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Knockdown of PAICS inhibits malignant 
proliferation of human breast cancer cell lines
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Abstract 

Background: Phosphoribosylaminoimidazole carboxylase, phosphoribosylaminoimidazole succinocarboxamide syn-
thetase (PAICS), an enzyme required for de novo purine biosynthesis, is associated with and involved in tumorigenesis. 
This study aimed to evaluate the role of PAICS in human breast cancer, which remains the most frequently diagnosed 
cancer and the leading cause of cancer-related death among women in less developed countries.

Results: Lentivirus-based short hairpin RNA targeting PAICS specifically depleted its endogenous expression in 
ZR-75-30 and MDA-MB-231 breast cancer cells. Depletion of PAICS led to a significant decrease in cell viability and 
proliferation. To ascertain the mechanisms through which PAICS modulates cell proliferation, flow cytometry was 
performed, and it was confirmed that G1-S transition was blocked in ZR-75-30 cells through PAICS knockdown. This 
might have occurred partly through the suppression of Cyclin E and the upregulation of Cyclin D1, P21, and CDK4. 
Moreover, PAICS knockdown obviously promoted cell apoptosis in ZR-75-30 cells through the activation of PARP and 
caspase 3 and downregulation of Bcl-2 and Bcl-xl expression in ZR-75-30 cells.

Conclusions: These findings demonstrate that PAICS plays an essential role in breast cancer proliferation in vitro, 
which provides a new opportunity for discovering and identifying novel effective treatment strategies.
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Background
De novo purine biosynthesis pathway is ubiquitous 
across all living species and catalyzes the conversion of 
phosphoribosyl pyrophosphate to inosine monophos-
phate. It has become clear that rapidly dividing cancer 
cells rely heavily on the de novo purine pathway for the 
synthesis of adenine and guanine, whereas normal cells 
recover purines via the salvage pathway [1]. Further 
research has indicated that inactivation of the de novo 
pathway (e.g. by the anti-folate drug methotrexate) inhib-
its malignant cancer cell proliferation both in  vitro and 
in vivo [2]. Therefore, enzymes involved in this pathway 
have become attractive candidates for anti-cancer drug 
design.

The phosphoribosylaminoimidazole carboxylase, phos-
phoribosylaminoimidazole succinocarboxamide syn-
thetase (PAICS) gene encodes a bifunctional enzyme that 
has phosphoribosylaminoimidazole carboxylase activity 
in its N-terminal region and phosphoribosylaminoimida-
zole succinocarboxamide synthetase activity in its C-ter-
minal region [3]. This enzyme catalyzes steps 6 and 7 of 
the de novo purine biosynthesis pathway (Phosphoribosyl 
pyrophosphate amidotransferase (PPAT) catalyses step 1; 
phosphoribosylglycinamide formyltransferase (GART) 
steps 2, 3 and 5; phosphoribosylformylglycinamidine 
synthase (PFAS) step 4; phosphoribosylaminoimidazole 
carboxylase (PAICS) steps 6 and 7; adenylosuccinate 
lyase (ADSL) step 8 and 5-aminoimidazole-4-carbox-
amide ribonucleotide formyltransferase/IMP cyclohy-
drolase (ATIC) steps 9 and 10) [4]. Thus, PAICS is a 
promising target for rational anticancer drug design [3]. 
Alterations in PAICS expression in humans are associ-
ated with various types of cancer. Through a functional 
yeast survival screen of tumor-derived cDNA libraries, 
PAICS was shown to be overexpressed in certain tumor 
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types and capable of suppressing apoptosis in human 
cells [5]. Immunohistochemical analysis confirmed the 
overexpression of PAICS in human melanoma samples 
compared to expression in normal skin biopsies [5]. 
High PAICS expression was also found in human lung 
squamous cell carcinoma by using suppression sub-
tractive hybridization [6]. PAICS also showed a general 
association with progression-free glioblastoma survival 
[7]. Moreover, mutations in PAICS have been reported 
in human melanoma through whole-exome sequencing 
and SNP array profiling of six cutaneous melanoma cell 
lines derived from metastatic patients [8]. Furthermore, 
analysis of the Oncomine database demonstrated that the 
PAICS gene is significantly overexpressed in a variety of 
tumors, including colorectal cancer, brain and CNS can-
cer, bladder cancer, and lymphoma. To date, PAICS has 
been found to affect breast cancer cells growth (), how-
ever, how it affects cell cycle has not been studied [9].

