory revealed that c-Src is implicated in regulation 

of mitochondrial energy metabolism in cancer. In this study, we investigated the effect of c-Src 

expression on mitochondrial energy metabolism by examining changes in the expression and 

activities of OXPHOS complexes in liver cancer biopsies and cell lines. An increased expression 

of c-Src was correlated with an impaired expression of nuclear- and mitochondrial-encoded 

subunits of OXPHOS complexes I and IV, respectively, in metastatic biopsies and cell lines. 

Additionally, we observed a similar association between high c-Src and reduced OXPHOS 

complex expression and activity in mouse embryonic fibroblast (MEF) cell lines. Interestingly, 

the inhibition of c-Src kinase activity with the SFK inhibitor PP2 and c-Src siRNA stimulated the 

expression of complex I and IV subunits and increased their enzymatic activities in both cancer 

and normal cells. Evidence provided in this study reveals that c-Src impairs the expression and 

function of mitochondrial OXPHOS complexes, resulting in a significant defect in mitochondrial 

energy metabolism, which can be a contributing factor to the development and progression of 

liver cancer. Furthermore, our findings strongly suggest that SFK inhibitors should be used in the 

treatment of HCC and other cancers with aberrant c-Src kinase activity to improve mitochondrial 

energy metabolism.
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1. Introduction

Src family kinases (SFKs) are a major group of tyrosine (Tyr) kinases that are essential for 

the regulation of a large number of intracellular signaling pathways, including cell growth 

and proliferation, differentiation, motility, adhesion, cell death, and survival, in a variety of 

cell types [1, 2]. Aberrant expression of SFK members, such as c-Src, have been shown to 

induce malignant properties in cells, thereby establishing them as proto-oncogenes [3–5]. In 

fact, the increased expression and/or activity of c-Src kinase has been observed in colorectal, 

ovarian, lung, breast, and liver cancer [6–9], including human hepatocellular carcinoma 

(HCC) which is the most common type of liver cancer and one of the most malignant and 

metastatic cancers worldwide [10, 11].

c-Src is one of the ubiquitously expressed SFK members with a high sequence homology 

to Yes and Fyn and, consequently, has overlapping functions in cellular pathways [12, 13]. c-

Src, as well as several other SFKs, Fyn, Fgr, Lyn, and Lck, are localized to the mitochondria 

and regulate mitochondrial pathways [14–17], such as pyruvate decarboxylation [18], the 

tricarboxylic acid (TCA) cycle [19, 20], apoptosis [21], and oxidative phosphorylation 

(OXPHOS) [19, 20, 22–27]. OXPHOS is supported by four electron transfer chain 

complexes, complex I-IV and ATP synthase, complex V. The majority of these complexes 

have been shown to be Tyr phosphorylated by SFKs; however, c-Src was identified as the 

kinase responsible for the phosphorylation of two nuclear-encoded subunits, NDUFB10 and 

NDUFV2, of complex I, SDHA of complex II, and the mitochondrial-encoded subunit, 

COII, of complex IV [23–26]. The phosphorylation of COII by c-Src kinase and the 

epidermal growth factor receptor (EGFR) were shown to regulate the activity of complex 

IV as well as cellular ATP synthesis in several normal and cancer cell lines [23]. In 

addition to the alteration of OXPHOS activity by SFK phosphorylation of its complexes, 

our laboratory recently demonstrated the implication of Fyn with mitochondrial translation 

which is responsible for the synthesis of the 13 core subunits of OXPHOS complexes I, 

III, IV, and V [12]. Although reduced mitochondrial function and c-Src activity have been 

implicated in promoting the Warburg effect in various cancer types [18, 28, 29], the role of 

c-Src in mitochondrial energy metabolism in liver cancer still remains to be established.

In this study, we investigated the role of c-Src on mitochondrial energy metabolism by 

studying the steady-state expression of OXPHOS complex subunits. We observed increased 

expression of c-Src in metastatic liver tumors and the metastatic liver cancer cell line, 

Hep3B, which was correlated with significant reductions in the expression and activity 

of OXPHOS complex I and IV subunits. Additionally, we observed the same association 

between high c-Src expression and impaired OXPHOS complex expression and activity 

in mouse embryonic fibroblast (MEF) cell lines. Interestingly, the inhibition of c-Src with 

the SFK inhibitor PP2 stimulated the expression of complex I and IV subunits, improved 
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their enzymatic activities, and significantly reduced cell proliferation in both cancer and 

normal cell lines. The suppression of c-Src using c-Src siRNA was also shown to increase 

mitochondrial OXPHOS expression. Our studies strongly indicate that c-Src impairs the 

expression and function of OXPHOS complexes, which can be one of the underlying factors 

for the development and progression of liver cancer. Furthermore, our findings provide 

evidence that the inhibition of SFKs with PP2 can be used as possible therapeutic strategies 

to inhibit cell proliferation and improve mitochondrial function and energy metabolism in 

liver cancers

2. Materials and methods

2.1. Liver tumor samples

Liver tissue biopsies, five cancerous and four non-cancerous, were derived from patients 

treated at the Pennsylvania State University Health Milton S. Hershey Medical Center. 

Protein lysates used in Western blot analyses were obtained by the resuspension and 

sonication of tissues in RIPA buffer containing 1% SDS. Lysates were then separated 

by 12% SDS-PAGE, transferred to nitrocellulose membranes, and probed with various 

antibodies, as described below.

2.2. Cell culture

Human liver cancer Hep3B and HepG2 cell lines and mouse embryonic fibroblast (MEF) 

cells with endogenous expression of c-Src, Yes, and Fyn (WT), MEF cells with functional 

null mutations in both alleles of c-Src, Yes, and Fyn kinases (SYF), MEF cells with an 

endogenous expression of c-Src kinase and null mutations in Yes and Fyn (Src++), and SYF 

cells with a stable over expression of c-Src kinase (Src) were purchased from the American 

Type Culture Collection (ATCC). Monolayer cultures of each cell line were maintained 

in Dulbecco’s modified Eagles Medium (DMEM) (Hyclone, Thermo-Scientific, Waltham, 

MA) with 4.5 g/L glucose and adjusted to contain 10% fetal bovine serum (FBS) (Rocky 

Mountain Biologicals, Missoula, MT), 4 mM glutamine, 1 mM pyruvate, and 1% penicillin/

streptomycin (P/S) (Corning Cellgro, Manassas, VA). The cells were grown in a humidified 

incubator at 37 °C with 5% CO2. Collected cells were treated with sodium orthovanadate to 

preserve Tyr phosphorylation [30, 31].

