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A B S T R A C T   

Background: Previous studies showed that suppression of pyruvate carboxylase (PC) expression in highly invasive 
breast cancer cell line, MDA-MB-231 inhibits cell growth as a consequence of the impaired cellular biosynthesis. 
However, the precise cellular mechanism underlying this growth restriction is unknown. 
Methods: We generated the PC knockdown (PCKD) MDA-MB-231 cells and assessed their phenotypic changes by 
fluorescence microscopy, proliferation, apoptotic, cell cycle assays and proteomics. 
Results: PC knockdown MDA-MB-231 cells had a low percentage of cell viability in association with accumulation 
of abnormal cells with large or multi-nuclei. Flow cytometric analysis of annexin V-7-AAD positive cells showed 
that depletion of PC expression triggers apoptosis with the highest rate at day 4. The increased rate of apoptosis is 
consistent with increased cleavage of procaspase 3 and poly (ADP-Ribose) polymerase. Cell cycle analysis 
showed that the apoptotic cell death was associated with G2/M arrest, in parallel with marked reduction of 
cyclin B levels. Proteomic analysis of PCKD cells identified 9 proteins whose expression changes were correlated 
with the degree of apoptosis and G2/M cell cycle arrest in the PCKD cells. STITCH analysis indicated 3 of 9 
candidate proteins, CCT3, CABIN1 and HECTD3, that form interactions with apoptotic and cell cycle signaling 
networks linking to PC via MgATP. 
Conclusions: Suppression of PC in MDA-MB-231 cells induces G2/M arrest, leading to apoptosis. Proteomic 
analysis supports the potential involvement of PC expression in the aberrant cell cycle and apoptosis, and 
identifies candidate proteins responsible for the PC-mediated cell cycle arrest and apoptosis in breast cancer cells. 
General significance: Our results highlight the possibility of the use of PC as an anti-cancer drug target.   

1. Introduction 

The tricarboxylic acid (TCA) cycle functions as both an oxidative hub 
to oxidize acetyl-CoA and a biosynthetic hub for the synthesis of nu-
cleotides, amino acids and fatty acids [1]. Glutaminloysis and pyruvate 
carboxylation are important anaplerotic reactions which maintain TCA 
cycle integrity by replenishing its intermediates upon the removal for 
the biosynthesis of biomolecules. While glutaminolysis produces 

α-ketoglutarate from glutamine [2], pyruvate carboxylation produces 
oxaloacetate from pyruvate [3]. Recent studies showed that these two 
anaplerotic reactions are essential to support growth of many cancers [4, 
5]. Depending on their genetic background and stress conditions, most 
cancers switch these two pathways to support their survival. Non-small 
cell lung cancer (NSCLC), breast cancer and low grade glioblastoma 
bearing loss-of-function mutation of IDH1/2 gene use pyruvate 
carboxylation to support their growth [6–9]. In NSCLC, suppression of 
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pyruvate carboxylase (PC) expression inhibits tumor growth both in vitro 
and in xenograft model [7,10]. In murine breast cancer model, sup-
pression of PC in 4T1 breast cancer inhibits its ability to metastasize to 
the lung, underscoring the importance of PC in establishment of growth 
at the secondary tumor sites [11]. 

Previous studies by our group showed that PC expression is overex-
pressed in breast cancer tissue patients [8], and suppression of PC 
expression in highly metastatic breast cell line, MDA-MB-231, impairs 
biosynthesis of amino acids, nucleotides and fatty acids from TCA cycle 
activity, resulting in growth inhibition [12]. Although these studies 
show the importance of PC in supporting various biosynthetic pathways, 
it is unknown how depletion of these anabolic supplies restricts cell 
growth. Here we show that suppression of PC expression in 
MDA-MB-231 cell line induces G2/M cell cycle arrest, accompanied by 
increased apoptosis. Proteomics analysis of PC knockdown cells identi-
fied several proteins which interact with key proteins in cell cycle and 
apoptosis. 