Using lentivirus-based RNA interference (RNAi) we 
knocked down the endogenous expression of PAICS in 
the human breast cancer cell lines ZR-75-30 and MDA-
MB-231 to explore whether it is involved in breast cancer 
growth. In addition, the effects of PAICS silencing on cell 
viability, proliferation, cell cycle progression, and apopto-
sis were further investigated.

Methods
Materials
RPMI-1640 (#SH30809.01B+) and DMEM 
(#SH30243.01B+) were obtained from Hyclone (Logan, 
Utah, USA). Fetal bovine serum (FBS; #04-001-1A) was 
obtained from Biological Industries (BI; Israel). Lipo-
fectamine 2000 and  TRIzol® Reagent were obtained 
from Invitrogen (Carlsbad, CA, USA). M-MLV Reverse 
Transcriptase was obtained from Promega (Madison, 
WI, USA). All other chemicals were from Sigma-Aldrich 
(St. Louis, MO, USA). The lentiviral vector (pGP-L) and 
packaging vectors (pVSVG-I and pCMVΔR8.92) were 
purchased from Shanghai Hollybio (Shanghai, China). 
Rabbit anti-human PAICS (polyclonal, 1:1000, #12967-1-
AP), rabbit anti-human GAPDH ((polyclonal, 1:500,000, 
#10494-1-AP), rabbit anti-human CDK4 (polyclonal, 
1:500, #11026-2-AP), mouse anti-human Cyclin D1 
(monoclonal, 1:1000, #60178-1-1g), mouse anti-human 
Bcl2 (monoclonal, 1:500, #60178-1-1g), rabbit anti-
human Bcl-xl (polyclonal, 1:500, #10783-1-AP), rabbit 
anti-human cleaved caspase 3 (polyclonal, 1:500, #25546-
1-AP), and rabbit anti-human Cyclin E (polyclonal, 1:500, 
#11554-1-AP) antibodies were obtained from Protein-
tech Group, Inc. (Chicago, IL, USA); horseradish per-
oxidase-conjugated goat anti-rabbit (polyclonal, 1:5000, 
#SC-2054) secondary antibody was from Santa Cruz 
(Dallas, TX, USA). Rabbit anti-human P21 (monoclonal, 

1:1000, #2947) and rabbit anti-human PARP (polyclonal, 
1:1000, #9542) antibodies were purchased from Cell sign-
aling (Boston, MA, USA). The Annexin V-APC/7-AAD 
Apoptosis Assays Kit (#KGA1026) was purchased from 
Mybioreagent.Ltd (KeyGEN BioTECH, China).

Cell culture
ZR-75-30 and MDA-MB-231 human breast cancer cell 
lines and 293T human embryonic kidney cells were pur-
chased from the Cell Bank of Chinese Academy of Sci-
ence (Shanghai, China). ZR-75-30 and MDA-MB-231 
cells were maintained in RPMI-1640, and 293T cell lines 
were maintained in DMEM, both supplemented with 
10% FBS, at 37 °C in a humidified atmosphere of 5%  CO2.

Lentivirus‑delivery of silence of PAICS
The siRNA sequence targeting human PAICS (NCBI 
accession number: NM_001079525) was 5′-GCT GCT 
CAG ATA TTT GGG TTA-3′, which was subjected to 
BLAST analysis against the human genome database to 
mitigate off-target silencing of other genes. A fragment 
(5′-TTC TCC GAA CGT GTC ACG T-3′) with no signifi-
cant homology to mouse or human gene sequences was 
used as a negative control. siRNA sequences were syn-
thesised as shRNA form (siRNA sense-loop-antisense). 
shRNAs were cloned into the pGP vector, which was 
then transfected into 293T cells with packaging vectors 
(pVSVG-I and pCMVΔR8.92) using Lipofectamine 2000 
according to the manufacturer’s instructions. The super-
natant was collected 48  h later, centrifuged (4000×g, 
4  °C, 10  min) to remove cell debris, filtered through 
0.45-μm cellulose acetate filters, and then concentrated 
again (4000×g, 4  °C, 15  min). ZR-75-30 cells were dis-
pensed into 6-well plates at a density of 30,000 cells per 
well and transduced with shRNA-expressing lentivirus 
(siCon or siPAICS) at a multiplicity of infection (MOI) of 
35. MDA-MB-231 cells were dispensed into 6-well plates 
at a density of 40,000 cells per well and transduced with 
shRNA-expressing lentivirus (siCon or siPAICS) (MOI 
30). The lentiviral vectors expressed green fluorescence 
protein (GFP), which allowed for the measurement of 
infection efficiency in transduced cells.