Transfections of siRNAs were performed using Lipofectamine transfection reagent 

according to the manufacturer’s protocols (Thermo Fisher Scientific). Partial knock down 

of human and mouse c-Src were performed using control and c-Src siRNAs obtained from 

Santa Cruz Biotechnology Inc. (Dallas, TX). The Hep3B, HepG2, WT, SYF, Src++, and 

Src cell lines were also treated with the Src family kinase inhibitor PP2 (4-amino-5-(4-

chlorophenyl)-7-(dimethylethyl)pyrazolo[3,4-d]pyrimidine) (EMD Chemicals, Gibstown, 

NJ) [32], dissolved in dimethyl sulfoxide (DMSO), at concentrations ranging from 0 – 

10 μM. Briefly, cells were seeded at 25×104 cells/mL in DMEM containing 0.2% FBS 

and incubated for 24 h. The media was then replaced with fresh DMEM containing 10% 

FBS and cells were treated with PP2 for 24 – 72 h. To measure cell proliferation, cells 

were grown as described above and counted using the Trypan blue exclusion assay. For 

reactive oxygen species (ROS) generation assays, cells were grown as described above and 
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the amount of ROS produced by the Hep3B and HepG2 cells was measured using Amplex 

Red assays (Thermo Fisher Scientific) according to the manufacturer’s protocol. The results 

for cell proliferation and ROS generation assays are represented as the mean ± SD of at least 

three experiments for each group and presented as a percentage of the control cells (HepG2 

cells = 100%; control cells for treatments = 100%).

2.3. Western blot analyses

Whole cell lysates obtained from liver biopsies and cell lines were lysed in RIPA buffer 

containing 50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% 

NP40, 0.1% SDS, 0.5% DOC, 1 mM PMSF, and protease and phosphatase inhibitor 

cocktails. Protein concentrations were determined using the bicinchoninic protein assay 

(BCA) (Pierce, Rockford, USA). The protein lysates (10 – 40 μg) were separated by 12% 

SDS-PAGE, transferred to nitrocellulose membranes (Amersham, GE Healthcare, Pittsburg, 

PA), stained with Ponceau S to ensure equal protein loading, blocked in a Tris-buffered 

saline (TBS) containing 0.05% Tween-20 (TBST), 5% (w/v) dry skim milk, and 1% 

BSA, and incubated with the corresponding primary antibodies overnight. Human and 

rodent OXPHOS complex cocktails and SDHA antibodies were purchased from Sigma 

Aldrigh (St. Louis, MO). Citrate synthase (CS), ACOX1, and c-Src kinase antibodies were 

purchased from Santa Cruz (Dallas, TX). Phosphotyrosine (PY-100), phospho-Src family 

(pSFK), LDHA, and PDH antibodies were purchased from Cell Signaling Technologies 

(Danvers, MA). The pSFK antibody detects the phosphorylation of c-Src and other family 

members Fyn, Lyn, Lck, Yes, and Hck at the kinase activation site Tyr416 (pTyr416) or the 

equivalent residue. The loading control antibody GAPDH was purchased from Fitzgerald 

(Acton, MA). Mitochondrial EF-Tu and TFAM antibodies were kind gifts from Dr. Linda 

Spremulli and Dr. Craig Cameron, respectively. The protein immunoreactivity was detected 

using the ECL Western blotting detection kit from Amersham (GE Healthcare, UK) and 

the membranes were developed per the manufacturer’s protocol. The membranes were 

exposed to autoradiography films and band intensities were quantified using UN-Scan-It 

(Silk Scientific, Inc, Orem, UT) and ImageJ [33]. The quantified values were normalized to 

the protein loading determined by Ponceau S staining and GAPDH antibody probing of the 

membranes. The expression of each protein was quantified from individual tissue and cell 

lysates from at least three independent experiments. The results represent the mean ± SD for 

each quantified sample and are expressed as a percentage of the control cells (non-cancerous 

liver tissues = 100%; HepG2 cells = 100%; SYF cells = 100%; control cells for treatments = 

100%).

2.4. Mitochondrial OXPHOS complex enzymatic activity assays

Cell pellets were dissolved in a buffer containing 10 mM Tris-HCl (pH 7.0), 250 mM 

sucrose, and phosphatase and protease inhibitor cocktails. Briefly, for the complex I and 

III enzymatic activity assay, cell lysates were further diluted in a 50 mM phosphate buffer 

(pH 7.4) containing 1 mM potassium cyanide, 1 mg/mL BSA, and 100 μM cytochrome c. 

Protein concentrations were determined using the BCA protein assay and protein amounts 

were normalized by Ponceau S staining and GAPDH antibody probing of the membranes. 

The reactions were started by adding 200 μM NADH and the combined activity of complex I 

and III was determined spectrometrically by measuring the reduction of cytochrome c at 550 
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nm. The complex IV enzymatic activity protein lysates were diluted in a 50 mM phosphate 

buffer (pH 7.4) containing 1 mM EDTA and 100 μM reduced cytochrome c. The activity 

of complex IV was also measured spectrometrically by monitoring cytochrome c oxidation 

at 550 nm, as previously described [34]. The rate of cytochrome c reduction and oxidation 

were calculated by dividing the change in absorbance at 550 nm between two linear points 

by the difference in time using the formula: Rate = (Abs 1 – Abs 2) / (Time 1 – Time 2). 

Each sample was run in triplicate for each experiment. The data are expressed as the mean 

± SD of at least three experiments and are presented as a percentage of the control (HepG2 

cells = 100%; SYF cells = 100%; control for treated cells = 100%).

2.5. Statistical analysis

Statistical analyses were performed using GraphPad Prism 6.07. Statistically significant 

differences between non-cancerous/cancerous liver biopsies, HepG2/Hep3B cell lines, MEF 

(WT/SYF//Src++/Src) cell lines, and control/treated cells were detected using unpaired 

Student’s t-tests (2-tailed), *P < 0.05. The non-cancerous tissues, HepG2, SYF, and control 

cells for treatments were set to 100% during statistical analyses. All data are expressed as 

mean ± SD, unless otherwise described.

3. Results and Discussion

3.1. c-Src is overexpressed in metastatic liver cancers

Aberrant expression and activity of c-Src was reported in patients with HCC and was 

positively correlated with tumor stage and metastasis. Thus, c-Src is believed to play an 

important role in the malignant transformation of hepatocytes [10, 11]. Although c-Src 

has been located in the mitochondria and established as one of the major regulators of 

mitochondrial energy metabolism and OXPHOS in various cell lines [14, 15] and has 

been identified as a promoter of the aggressiveness of breast cancer cells by reduced 

mitochondrial activity [9], the effects of c-Src on the expression of OXPHOS complex 

subunits in liver cancer have yet to be determined. Therefore, a better understanding of 

c-Src signaling and mitochondrial energy metabolism in liver cancer is essential to improve 

disease prognosis and treatments. To investigate c-Src kinase in liver cancer, we examined 

and compared the expression of c-Src in two groups of liver biopsies, cancerous and non-

cancerous (patient tissue characteristics described in Table 1), by Western blot analyses. The 

expression of c-Src was detected in all liver tissues with a significantly higher expression of 

approximately 61% in the cancerous tissues compared to the non-cancerous tissues (Fig. 1). 