2. Materials and methods 

2.1. Generation of PC knockdown cell lines 

Stable PC knockdown (PCKD) MDA-MB-231 cell lines were gener-
ated by transfecting MDA-MB-231 cell line (ATCC: HTB26) cells with a 
shRNA construct targeted to human PC as described previously [12]. 
Two stable PC KD, 4B#3, and 4B#4 and the scrambled control (SC) cell 
lines were isolated and used for the subsequent analysis. PC KD cell lines 
were cultured in DMEM (Gibco) supplemented with 10% (v/v) fetal 

bovine serum (Invitrogen) and penicillin/streptomycin (Gibco), at 37 ◦C 
with a 5% (v/v) CO2. 

2.2. Proliferation assay 

2 × 105 of PC KD or SC MDA-MB-231 cells were plated and grown in 
6-well plates containing complete DMEM medium for 24 h before the 
medium was changed to MEM (5 mM glucose) without non-essential 
amino acids. All cell lines were maintained at 37 ◦C for 5 days. Viable 
cell count was assessed by staining with 0.2% trypan blue. 

2.3. Immunofluorescent staining 

1.0 × 104 cells were plated and grown into 24-well plate containing 
complete MEM supplemented with serum and antibiotics for 3 days. SC 
and PCKD cell lines were washed with PBS and fixed with 0.2% (w/v) 
paraformaldehyde for 15 min and stained with 1:500 dilution of Alexa 
Flour™ 546 phalloidin (Invitrogen) in PBST [PBS with 0.1% (v/v) 
Tween-20] for 30 min. The cells were washed and counter stained with 
0.5 μg/ml Hoechst 33342 (Cell signaling) for 2 min and observed under 
a fluorescent microscope (Olympus IX83 inverted microscope). 

2.4. Cell cycle and apoptosis assays 

5 × 105 cells were plated into 6-well plate containing MEM supple-
mented with serum and antibiotics and grown for 4 days. At each time 
point, cells were trypsinized and subjected to cell cycle analysis using 
Muse Cell Cycle Assay Kit (Merck) following the manufacturer protocols. 

Fig. 1. Suppression of PC expression reduces cell growth. (A) qRT-PCR of PC mRNA and (B) Western blot of PC protein in PC KD clones (4B#3 and 4B#4) and SC 
cells. (C) Growth of PC KD and SC cells over 4 days (*p < 0.05, **p < 0.01, ***p < 0.005). (D) Cell morphology of PCKD and SC cells were assessed by staining with 
phalloidin and Hoescht. White arrows indicate the large PC KD cells. 
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Apoptotic cell death was performed using Muse Annexin V and Dead Cell 
Assay Kit (Merck). 

2.5. SDS-PAGE and Western blotting 

30 μg of whole cell lysate was separated on 7.5–12% SDS-PAGE and 
Western blotting as previously described [12]. Cyclin-B was detected 
using anti-cyclin B (Sigma). Apoptotic markers including, caspase-3 and 
poly (ADP-ribose) polymerase (PARP) were detected using 
anti-caspase-3 (Cell Signaling) and anti-PARP (Cell Signaling) anti-
bodies, respectively. Anti-β-actin antibody (Sigma), was used as the 
loading control. 

2.6. Protein extraction, in-gel digestion, LC-MS/MS and, protein 
quantitation and identification 

SC and PC KD clones 4B#3 and 4B#4, were cultured in MEM me-
dium for 4 days before cells were scraped in 2 ml of ice-cold PBS, and 
centrifuged at 3,000 rpm for 5 min. Protein extraction, gel electropho-
resis and liquid chromatography-tandem mass spectrometry (GeLC MS/ 
MS) were performed as described previously [13]. 