Quantitative real‑time PCR analysis
ZR-75-30 and MDA-MB-231 cells were harvested 5 days 
after lentivirus transduction. Total cellular RNA was 
extracted using Trizol reagent and reverse transcribed 
to cDNA using M-MLV reverse transcriptase, according 
to the manufacturer’s instructions. qPCR products were 
detected with SYBR Green using the BioRad Connet 
Real-Time PCR platform (Shanghai, China). The qPCR 
procedure included denaturation at 95  °C for 1  min, 40 
cycles of denaturation at 95  °C for 5  s and extension at 
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60 °C for 20 s. β-actin was amplified as an internal con-
trol. Relative quantitation was analyzed by calculating 
the difference ΔC(T) between the C(T) of β-actin and the 
C(T) of the target gene and by computing the  2−ΔΔC(T) 
value. The primers used in this study were summarized 
as Table 1.

Western blotting
ZR-75-30 and MDA-MB-231 cells were harvested 5 days 
after lentivirus transduction. Total protein was extracted 
with 2× SDS sample buffer (100 mM Tris–HCl (pH 6.8), 
10 mM EDTA, 4% SDS, 10% Glycine). Equal amounts of 
lysate (30  μg) per lane, as determined by bicinchoninic 
acid (BCA) assays, were separated by 10% SDS-PAGE 
and transferred to PVDF membranes. The membranes 
were blocked with 5% nonfat dry milk in tris-buffered 
saline with tween 20 (TBST) for 1 h at room temperature, 
and then incubated with primary antibody overnight 
at 4  °C. The membranes were washed three times with 
TBST and then incubated with secondary antibody for 
1 h at room temperature. The blots were detected using 
an enhanced chemiluminescence (ECL) kit (Amersham, 
Beijing, China) and visualized by exposure to X-ray film. 
GAPDH was used as a control to verify equal protein 
loading.

MTT viability assay
To evaluate the effect of PAICS on breast cancer cell 
viability, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) colorimetric assay was 
performed using ZR-75-30 and MDA-MB-231 cells 
3  days after lentivirus transduction. Briefly, ZR-75-30 
and MDA-MB-231 cells were separately dispensed into 
96-well plates at a concentration of 2000 per well. The 
plates were incubated for 1–5 days at 37 °C. On each day, 
20  μl of MTT solution (5  mg/ml) was added and incu-
bated for 4 h. Afterwards, acidic isopropanol (10% SDS, 
5% isopropanol and 0.01 M HCl) was added at a volume 
of 100 μl per well and incubated overnight at 37 °C. The 
absorbance at 595 nm of each well was determined using 
an Microplate Reader (Epoch, VT, USA).

Colony formation assay
To evaluate the effect of PAICS on long-term prolifera-
tion of breast cancer cells, colony formation assays were 

performed on ZR-75-30 cells 4  days after lentivirus 
transduction. Briefly, ZR-75-30 cells were dispensed into 
6-well plates at a concentration of 500 per well. The cul-
ture medium was changed every 3  days. ZR-75-30 cells 
were cultured for 6  days until the biggest single colony 
contained greater than 50 cells. The colonies were stained 
with crystal violet for 20  min, washed with water, and 
then air-dried. Cell colonies were captured and counted 
using a microscope (Olympus, Japan).