We also assessed the activation of c-Src by observing its phosphorylation at Tyr416, which 

is located in the activation loop of the kinase domain and is responsible for the enzymatic 

activity of c-Src when phosphorylated [2, 35]. The phospho-Src family (pSFK) antibody 

detects the endogenous c-Src phosphorylation at Tyr416, in addition to the phosphorylation 

of other SFK members, Lyn, Fyn, Lck, Yes, and Hck, at equivalent activation sites. 

An increase in SFK phosphorylation was also detected in liver cancer biopsies with an 

increased phosphorylation in cancerous tissues, especially those correlated with a higher 

c-Src expression (Fig. 1). The SFK phosphorylation was increased in the non-cancerous 

tissue from patient 7; however, this increase in pSFK may be due to the detection of another 

active SFK member. Interestingly, the tissues with the highest expression of c-Src and pSFK 
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were metastatic adenocarcinomas (Table 1) from patients 2, 3, and 5 (Fig. 1), implying that 

increased c-Src expression and activity may contribute to the metastatic state of the tumors.

Subsequently, the steady-state expression of OXPHOS complex subunits was also examined 

in the two tissue groups using an antibody cocktail that detects the nuclear-encoded subunits 

of complex I (NDUFB8), II (SDHB), III (UQCRC2), and V (ATP5A) and the mitochondrial-

encoded subunit of complex IV (COII) (Fig. 1), along with an antibody for complex II 

(SDHA). The lysates were also probed with GAPDH antibody as a protein loading control. 

Compared to the non-cancerous biopsies, the expression of complex III and V subunits 

(UQCRC2 and ATP5A, respectively) were reduced in the cancerous tissues, while the 

subunits of complexes I (NDUFB8) and II (SDHA and SDHB) were significantly decreased 

by roughly 55%, 45%, and 25%, respectively, as shown in Fig. 1. The expression of 

the mitochondrial-encoded complex IV subunit (COII) was also substantially decreased 

by approximately 35% in the cancerous liver tissues (Fig. 1). Surprisingly, the lowest 

expression of OXPHOS complexes was also identified in the metastatic tissues from patients 

2, 3, and 5 (Fig. 1), potentially implicating impaired OXPHOS complex expression in cancer 

metastasis. The altered expression of both nuclear- and mitochondrial-encoded OXPHOS 

subunits implies that there may be a possible defect in protein synthesis. Due to these 

findings, we investigated two factors essential to the synthesis of mitochondrial proteins. 

The expression of both mitochondrial transcription factor A (TFAM) and mitochondrial 

elongation factor Tu (EF-Tu) was comparable between the two tissue types, signifying that 

the synthesis of nuclear- and mitochondrial-encoded OXPHOS subunits may be regulated 

by c-Src kinase. These results strongly suggest that increased c-Src expression is correlated 

with reduced OXPHOS subunit expression and may play a role in liver cancer.

To further examine the impaired OXPHOS complex expression observed in the cancerous 

liver tissues above, we analyzed the expression of several crucial metabolic enzymes that 

control OXPHOS by regulating pathways such as the citric acid cycle (CAC), fatty acid 

beta oxidation, and pyruvate metabolism, including peroxisomal acyl-coenzyme A oxidase 

1 (ACOX1), citrate synthase (CS), pyruvate dehydrogenase (PDH), as well as mitochondrial 

markers heat shock protein 60 (HSP60) and voltage-dependent anion channel (VDAC)/

porin. The expression of ACOX1, the first enzyme of the fatty acid beta oxidation pathway, 

is significantly decreased in the cancerous tissues from patients 2, 3, and 5, indicating 

that fatty acid beta oxidation is reduced in these patients which possibly implies lower 

energy production through oxidative phosphorylation, as observed by reduced expression 

of OXPHOS complexes (Fig. S1). Next, we also examined the expression of citrate 

synthase, one of the major checkpoints for the CAC. CS expression was comparable 

between the cancerous and non-cancerous liver tissues (Fig. S1) suggesting that the CAC 

activity is relatively equal between the two tissue types. Due to these findings, we further 

analyzed other metabolic pathways and enzymes that converge onto the CAC, such as 

PDH. The expression of PDH, which is a critical enzyme involved in the regulation of 

pyruvate metabolism by catalyzing the conversion of pyruvate to acetyl-CoA and connecting 

glycolysis to the CAC and mitochondrial oxidative metabolism. The expression of PDH was 

higher in the cancerous tissues of patients 2, 3, and 5 (Fig. S1), implying that pyruvate 

metabolism is high in liver cancer tissues. Interestingly, c-Src expression, which has been 

shown to phosphorylate, inactivate PDH, and cause a restraint on the pyruvate flux into 
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mitochondrial metabolism [18], was increased in these cancerous liver tissues (Fig. 1). 

Therefore, although the expression of PDH was increased, the presence of high c-Src 

expression may inhibit the activity of PDH, causing these metastatic tissues to rely more 

on glycolysis than mitochondrial oxidative metabolism, the Warburg effect. Combined, 

our results suggest that c-Src may be contributing to the metabolic reprogramming 

of cancer tissues and inducing cancer metastasis by impairing mitochondrial oxidative 

phosphorylation.

To ensure the reduction in the expression of OXPHOS complexes was not a result of 

decreased mitochondrial mass, we assessed the expression of two mitochondrial markers, 

VDAC/porin and HSP60. The expression of VDAC/porin, found in the mitochondrial 

outer membrane, was comparable between cancerous and non-cancerous tissues, implying 

comparable amounts of mitochondria between each liver tissue analyzed (Fig. S1). The 

expression of HSP60, a mitochondrial chaperone protein that is responsible for the folding 

and assembly of newly imported proteins in the mitochondria, was slightly reduced (Fig. 

S1). Additionally, minor differences were observed in the expression of mitochondrial 

matrix protein, CS, between the cancerous and non-cancerous liver tissues, demonstrating 

that mitochondrial content was almost equal levels in both tissue types. These findings 

suggest that the decrease in OXPHOS complex expression was largely a result of the 

expression and activation of c-Src kinase.