Protein quantitation was performed with DeCyder MS 2.0 Differen-
tial Analysis software (DeCyderMS, GE Healthcare). The acquired LC-MS 
data were converted, and the PepDetect module was used for automate 
peptide detection, charge state assignments and quantitation. The MS/ 
MS data were analyzed and searched against the NCBI human database 
using the Mascot software version 2.2 (Matrix Science, London, UK). The 
subcellular distribution and biological processes were assigned to pro-
tein identification according to the Uniprot (http://www.uniprot.org). A 

Venn diagram was generated using jvenn web application [14]. Hier-
archical clustering heat map was analyzed by Multiexperiment Viewer 
(MeV) program, version 4.8, with the Pearson correlation distance 
metric [15]. Protein-protein interaction network was analyzed using 
STITCH 5.0 database (http://stitch.embl.de/). 

2.7. Statistical analysis 

Statistical analysis was performed using two-way ANOVA and paired 
student’s t-test using Graphpad Prism Software. 

3. Results 

3.1. Suppression of pyruvate carboxylase in MDA-MB-231 induces 
apoptotic cell death 

Both PC KD 4B#3 and 4B#4 clone retained PC mRNA approximately 
25% and 40% and PC protein approximately 20% of the SC cells, 
respectively (Fig. 1A and 1B). Proliferation assay showed that both PC 
KD clones grew at the similar rate during the first two days, however 
they started to grow more slowly at day 3. At day 4, growth rate of both 
PC KD cell lines was only 25% of the SC cells. At day 5, PC KD clone 
4B#3 showed a further reduction of cell numbers while clone 4B#4 
remained unchanged (Fig. 1C). Examination of the morphology of both 
PC KD cell lines showed that the spindle shape of the cells becomes less 
prominent. Their sizes were larger from day 1 and became more obvious 
at day 2. Hoechst staining showed that the nuclei of PC KD cells were 
slightly larger than those of SC cells (Fig. 1D). Both PC KD clones were 
mostly detached at day 4 (Fig. 1D). 

Fig. 2. Apoptotic cell death of PC KD MDA-MB-231 cells. (A) distribution of cell population in live, early apoptosis, late apoptosis and dead cell subpopulations, 
respectively. (B) Percentages of apoptotic cells are shown as the means ± SD from three independent experiments. ***p < 0.005. (C) Representative of Western 
immunoblot of procaspase 3, PARP and leaved PARP in PC KD clones 4B#3 and 4B#4, and SC cell lines at various time points. (D) Relative abundance of procaspase 
3, PARP and cleaved PARP in PC KD clones. Intensity of these protein bands was normalized with that of β-actin as relative expression. The relative value of 
procaspase 3, PARP and cleaved PARP was relative to that of the scrambled control cell line, which was arbitrarily set to 1 at each time point. ND = Non-detectable. 
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To examine whether the reduced cell growth of PC KD cells was 
associated with a programmed cell death, an apoptosis assay was per-
formed. As shown in Fig. 2A and B, both PC KD cells had similar pro-
portion of live and dead cells at day 1. However, both PC KD clones had 
an increased number of apoptotic cells at day 2, and more apparent at 
day 3. At day 4, both PC KD clones had the proportion of apoptotic and 
dead cells approximately 4-fold higher than that of the SC cells (Fig. 2B). 
Although cleaved caspase 3 was not observed, the levels of procaspase 3 
were reduced by 20–30% at day 3 and more apparent at day 4 (Fig. 2C- 
D). The failure to detect cleaved caspase 3 may be attributed to its rapid 
turn-over between days 3 and 4. Beside caspase 3 activation, we also 
detected the cleavage of poly(ADP-ribose) polymerase (PARP), another 
marker of apoptosis. Similar to procaspase 3, the level of full length 
PARP of PC KD clones was reduced by 40–50% at day 2 and day 3, 
consistent with 3-5-fold increase of cleaved PARP at day 3. However, 
both full length and cleaved PARP were barely detectable at day 4. 
(Fig. 2C-D). The rapid increase of both PARP and procaspase 3 cleavages 
at days 3 and 4 is in agreement with the marked reduction of cell growth 
at day 4 (Fig. 1C) and the highest number of apoptotic cells (Fig. 2B). 