Fluorescence‑activated cell sorting (FACS) analysis
To evaluate the effect of PAICS on breast cancer cell cycle 
progression, flow cytometry was performed on ZR-75-30 
cells 7 days after lentivirus transduction. Briefly, ZR-75-
30 cells were dispensed into 6-cm dishes at a concentra-
tion of 40,000 per dish. After culturing at 37 °C for 6 days, 
cells were harvested, fixed in 70% ethanol, and stored 
overnight at 4 °C. The cells were then treated with NaCl/
Pi staining solution (50 µg/ml PI (propidium iodide) and 
100 µg/ml RNase A). Following incubation for 1 h in the 
dark at room temperature, cells were analyzed by flow 
cytometry (FACSCalibur; Becton–Dickinson, San Jose, 
CA, USA). Fractions of cells in G0/G1, S, and G2/M 
phases were analyzed with dedicated software (ModFit 
LT, ME, USA).

Flow cytometric analysis of apoptosis
The quantification of apoptotic cells was determined by 
flow cytometry using an AnnexinV/7-AAD double stain-
ing Kit according to the manufacturer’s instructions. 
Briefly, ZR-75-30 cells infected with siPAICS or siCon 
were seeded separately in 6  cm dishes at 1 × 105  cells/
dish. When the cells reached approximately 80% conflu-
ence, they were harvested, washed twice with PBS, and 
suspended in 450 μl binding buffer; Annexin V was then 
added at room temperature. The cells were stained for 
15 min in the dark and were then resuspended in 450 μl 
binding buffer. Cells were also stained with 7-AAD in the 
dark. Cell apoptosis was analyzed using a Gallios flow 
cytometer (Beckman, CA, USA).

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
5.0. All data were expressed as mean ± standard devia-
tion (SD). Differences between two groups were analyzed 
by a Student’s t test, and a p value less than 0.05 was con-
sidered statistically significant.

Results
Knockdown of PAICS expression with lentivirus‑delivered 
shRNA
ZR-75-30 and MDA-MB-231 cells were transduced with 
shRNA-expressing lentivirus (siCon or siPAICS). GFP 

Table 1 The primers used in this study

GENE Forward Reverse

PAICS 5′-CTG AAG GGC TCC AAA TGG 
TA-3′

5′-GGT CCT TTA TGC GCA GAT GT-3′

β-actin 5′-GTG GAC ATC CGC AAA GAC 
-3′

5′-AAA GGG TGT AAC GCA ACT A-3′
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expression was observed by fluorescent microscopy 
3 days post-transduction. As depicted in Figs. 1a and 3a, 
more than 80% of cells expressed GFP, as indicated by 
green fluorescence in siCon and siPAICS groups, indicat-
ing successful infection. The inhibitory effect of PAICS 
shRNA on its endogenous expression in ZR-75-30 and 
MDA-MB-231 cells was separately examined by qRT-
PCR and western blotting. As depicted in Figs.  1b and 
3b, the mRNA level of PAICS was significantly reduced 
in both cell lines with siPAICS infection compared to 
expression in siCon-transduced cells. Immunoblotting 
further verified the ablation of PAICS expression at the 
protein level. Therefore, lentivirus-delivered shRNA 
could specifically deplete endogenous PAICS expression 
in ZR-75-30 and MDA-MB-231 cells.

Effect of PAICS knockdown on cell proliferation and colony 
formation
We next examined the effects of PAICS knockdown on 
the viability and proliferation of ZR-75-30 and MDA-
MB-231 cells. After infection with PAICS shRNA, MTT 
assays were performed on both cell types for 5 con-
secutive days. As depicted in Figs.  2a and 3c, the siPA-
ICS reduced the number of viable cells as compared to 
that with siCon and Con (cells that were not transduced) 
conditions; specifically, a reduction of 57.5% (ZR-75-
30) and 38.2% (MDA-MB-231) was observed on day 5 
(p < 0.001). In addition, colony formation assays were 
performed to evaluate the impact of PAICS silencing on 

cell proliferation in ZR-75-30 cells. Crystal violet stain-
ing showed that the maximum size of each colony was 
smaller and the total number of colonies was fewer in 
siPAICS-infected cells compared to those in siCon or 
Con conditions (Fig.  2b). Thus, colony formation ability 
was significantly impaired, and was specifically reduced 
by 85.8% in ZR-75-30 cells after PAICS knockdown 
(p < 0.001, Fig.  2c). These data indicate that knockdown 
of PAICS strongly reduces viability and proliferation of 
breast cancer cells.