3.2. c-Src is expressed in metastatic liver cancer cell line

The findings from the liver biopsies led us to further explore the relationship between c-Src 

and OXPHOS complex expression by studying their expressions in whole cell lysates from 

two of the most common liver cancer cell lines, Hep3B and HepG2, which are isolated from 

patients with primary HCC and hepatoblastoma (HB), respectively [36–38]. HepG2 cells 

express proteins that are characteristic of normal hepatocytes, while proteins expressed in 

Hep3B cells are involved in the induction of the epithelial mesenchymal transition (EMT) 

[38]. Due to the increased expression of c-Src in the metastatic liver biopsies, we first 

assessed its expression in both cell lines. c-Src expression was clearly increased in Hep3B 

cells compared to almost no expression in HepG2 cells (Fig. 2A). Surprisingly, we found 

relatively similar SFK phosphorylation between Hep3B and HepG2 cell lines (Fig. 2A), 

indicating other SFK members are active in the two cell lines. Since a handful of SFKs 

have been located in the mitochondria [14, 15], we analyzed the expression of some of these 

kinases. The expression of Lyn was comparable between the two cell lines (data not shown), 

while the expression of Lck and Fyn (data not shown) were increased in HepG2 cells, as 

previously described [12]. Therefore, the expression of Lyn, Lck, Fyn, c-Src, and other SFKs 

contribute to the pSFK signal detected in Hep3B and HepG2 cells. Yet, our results clearly 

show c-Src expression is only found in the metastatic Hep3B cell line.

The mitochondrial localization of c-Src has been shown to increase [26, 39] or decrease 

[18, 23] the OXPHOS activity and expression in various cell lines. Due to our findings 

in the liver biopsies and the expression of c-Src in the Hep3B liver cancer cell line 

only, we investigated the relationship between c-Src and changes in mitochondrial energy 

metabolism by observing the expression of OXPHOS subunits. Similar to what was found 
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in the metastatic cancerous liver tissues from patients 2, 3, and 5 (Fig. 1), the subunits of 

complexes II, III, and V were decreased in Hep3B cells compared to HepG2 cells (Fig. 2A), 

with significant reductions in the expression of the nuclear-encoded subunit of complex I 

and the mitochondrial-encoded subunit of complex IV (NDUFB8 and COII, respectively) 

in Hep3B cells (Fig. 2A). Even with a lower expression of mitochondrial-encoded COII, 

the expression of EF-Tu and TFAM were comparable between the two cell lines (Fig. 

2A). These results imply that c-Src may regulate the expression of both nuclear- and 

mitochondrial-encoded OXPHOS subunits in liver cancer tissues and cell lines.

Next, we determined the effects of the reduced expression of NDUFB8 and COII on 

mitochondrial oxidative phosphorylation and energy metabolism by performing complex 

I and III and complex IV enzymatic activity assays in both cell lines. As shown in Fig. 

2B, a significant decrease of approximately 60% was observed in the complex I and III 

activity and a reduction of about 50% was found in the complex IV activity in Hep3B 

cells compared to HepG2 cells. The impaired complexes I and III and complex IV activities 

in Hep3B cells can be attributed to the reduction of the expression of nuclear-encoded 

NDUFB8 and mitochondrial-encoded COII, which are the two core subunits of complexes 

I and IV, respectively. The reduced COII expression and activity are in agreement with 

previous studies that demonstrate reduced complex IV activity due to the phosphorylation 

of COII by c-Src and EGFR [23, 40]. Since ROS are major byproducts of OXPHOS, 

we examined the ROS production in Hep3B and HepG2 cell lines. ROS generation was 

significantly reduced in Hep3B cells, which is possibly a result of the decreased OXPHOS 

expression and activity found in Hep3B cells. Although Hep3B cells had significantly lower 

OXPHOS function, cell proliferation increased compared to HepG2 cells.

To further study the decrease in OXPHOS activity and subunit expression in Hep3B 

cells, we analyzed the expression of several metabolic enzymes that control OXPHOS. 

The expression of ACOX1 was increased in Hep3B cells compared to HepG2 cells, 

demonstrating increased peroxisomal fatty acid oxidation in these cells (Fig. 2C). The 

expression of CS, PDH, and lactate dehydrogenase A (LDHA) were decreased in Hep3B 

cells implying that the reduction in OXPHOS may be a result of impaired CAC and pyruvate 

metabolism and further suggesting that Hep3B cells may rely more on anaerobic glycolysis 

for energy metabolism. In fact, both PDH and LDHA have known to be phosphorylated 

by c-Src induce a more metastatic phenotype in various cancers [18, 41, 42], similar to 

our observation in Hep3B cells. Reductions in the expression of these metabolic enzymes 

could be caused by the diminished OXPHOS subunit expression and/or activity in Hep3B 

cell lines. Although the expression of mitochondrial marker, HSP60, is comparable between 

Hep3B and HepG2 cells indicating similar mitochondrial presence in the two cell lines, 

mitochondrial OXPHOS is regulated by c-Src kinase expression and activity. Along with 

an aberrant activity of c-Src, decreased expression of OXPHOS complexes I and IV 

and reduced mitochondrial function have been correlated with cancer metastasis and the 

induction of EMT [43, 44]. The expression of several EMT factors analyzed were increased 

in Hep3B compared to HepG2 cell lines (data not shown), confirming the metastatic state 

of Hep3B cells, as previously described [37, 38]. Furthermore, our findings suggest that 

increased c-Src expression may impair OXPHOS expression and activity which could 

contribute to the metastatic phenotype of the Hep3B cell line.
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3.3. Inhibition of c-Src stimulates the expression of OXPHOS subunits

Our data provide strong evidence that c-Src expression is associated with impaired 

OXPHOS complex expression and activity in liver cancer cells. Since aberrant expression of 

c-Src was shown in metastatic liver cancer tissues and cell lines (Figs. 1 and 2) and has been 

correlated with cancer metastasis, recurrence, adverse prognosis, and resistance to therapies 

[8, 11, 45], we investigated c-Src kinase as a potential target for liver cancer therapies by 

treating Hep3B and HepG2 cell lines with the selective SFK inhibitor PP2 at concentrations 

ranging from 0 – 10 μM for 72 h and investigated the steady-state expression of OXPHOS 

complex subunits. PP2 is a membrane-permeable inhibitor that blocks the ATP binding site 

of c-Src and prevents activation without altering its expression [17, 32].

We first determined the effect of PP2 treatments on c-Src kinase in Hep3B cells and 

observed a substantial decrease of approximately 40% in phosphorylation at Tyr416 

(pSFK) using the pSFK and the phospho-Tyr antibody, along with a reduction in the 

overall Tyr phosphorylation at PP2 concentrations ranging from 0 – 5 μM (Fig. 3A). 