3.2. Suppression of pyruvate carboxylase in MDA-MB-231 induces G2/M 
arrest 

As apoptosis and cell proliferation are connected, some cell cycle 
regulators can influence both cell division and programmed cell death 
[16,17]. We assessed whether suppression of PC in MDA-MB-231 cells 
perturbed cell cycle progression. For the SC cell line, the proportion of 

cells in G0/G1, S, G2/M phases were relatively unchanged throughout 3 
days as shown in Fig. 3A and B. However, both PC KD cell lines had the 
proportion of cells in G2/M phase almost double that of the SC cell line 
(70–79% vs 40%) while the proportion of cells in G0/G1 phase was 
decreased by half of the SC cell line (15–21% vs 46%) since day 1. At 
days 2 and 3, the proportion of PC KD cells was mostly in G2/M albeit 
slightly lower than on day 1, but this was still higher than the SC cell line 
(50–60% vs 40%). Because cyclin B is an important regulator which 
allows cells to progress from G2 to M phase, lack of cyclin B would result 
in G2/M arrest [18]. Western blot analysis showed that cyclin B level 
was markedly reduced in both PC KD clones since day 1 and became 
more apparent at days 2 and 3 (Fig. 2C), consistent with the highest 
proportion of cells distributing in G2/M phase. This result indicates that 
suppression of PC expression induces G2/M arrest. 

3.3. Protein expression profiles of PCKD cells associated with cell cycle 
arrest and apoptosis 

Because suppression of PC expression induces G2/M arrest, leading 
to programmed cell death, we used proteomics to identify cellular 
pathways that may be associated with apoptosis and cell cycle arrest. A 
two-way hierarchical clustering analysis showed that 5,286 proteins 
were differentially expressed between both PC KD and SC cell lines 
cultured at days 1–4, respectively (Fig. 4A). The number of differentially 
expressed proteins in these three clones is shown in a Venn diagram. As 
shown in Fig. 4B, there were 452 proteins expressed in both PCKD cell 
lines but not expressed in the SC cells. Among these 452 proteins, there 

Fig. 3. Impaired G2/M2 cell cycle arrest of PC KD MDA-MB-231 cells. (A) The DNA content profiles were plotted versus percentage of cell count from days 1–3. (B) 
Percentage of cells distributed in G0/G1, S and G2/M phases. The data shown is a representative of three independent experiments. (***p < 0.005). (C) Repre-
sentative of Western immunoblot of cyclin B in PC KD clones 4B#3 and 4B#4, and SC cell lines at various time points. (D) Intensity of cyclin B band of each PC KD 
clone was normalized with that of β-actin of each day as relative expression. The relative value of cyclin B of PC KD was relative to that of the scrambled control cell 
line, which was arbitrarily set to 1 at each time point. ND = Non-detectable. 
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were 5 proteins whose expression changes were correlated with the 
degree of apoptosis, and 4 proteins whose expression changes were 
correlated with G2/M cell cycle arrest during 4 days of culture, as 
demonstrated in Figs. 2 and 3, respectively. The function and subcellular 
distribution of these proteins are shown in Table 1. STITCH analysis 
showed that there were 6 proteins including calcineurin binding protein 

1 (CABIN1), HECT domain containing E3 ubiquitin protein ligase 
(HECTD3), chaperonin containing TCP1 subunit-3 (gamma) (CCT3), PR 
domain containing-15 (PRDM15), chromodomain helicase DNA binding 
protein 2 (CHD2) and lactotransferrin (LTF), found in the database. The 
interaction of these proteins with classical signaling molecules in the cell 
cycle and apoptosis, including caspases, BCL-2-associated X protein 