Effect of PAICS knockdown on cell cycle progression
To test the mechanism through which PAICS modu-
lates cell proliferation, flow cytometry assays were per-
formed to assess the cell cycle progression of ZR-75-30 

Fig. 1 Lentivirus-delivered shRNA targeting PAICS depletes 
endogenous expression in ZR-75-30 breast cancer cells. a Evaluation 
of the lentivirus transduction rate, which was more than 80% as 
estimated by fluorescence and light microscopy observations. b 
Quantitative analysis of PAICS knockdown efficiency in ZR-75-30 
cells assessed by qRT-PCR. The β-actin gene was used as an internal 
control. And representative immunoblot showing PAICS knockdown 
efficiency determined. GAPDH was used as an internal control. Data 
are shown as mean ± SD (n = 3; t test). **p < 0.01; magnification, 
×100

Fig. 2 Knockdown of PAICS inhibits viability and proliferation of 
ZR-75-30breast cancer cells. a MTT assays showing growth curves of 
ZR-75-30cells. The number of viable cells was substantially decreased 
in the siPAICS group compared to that in the siControl (siCon) and 
control (Con) group. b Representative colony formation showing 
clonogenic survival determined in ZR-75-30 cells. c The number of 
colonies was substantially decreased in the siPAICS group compared 
to that in the siCon group and the Con group. Data are shown as 
mean ± SD (n = 3; t test). ***p < 0.001; magnification, ×40
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cells. Representative images of cell cycle distribution 
are presented in Fig.  4a. As depicted in Fig.  4b, the 
percentage of cells in the G0/G1 phase increased from 
68.34 ± 0.70% in siCon-infected cells to 79.47 ± 0.45% 
in siPAICS-infected cells. In contrast, the percentage of 
cells in S phase decreased from 19.61 ± 0.66% in siCon-
infected cells to 12.53 ± 0.40% in siPAICS-infected 
cells. This indicated that PAICS shRNA strongly blocks 
(p < 0.001) cell cycle progression of ZR-75-30 cells. 
Taken together, these results suggest that knockdown 

of PAICS inhibits ZR-75-30 cell growth by inducing G0/
G1 phase cell cycle arrest.

Knockdown of PAICS promotes apoptosis in breast cancer 
cells
Flow cytometry using Annexin V- and 7-AAD-stained 
ZR-75-30 cells was performed to quantitatively deter-
mine the percentage of apoptotic cells after different 
treat-ments. As shown in Fig.  5a, b, PAICS knockdown 
increased apoptosis in ZR-75-30 cells. The early (14.9%) 
and late (20.3%) apoptosis rates of siPAICS-infected 
ZR-75-30 cells was increased compared to those in 
siCon-infected ZR-75-30 (2.87 and 2.82%) (early apop-
tosis, p < 0.05; late apoptosis, p < 0.01) and Con (1.43 and 
1.37%) cells.

Knockdown of PAICS regulates cell cycle and apoptotic 
markers
To speculate on mechanisms through which PAICS 
knockdown promotes cell cycle arrest and increases 
apoptosis, we examined alterations in the expression of 
cell cycle regulators and markers of apoptosis. As shown 
in Fig. 5c, the expression levels of CDK4 and CyclinD1, 
associated with G1-S transition, were increased in the 
siPAICS group. In addition, the expression levels of 
cleaved-caspase 3 and cleaved-PARP were increased, 
whereas the anti-apoptotic proteins Bcl-2 and Bcl-xl were 
downregulated in shPAICs groups (Fig. 5c).