Although SFK phosphorylation was lower, minor differences in the expression of c-Src 

were observed in the presence of PP2 (Fig. 3A). Interestingly, the suppression of c-Src 

kinase stimulated the expression of nuclear-encoded NDUFB8 and mitochondrial-encoded 

COII in a concentration-dependent manner, with a significant increase of approximately 

50% in their expression at 5 μM PP2, as shown in Fig. 3A. However, minor changes 

were found in most of the nuclear-encoded OXPHOS complex subunits, SDHB, UQCRC2, 

and ATP5A in the presence of PP2 (Fig. 3A). Despite the higher expression of COII and 

NDUFB8, the expression of EF-Tu and TFAM were comparable between the treated and 

control cells (Fig. 3A), demonstrating that the increased expression of OXPHOS subunits 

may be a result of c-Src inhibition and decreased Tyr phosphorylation. To determine if 

the increases in the expression of NDUFB8 and COII altered the function of complexes I 

and IV, respectively, we performed complex I and III and complex IV enzymatic activity 

assays. Significant increases were measured in the complex I and III activity of Hep3B cells 

treated with 2.5 and 5 μM PP2 (Fig. 3B). Similar increases were found in the complex 

IV activity of PP2 treated Hep3B cells (Fig. 3B). Additionally, the proliferation of Hep3B 

cells was decreased by approximately 65% and 80% at 2.5 and 5 μM PP2, respectively 

(Fig. 3B). The results of these studies demonstrated that the inhibition of c-Src kinase by 

PP2 stimulated OXPHOS complex expression which may be therapeutically beneficial to 

increase mitochondrial energy metabolism and possibly contribute to the decrease in cell 

proliferation.

In addition to Hep3B cells, we treated the HepG2 cell line with PP2 at concentrations 

ranging from 0 – 10 μM for 72 h. Minor differences were found in the expression of 

OXPHOS complex subunits in HepG2 treated cells compared to the control cells (Fig. S2). 

Yet, we showed a clear reduction in the proliferation of HepG2 cells, which was associated 

with reduced SFK phosphorylation at increasing concentrations of PP2 (data not shown). 

Although PP2 treatments reduced cell proliferation in both Hep3B and HepG2 cell lines by 

suppressing phosphorylation at Tyr416, the increase in OXPHOS complex subunits COII 

and NDUFB8 were only observed in Hep3B cells. These findings strongly imply that 

Hunter et al. Page 9

Cell Signal. Author manuscript; available in PMC 2022 August 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



c-Src impairs OXPHOS subunit expression, which can be alleviated when c-Src activity is 

suppressed.

As shown in Fig. 3C, siRNA mediated knock down of c-Src kinase was reduced c-Src 

expression and activity relative to the cells transfected with control siRNA in Hep3B 

cells. The expression of NDUFB8 and COII of complexes I and IV, respectively, were 

slightly increased by approximately 30% in cells transfected with c-Src siRNA (Fig. 3C). 

The expression of SDHB and UQCRC2, of complexes II and III, respectively, were also 

increased; however, the expression of ATP5A of complex V remained unchanged (Fig. 3C). 

Minor differences were also observed in the expression of TFAM and EF-Tu (data not 

shown), implying that the increase found in the expression of OXPHOS complexes may 

be a result of the suppression of c-Src. The increase in the expression of NDUFB8 and 

COII in Hep3B cells transfected with c-Src siRNA is similar to what was observed in PP2 

treated Hep3B cells (Fig. 3A). These findings provide further evidence that c-Src inhibition 

stimulates OXPHOS expression and increases mitochondrial energy metabolism. Therefore, 

c-Src should be closely evaluated as a therapeutic target for carcinomas with elevated c-Src 

expression and activity.

3.4. c-Src expression impairs the expression of OXPHOS complexes

Above, we clearly showed increased c-Src expression was associated with impaired 

OXPHOS subunit expression and complexes I and III and IV activities, in metastatic liver 

cancer tissues and cell lines. To further examine the functional significance of c-Src on 

mitochondrial energy metabolism, we investigated changes in the expression of OXPHOS 

complexes in more homogenous cellular systems. For this purpose, we used the mouse 

embryonic fibroblast (MEF) cell line (WT cells), MEF cells with functional null mutations 

in both alleles of c-Src, Yes, and Fyn (SYF cells), MEF cells with an endogenous expression 

of wild-type c-Src and null mutations in Yes and Fyn (Src++ cells), and SYF cells with a 

stable over expression of wild-type c-Src kinase (Src cells). Detection of c-Src expression 

by Western blot analyses in all four cell lines revealed varying expression of c-Src in WT, 

Src++ and Src cells (Fig. 4A) compared to its complete knock-down in SYF cells. The pSFK 

level was significantly higher in Src++ and Src cells compared to SYF cells with the highest 

phosphorylation in WT cells (Fig. 4A). The phosphorylation of Tyr416 in WT cells detected 

by pSFK antibody could be a result of the activation of c-Src as well as Yes, Fyn, and other 

SFKs expressed in WT cells. The levels of pSFK detection in WT, Src++, and Src cell lines 

can also be correlated to level of Tyr phosphorylation in these cell lines (Fig. S3) confirming 

both c-Src expression and activity in Src++, Src, and WT cells compared to SYF cells.

We also assessed the steady-state expression of OXPHOS subunits in these cell lines using 

a rodent OXPHOS antibody cocktail that detects subunits from nuclear-encoded complex 

I (NDUFB8), II (SDHB), III (UQCRC2), V (ATP5A), and the mitochondrial-encoded 

complex IV (COI) (Fig. 4A). Significant reductions were observed in the expression of 

the nuclear-encoded complex I (NDUFB8) and mitochondrial-encoded complex IV (COI) 

subunits with increasing c-Src expression in WT, Src++, and Src cells compared to the SYF 

cells (Fig. 4A). On the contrary, the expression complexes II, III, and V subunits were 

comparable among all the cell lines (Fig. 4A). These results strongly suggest that c-Src 
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expression impairs the expression of complexes I and IV subunits in mouse embryonic 

fibroblast cells.

To determine the effect of reduced NDUFB8 and COI expressions, we performed 

mitochondrial complex I and III and complex IV activity assays in WT, SYF, Src++, and 

Src cells. The activity of complex I and III was significantly decreased with an increasing 

expression of c-Src found in WT, Src++, and Src cells compared to SYF cells (Fig. 4B). 