Fig. 4. Protein expression profiles of PC KD and SC MDA-MB-231 cells, and their potential interaction with PC, apoptotic and cell cycle regulators. A) Protein 
expression profiles in SC (columns 1–4), PC KD 4B#3 (columns 5–8) and 4B#4 (columns 9–12) cells from days 1–4, respectively. Green, black and red colors 
represent low, moderate and high levels of expression, respectively. B) Numbers of proteins expressed in PC KD 4B#3 and 4B#4 and SC cells. C) STITCH 5.0 analysis 
indicates the association of candidate proteins whose expression levels are correlated with the degree of apoptosis and G2/M arrest. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
A list of 9 proteins whose expression are correlated with increased apoptosis and G2/M arrest in PC KD MDA-MB-231 cells cultured from day 1 to day 4.  

No. IDs Proteins associated with apoptosis Q-Scores Biological process Subcellular distribution 

1 Q9Y6J0 CABIN_HUMAN Calcineurin-binding protein cabin-1 0.97750 Signaling Nucleus 
2 Q5T447 HECD3_HUMAN E3 ubiquitin-protein ligase HECTD3 0.97495 Protein degradation Perinuclear region of cytoplasm 
3 P02788 TRFL_HUMAN Lactotransferrin 0.03279 Regulatory protein Secreted 
4 P20963 CD3Z_HUMAN T-cell surface glycoprotein CD3 zeta-chain 0.97409 Signaling membrane 
5 O14647 CHD2_HUMAN Chromodomain-helicase-DNA-binding protein 2 0.97462 DNA replication Nucleus   

Proteins associated with G2/M arrest    
1 P49368 TCPG_HUMAN T-complex protein 1 subunit gamma 0.97552 Protein folding, cytoplasm 

(chaperonin containing TCP1, subunit 3 (gamma); CCT3) DNA maintenance 
2 Q6UB99 ANR11_HUMAN Ankyrin repeat domain-containing protein 11 0.97155 Chromatin regulator Nucleus 
3 P05783 K1C18_HUMAN Keratin, type I cytoskeletal 18 0.97325 cell cycle, signaling Nucleus 
4 P57071 PRD15_HUMAN PR domain zinc finger protein 15 0.97820 Transcription Nucleus  
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(Bax), B-cell lymphoma 2 (BCl-2), cyclin, cyclin-dependent kinases 
(CDKs) and tumor suppressor p53 (TP53) is shown in Fig. 4C. Three 
proteins, PRDM15, CHD2, LTF were not associated with the cell cycle 
and apoptotic network, whereas the three proteins, CABIN1, HECTD3, 
CCT3, together with PC and MgATP were associated with the signaling 
network of cell cycle and apoptosis. This interaction model supports the 
involvement of candidate proteins in apoptosis and cell cycle arrest 
observed in PC KD MDA-MB-231 cells 