Similarly, the complex IV activity was also decreased in WT, Src++, and Src cells compared 

to the SYF cell line (Fig. 4B). Therefore, the impaired complex I and III and complex IV 

activities can be attributed to the reduced expression of the core subunits, NDUFB8 and 

COI, and associated with an increase in c-Src expression in these cells.

c-Src kinase has also shown to control cell proliferation, migration, and adhesion; 

consequently, we examined the cell proliferation of fibroblast cells with and without c-Src 

expression. In cells expressing c-Src, cell proliferation was significantly higher compared to 

SYF cells (Fig. 4B). Increased cell proliferation and c-Src activity are correlated with high 

glycolytic metabolism by inhibiting PDH activity and OXPHOS, as previously described 

[18]. Therefore, the increased c-Src expression could also cause inhibition of PDH activity, 

resulting in diminished OXPHOS as observed in MEF cell lines (Fig. 4). These findings are 

in agreement with our Hep3B cell line data shown above and further imply that c-Src alters 

the enzymatic activity of OXPHOS complexes, possibly by changing the expression of their 

subunits. Together, our results obtained with liver biopsies and cell lines suggest that c-Src 

expression regulates mitochondrial function in both normal and cancerous cells.

3.5. c-Src inhibition with PP2 stimulates the expression of OXPHOS subunits

Our data provide strong evidence that c-Src expression is associated with impaired 

OXPHOS subunit expression and activity in normal and cancerous cells. To investigate 

if the inhibition of c-Src kinase activity could improve OXPHOS subunit expression and 

function, we first treated MEF cell lines expressing the highest c-Src kinase, Src cells, with 

PP2 for 24 – 48 h. As expected PP2 treatments decreased overall Tyr phosphorylation and 

the phosphorylation of c-Src at Tyr416 without influencing the c-Src expression (Fig. 5A). 

Interestingly, the steady-state expression of nuclear-encoded NDUFB8 and mitochondrial-

encoded COI subunits of complexes I and IV, respectively, were significantly increased 

with PP2 treatments compared to the control cells, while minor changes were observed in 

the expression of the remainder of the OXPHOS subunits detected by the rodent antibody 

cocktail (Fig. 5A). Despite the higher expression in COI and NDUFB8, the expression of 

EF-Tu and TFAM (data not shown) were comparable, suggesting that the increase in the 

expression of OXPHOS subunits may be a result of the inhibition of c-Src kinase activity 

and the associated changes in Tyr phosphorylation.

Subsequently, significant increases of roughly 40% and 50% were observed in the enzymatic 

activities of complexes I and III and complex IV in PP2 treated Src cells, respectively, which 

may be a result of the stimulated expression of the NDUFB8 and COI subunits (Fig. 5B). 

In fact, the OXPHOS subunit expression and activity found in PP2 treated Src cells was 

comparable to the subunit expression SYF cell lines (Figs. 4 and 5). The morphology of 

PP2-treated Src cells became similar to that of SYF cells (data not shown). Clearly, cell 

Hunter et al. Page 11

Cell Signal. Author manuscript; available in PMC 2022 August 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



proliferation was also reduced by approximately 50% in PP2 treated Src cells compared to 

the control cells (Fig. 5B), further demonstrating the role of c-Src on cell proliferation and 

morphology.

In addition to the treatment of Src cells with PP2, we also treated the WT, Src++, and SYF 

cell lines with PP2. Similar to what was observed in Src cells, we detected an increase in 

the expression of NDUFB8 and COI of complexes I and IV, respectively, in PP2 treated 

Src++ cells (Fig. S4) and WT cells (data not shown). The increases in the expression of 

NDUFB8 and COI were correlated with a decrease in c-Src activity, determined by the 

changes in the pSFKs at Tyr416 and total Tyr phosphorylation. Additionally, increasing 

concentrations of PP2 were also correlated with significant decreases in cell proliferation 

in Src++ (Fig. S4) and WT (data not shown) cell lines. To ensure the increases in the 

expression of OXPHOS complexes I and IV were a result of reduced c-Src activity, we 

treated SYF cell lines with PP2 for 48 h and observed the effects on OXPHOS complexes. 

Although the cell proliferation was diminished in SYF cells treated with PP2, the OXPHOS 

subunit expressions were comparable between the control and PP2 treated SYF cells (Fig. 

S5). Combined, these results demonstrate the negative effects of c-Src on mitochondrial 

OXPHOS and energy metabolism, cell proliferation, and cell morphology which can be 

alleviated in the presence of an SFK inhibitor, such as PP2.

3.6. c-Src knock down increases OXPHOS subunit expression

Above, we demonstrated that the c-Src expression was correlated with a decrease in 

OXPHOS subunit expression and activity in cells treated with PP2. To further investigate 

c-Src inhibition, we transfected WT, Src++, and Src cell lines with mouse specific c-

Src siRNA. The c-Src expression was significantly reduced in WT, Src++, and Src cell 

lines (Figs. 6A, 6B, and 6C, respectively) transfected with c-Src siRNA relative to cells 

treated with control siRNA. A significant increase was observed in the expression of 

NDUFB8 and COI of complexes I and IV, respectively, in all three cell lines transfected 

with c-Src siRNA (Fig. 6). The remainder of the OXPHOS subunits, were comparable 

between the cells transfected with the control and c-Src siRNAs. Clearly, the increases 

in OXPHOS subunit expression was a result of the c-Src knock down in these MEF cell 

lines expressing c-Src to varying degree. Therefore, our findings strongly suggest that c-Src 

regulates mitochondrial energy metabolism by inhibiting the expression and activity of 

OXPHOS complexes, specifically complexes I and IV. Furthermore, our results demonstrate 

that therapies targeting c-Src kinase alleviate the inhibition on mitochondrial oxidative 

phosphorylation and could be beneficial for the treatment of cancers with elevated c-Src 

expression and activity.

4. Conclusions

Increased c-Src expression and activity are recognized as major underlying factors in the 

development of various diseases, including cancer, and is also suggested to contribute to 

increased metastatic, recurrence, and resistance rates in HCC [10, 11]. Although many 

systemic agents have been studied, to date, Sorafenib is the only approved drug for the 

systemic treatment of HCC, which has been shown to only extend the life of patients by 
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3–4 months [46–48]. Interestingly, c-Src is also located in the mitochondria and shown 

to alter mitochondrial energy metabolism via regulating OXPHOS complexes [23–26]. 

In some cases, c-Src has also been shown to induce the Warburg effect by inhibiting 

mitochondrial energy metabolism [18, 29]. Therefore, due to the various functions of c-Src 

in cell signaling, a better understanding of its role in mitochondrial energy metabolism in 

cancer and normal cells is essential.

In this study, we examined the effects of aberrant c-Src expression on mitochondrial energy 

metabolism by determining the relative changes in the expression of OXPHOS subunits 

in human liver cancer biopsies and cell lines. We clearly demonstrated that increased 

expression of c-Src was associated with an impaired expression of OXPHOS subunits in 

metastatic liver cancer biopsies and the Hep3B cell line. More importantly, we showed 

diminished OXPHOS subunit expression and activity in mouse embryonic fibroblast cells 

expressing c-Src kinase alone. These results demonstrated an inhibitory effect of c-Src on 

mitochondrial function in both health and disease.

Both c-Src kinase and mitochondrial energy metabolism have become important targets 

for cancer therapy. We investigated the effects of c-Src inhibition on mitochondrial energy 

metabolism by treating cells with the SFK inhibitor PP2 as well as transfecting cells with 

c-Src siRNA. A significant increase in the expression of complexes I and IV and their 

corresponding activities was shown in the metastatic Hep3B cell line in addition to c-Src 

expressing mouse fibroblast, WT, Src++, and Src, cell lines treated with PP2 and c-Src 

siRNA. Interestingly, the inhibition of c-Src was also shown to reduce cell proliferation in 

Hep3B and c-Src expressing MEF cells, suggesting that c-Src regulates cell proliferation 

by modulating OXPHOS. Our results provide a better understanding of the relationship 

between c-Src and OXPHOS expression in normal and cancerous cells. Additionally, our 

results indicate that c-Src inhibition should be utilized in anti-cancer therapies to reduce cell 

proliferation and improve mitochondrial function.
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Highlights

• Mitochondrial oxidative phosphorylation is impaired in metastatic liver 

cancer

• Expression and activity of complexes I and IV are reduced in liver cancer

• c-Src kinase is associated with decreased oxidative phosphorylation

• c-Src inhibition stimulates oxidative phosphorylation expression and activity

• Oxidative phosphorylation and energy metabolism are regulated by c-Src 

kinase
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Figure 1. 
c-Src expression is increased in metastatic liver cancer tissues. The expression of OXPHOS 

subunits, including NDUFB8 (complex I), SDHA and SDHB (complex II), UQCRC2 

(complex III), COII (complex IV), and ATP5A (complex V) were detected by Western 

blot analyses. The expression of c-Src kinase, mitochondrial transcription factor A (TFAM), 

and mitochondrial elongation factor Tu (EF-Tu) were also detected. Approximately 30 

μg of whole cell lysates from each tissue was separated by 12% SDS-PAGE, and equal 

protein loading was determined by GAPDH antibody and Ponceau S staining of the 

membranes. The bar graphs represent the average quantitative analyses from densitometry of 

the expression of c-Src (top right panel) and the OXPHOS complex subunits (bottom right 

panel) of the two groups. Significant differences were identified in c-Src (P=0.0488), COII 

(P=0.0028), SDHA (P=0.0253), SDHB (P=0.0001), and NDUFB8 (P=0.0001). The data is 

represented as the mean ± SD of at least three experiments for each tissue group and are 

presented as a percentage of the non-cancerous tissues (non-cancerous tissues = 100%) (see 

Table 1 for details). Significant differences were observed between the non-cancerous and 

cancerous tissues via unpaired Student’s t-tests (2-tailed), *P < 0.05.
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Figure 2. 
c-Src is overexpressed in liver cancer cell lines. A) The expression of OXPHOS complex 

subunits, c-Src kinase, and mitochondrial proteins TFAM and EF-Tu were detected by 

Western blot analyses in Hep3B and HepG2 cell lines. Additionally, the phosphorylation 

of SFK members at the activation site, Tyr416 (pSFK), was also observed. Equal protein 

concentration was determined by GAPDH antibody expression and Ponceau S staining of 

the membranes. Quantification of the average expression of OXPHOS complex subunits 

between the two cell lines is shown in the bar graph (right panel). The results represent the 

mean ± SD of at least three independent experiments. Significant difference was observed 

between HepG2 and Hep3B cells in OXPHOS subunits COII (P = 0.0104) and NDUFB8 (P 

= 0.0001). The data is presented as a percentage of HepG2 protein expression (HepG2 cells 

= 100%). B) HepG2 and Hep3 cells were grown for 48 h and proliferation was measured 

by the Trypan blue exclusion assay (cell proliferation). Combined complex I and III activity 

was determined by measuring the rate of cytochrome c reduction at 550 nm using equal 

amounts (10 μg) of whole cell lysates obtained from HepG2 and Hep3B cells. Complex 

IV enzymatic activity was determined by measuring the rate of cytochrome c oxidation 

spectrometrically at 550 nm using equal amounts of HepG2 and Hep3B whole cell lysates. 
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ROS generation was assessed with the Amplex Red assay kit using equal concentrations 

of HepG2 and Hep3B cell lysates. Significant differences were observed between Hep3B 

and HepG2 cells in complex I and III activity (P = 0.0001), complex IV activity (P = 

0.0139), cell proliferation (P = 0.013), and ROS generation (P = 0.0002). C) The expression 

of metabolic enzymes peroxisomal acyl-coenzyme A oxidase 1 (ACOX1), citrate synthase 

(CS), pyruvate dehydrogenase (PDH), lactate dehydrogenase A (LDHA), and heat shock 

protein 60 (HSP60) were detected by Western blot analyses of HepG2 and Hep3B cell 

lines. See Fig. 1 legend for details. Values are presented as mean ± SD for at least 

three experiments and presented as a percentage of HepG2 (HepG2 = 100%). Significant 

differences were observed between Hep3B and HepG2 cells via unpaired student’s t-test 

(2-tailed) with Welch’s correction, *P < 0.05.
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Figure 3. 
Inhibition of c-Src increases OXPHOS expression in the Hep3B cell line. A) Hep3B cells 

were treated with 0 – 5 μM Src family kinase (SFK) inhibitor PP2 for 72 h before collection. 

Changes in the expression of OXPHOS complex subunits, c-Src, pSFK, Tyr phosphorylation 

(pTyr), EF-Tu, and TFAM were measured by Western blot analyses with respect to GAPDH 

antibody probing and Ponceau S staining of the membranes as equal protein loading 

controls. The phosphorylation of SFK members (pSFK) was detected by the pTyr antibody, 

indicated by an arrow, as well as the pSFK antibody that detects phosphorylation at Tyr416. 