4. Discussion 

Metabolism provides biosynthetic precursors for lipids, nucleotides 
and energy during proliferation while cell cycle regulators also control 
expression of metabolic enzymes [19]. G1, G2 and M checkpoints are 
crucial steps which ensure cells can progress to each phase of the cell 
cycle without any defects [17]. Failure of those checkpoints can trigger 
apoptosis, eliminating the abnormal cells. On the contrary, disruption of 
key metabolic enzymes can also perturb cell cycle progression, indi-
cating a tight connection between metabolism and the cell cycle. In G1 
phase, glycolysis is an important metabolic pathway that generates ATP 
to support synthesis of many proteins and enzymes required for DNA 
replication [20]. A high level of c-Myc also enhances expression of key 
glycolytic enzymes, sustaining a high rate of glycolysis throughout G1 
phase [21]. Once entering S-phase, a high activity of cyclin E/E2F in-
creases expression of thymidine kinase and DNA polymerase, enhancing 
the rate of DNA synthesis [22]. High activities of pentose phosphate 
pathway and glutaminolysis during this period also provide 
ribose-5-phosphate and glutamate that support DNA synthesis. In G2 
phase, the de novo lipogenesis is activated, allowing cells to produce 
membrane phospholipids. He et al. (2018) [23] showed that pharma-
cological inhibition of acetyl-CoA carboxylase in human renal carci-
noma cell lines triggers G2/M arrest, inhibiting cell growth. Similarly, 
inhibition of fatty acid synthase, another rate-limiting enzyme of de novo 
lipogenesis inhibits growth of melanoma cell line as a result of G2/M 
arrest [24]. It is unclear why suppression of PC expression in 
MDA-MB-231 cells specifically induces G2/M-arrest but it is possible 
that the oxaloacetate produced by PC may be used to enable the transfer 
of mitochondrial acetyl-CoA to the cytosol in order to maintain the 
citrate pool which is a precursor of fatty acid synthesis [25]. This evi-
dence is supported by recent studies which demonstrate that pharma-
cological inhibition of PC activity or silencing PC expression impairs de 
novo lipogenesis both in non-cancer and cancer cells [12,26]. Our 
finding that knocking down of PC expression in MDA-MB-231 cells 
triggers programmed-cell death is well-supported by the very recent 
study. Li et al. [27] showed that inhibition of PC activity with small 
molecule, ZY-444 in MDA-MB-231 cells inhibits their growth via 
caspase-3-dependent apoptosis. 

Because PC maintains TCA cycle activity by replenishing oxaloace-
tate, suppression of PC in several types of cancers can potentially disrupt 
the cellular ATP pool. Depletion of cellular ATP is well known to perturb 
cell cycle and trigger apoptosis [28,29]. Expression of CCT3, CABIN1 
and HECTD3, possibly together with signaling molecules in the 
apoptotic and cell cycle network, in response to PC suppression may also 
contribute to the depletion of ATP. CCT3 is part of the 
chaperonin-containing T-complex, assisting protein folding [30]. This 
complex is involved in cell proliferation and tumorigenesis of many 
types of cancers [31–34]. Suppression of CCT3 expression 
down-regulates CDC42 and cyclin D3, and upregulates cyclin-dependent 
kinase-2 and -6 that inhibit growth and promote apoptosis in gastric 
cancer [33]. CABIN1 is an inhibitor of calcineurin, which regulates 
Ca2+-triggered cell death [35]. CABIN1 has recently been identified as a 
negative regulator of p53 [36,37]. Suppression of CABIN1 promotes cell 
death in a p53-dependent manner [36]. CABIN1 has recently been 
shown as one of the proteins which mediates cisplatin-resistance in 
cervical, ovarian, NSCLC and nasopharyngeal cancer cell lines. Sup-
pression of CABIN1 expression sensitizes these cells to 

cisplatin-mediated apoptosis [38]. HECTD3 is implicated in ubiquiti-
nation of proteins involved in apoptosis, drug resistance and immune 
response [39]. Specifically, HECTD3 inhibits activity of 
apoptosis-related proteins, i.e. MALT1, caspase-8, and caspase-9 [39]. 
HECTD3 is overexpressed in many breast cancer cell lines where it 
supports survival by inhibiting caspase 3 [40]. Similar to CABIN1, 
overexpression of HECTD3 is associated with cisplatin-resistance human 
breast cancer and cervical cell lines [41], and esophageal squamous 
carcinoma through inhibition of caspase 9 [42]. While many studies 
show the direct or indirect roles of CCT3, CABIN1 and HECTD3 in cell 
cycle, apoptosis, and tumorigenesis, the exact link between PC and these 
candidates warrants further investigations. 

In summary, we showed that suppression of PC expression in MDA- 
MB-231 cells induces G2/M cell cycle arrest, leading to apoptosis. Pro-
teomic analysis identifies candidate proteins responsible for the PC- 
mediated cell cycle arrest and apoptosis in breast cancer cells. Our re-
sults highlight the possibility of the use of PC as an anti-cancer drug 
target. 
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