The quantitative analyses of the expression of OXPHOS subunits are represented as mean 

± SD of at least three experiments for each group (bar graph, right panel). Significant 

differences were observed in the expression of COII (P = 0.0091) and NDUFB8 (P = 0.024) 

at 5 μM PP2. B) Cell proliferation of PP2 treated Hep3B cells were measured with the 

Trypan blue exclusion assays after 72 h treatment. Statistical difference was shown between 

the control and 2.5 μM (P = 0.001) and 5 μM (P = 0.0001) PP2. Complex I and III and 

complex IV activities were measured by determining the rates of cytochrome c reduction 

and oxidation, respectively, at 550 nm. Significant differences were observed in the complex 

I and III activity at 2.5 μM (P = 0.0122) and 5 μM (P = 0.0006) PP2 and complex IV 
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activity at 2.5 μM (P = 0.0002) and 5 μM (P = 0.0001) PP2. C) Western blot analyses were 

used to identify changes in Hep3B cells transfected with with c-Src siRNA (c-Src) relative 

to control siRNA (cont). The quantitative analyses of OXPHOS expression are represented 

as the mean ± SD of at least three experiments for each group (bar graph, right panel). 

Significant differences were observed in the expression of COII (P = 0.0397) and NDUFB8 

(P = 0.0022) between the control and c-Src siRNA transfected Hep3B cells. Data represents 

the mean ± SD of at least three independent experiments. The results are presented as a 

percentage of the control cells (cont = 100%). Statistical difference was observed between 

the control and treatment groups via unpaired Student’s t-test (2-tailed), *P < 0.05.
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Figure 4. 
c-Src expression reduces OXPHOS expression in fibroblast cells. A) Mouse embryonic 

fibroblast (MEF) cells with functional null mutations in both alleles of three SFK members, 

c-Src, Yes, and Fyn (SYF), MEF cells with the endogenous expression of c-Src and null 

mutations in Yes and Fyn (Src++), SYF cells with the overexpression of c-Src (Src), and 

wild-type embryonic fibroblast cells (WT) were cultured. Expression of OXPHOS complex 

subunits, including NDUFB8 (complex I), SDHB (complex II), UQCRC2 (complex III), 

COI (complex IV), and ATP5A (complex V) were detected by Western blot analyses of 

WT, SYF, Src++, and Src cell lines. The expression of c-Src and pSFK were also detected 

with respect to GAPDH and ponceau S staining as a control for equal protein loading. 

Quantification of the average expression of OXPHOS complex subunits between SYF and 

WT, Src++, and Src cells is shown in the bar graph (right panel). Significant differences 

were observed in the expression of COI between SYF and WT (P = 0.0426), Src++ (P = 

0.0017), and Src (P = 0.0001) and in the expression of NDUFB8 between SYF and WT (P 

= 0.0163), Src++ (P = 0.0033), and Src (P = 0.0016). B) WT, SYF, Src++, and Src cells were 

grown for 24 h and proliferation was measured by the Trypan blue exclusion assay (cell 

proliferation). Significant differences were observed in the cell proliferation between SYF 
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and WT (P = 0.0007), Src++ (P = 0.0018), and Src (P = 0.0014). The complex I and III and 

complex IV enzymatic activities were determined by measuring the reduction and oxidation 

rate, respectively, of cytochrome c using equal amounts of whole cell lysates obtained from 

WT, SYF, Src++, and Src cells. Significant differences were observed in the complex I and 

III activity between SYF and WT (P = 0.0071), Src++ (P = 0.0001), and Src (P = 0.0002) 

and complex IV activity (P = 0.0001). Results are expressed as mean ± SD for at least 

three experiments and are presented as a percentage of SYF cells (SYF = 100%). Significant 

differences were observed between SYF, WT, Src++, and Src cells via unpaired student’s 

t-tests (2-tailed) to measure statistical significance, *P < 0.05. See Fig. 2 legend for details.
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Figure 5. 
Inhibition of c-Src stimulates mitochondrial OXPHOS expression in Src cells. A) Src cells 

were treated with DMSO (cont) or 5 μM Src family kinase (SFK) inhibitor PP2 (PP2) 

for 24 h before collection. Changes in OXPHOS complex subunits, c-Src, and EF-Tu 

expression were measured by Western blot analyses with respect to GAPDH as a loading 

control. The phosphorylation of SFK members (pSFK), around 60 kDa, detected by the 

pTyr antibody, is indicated by an arrow. Quantitation of mitochondrial protein expression of 

OXPHOS complex subunits are represented as the mean ± SD of at least three experiments 

(right panel) and expressed as a percentage of the control cells (cont = 100%). Significant 

difference was observed between PP2 treated Src cells in mitochondrial-encoded COI and 

nuclear-encoded NDUFB8 subunits via an unpaired student’s t-test (2-tailed), *P-value < 

0.05. B) Cell proliferation, complex I and III activity, and complex IV enzymatic activity 

of PP2 treated Src cells were measured after 24 h treatments. Significant differences were 

observed between the cont and PP2 treated Src cells in the cell proliferation (P = 0.0003), 

complex I and III activity (P = 0.0001), and complex IV activity (P = 0.0001). Results are 

presented as the mean ± SD of at least three experiments and expressed as a percentage 

of the control cells (cont = 100%). The statistical significance was analyzed by unpaired 

student’s t-tests (2-tailed), *P < 0.05. See Fig. 4 legend for details.
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Figure 6. 
c-Src knock down increases the expression of OXPHOS complexes. A) WT, Src++ (B), and 

Src (C) cells were transfected with c-Src specific siRNA (c-Src) and control siRNA (cont). 

The expression of OXPHOS complex subunits were detected by Western blot analyses with 

respect to GAPDH antibody probing and Ponceau S membrane staining as loading controls. 

Quantitation of the expression of OXPHOS complex subunits are represented as the mean ± 

SD of at least three experiments (right panel) and expressed as a percentage of the control 

siRNA cells (cont = 100%). Significant difference was observed between c-Src and control 

siRNA transfected cells in the expression of NDUFB8 and COI in WT cells (P = 0.0001 

and P = 0.0029, respectively), Src++ cells (P = 0.0020 and P = 0.0056, respectively), and 

Src cells (P = 0.0004 and P = 0.0356, respectively). Statistical differences were analyzed 

between the cont and c-Src siRNA transfected cells with the unpaired student’s t-tests 

(2-tailed), *P < 0.05.
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Table 1.

Characterization of liver tumor and non-cancerous tissues.

Patient Age Tissue type Metastasis Disease state

1 18 T + Adenocarcinoma

2 20 T + Adenocarcinoma

3 28 T + Adenocarcinoma

4 31 T − Adenoma

5 43 T + Adenocarcinoma

6 58 N − Benign cyst

7 36 N − Hyperplasia

8 69 N − Bilary cystadenoma

9 73 N − Macrovesicular steatosis

T: primary tumor

N: normal tissue
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