Discussion
Breast cancer is the most frequently diagnosed cancer 
and the leading cause of cancer-related death among 
females in less developed countries [10]. The incidence 
of breast cancer is increasing at a surprisingly rapid 
pace [11], 1.67 million new breast cases were diagnosed 
and 52.9% of which was in developing countries in 2012, 
compared to only 35% in 1980 [12]. According to Ameri-
can Cancer Society estimates, breast cancer alone is 
expected to account for 29% of all new cancers in women 
in 2015, which far exceeds the proportion of the sec-
ond most common malignancy, lung and bronchus can-
cer (13%) [13]. However, the death rate in females with 
breast cancer is down by 35% from peak rates as a result 
of improvements in early detection and treatments [14]. 
Although early detection, precise resection using wide 
margins, and systematic adjuvant therapy have improved 
survival, their efficacy is beginning to plateau [15]. A 
series of molecular biology studies have identified that 

Fig. 3 Effect of PAICS endogenous depletion on MDA-MB-231. 
a The lentivirus transduction rate (more than 80%) as observed 
under fluorescence and light microscopy. b Quantitative qPCR and 
western blot showed the efficient knonkdown of PACIS in mRNA 
and protein level in ZR-75-30 cells. c MTT assays ompared growth 
curves of MDA-MB-231, before and after PAICS depletion. **p < 0.01; 
magnification, ×100
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breast cancer is a genetic disease. It has become clear 
that the activation of oncogenes and the inactivation of 
tumor-suppressive genes are involved in the regulation 
of the cellular physiological processes that lead not only 
to abnormal cell proliferation and differentiation, but 
also to defective apoptosis and drug resistance [16, 17]. 
Biomarkers are attracting increasing attention as poten-
tial predictors of breast cancer patient survival [18, 19]. 
Although alterations in many oncogenic and tumor-sup-
pressive genes are reportedly implicated in breast cancer, 
the molecular mechanisms through which the prolif-
eration of malignant tumor cells is maintained remains 
poorly understood. Therefore, it is of great importance to 

identify novel therapeutic targets for the prevention and 
treatment of breast cancer.

In the present study, we primarily identified that the 
PAICS gene, which encodes an enzyme required for de 
novo purine biosynthesis, might be a potential tumor 
marker in human breast cancer. Knockdown of endog-
enous PAICS expression by shRNA-expressing lentivirus 
significantly decreased the viability and proliferation of 
ZR-75-30 breast cancer cells. Moreover, FACS analysis 
showed that knockdown of PAICS induced significant 
arrest in the G0/G1 phase of the cell cycle, which was 
important for the inhibition of cell proliferation. CDK4 
and Cyclin D1 are key regulators for G1-S transition dur-
ing the cell cycle. Cyclin D1 is an M-phase-promoting 

Fig. 4 Knockdown of PAICS arrests cell cycle progression in ZR-75-30 breast cancer cells. a Comparison of the cell population in G0/G1, S, and G2/M 
phases between siControl (siCon) and siPAICS groups, as assessed by flow cytometry. b The percentage of cells in G0/G1 phase was significantly 
higher in the siPAICS group than in the siCon group, whereas the proportion of cells in the S phase was simultaneously reduced. Data are shown as 
mean ± SD (n = 3; t test). ***p < 0.001

Fig. 5 Assessment of apoptosis after PAICS knockdown in ZR-75-30 breast cancer cells. Apoptosis was investigated by flow cytometric analysis. a 
Representative diagrams showing the analysis of apoptosis. b The percentages of AnnexinV-APC/7-AAD-positive apoptotic cells are presented. c 
Cell cycle-related and apoptosis-related molecules were detected by western blotting using specific antibodies after PAICS knockdown in ZR-75-30 
cells. GAPDH was used as the loading control. Data are shown as mean ± SD (n = 3; t test). ***p < 0.001

(See figure on next page.)
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factor and is essential for the initiation of mitosis [20]. We 
found that the expression levels of CDK4 and CyclinD1 
were increased in PAICS-silenced cells. It is reasonable 
to speculate that the mechanisms of PAICS knockdown-
mediated inhibition of G1-S transition might be partly be 
through the suppression of CDK4 and CyclinD1. There-
fore, it is likely that PAICS can modulate breast cancer 
growth via the regulation of a subset of cancer-related 
genes involved in G1-S checkpoint progression. Flow 
cytometry analysis also revealed that PAICS knock-
down by shRNA induced apoptosis. The presence of 
cleaved PARP is one of the most commonly used diag-
nostic tools for the detection of apoptosis in many cell 
types [21]. Significant proteolytic cleavage of PARP was 
detected in ZR-75-30 breast cancer cells infected with 
siPAICS by western blotting, indicating an anti-apop-
totic role for PAICS. Apoptosis is a type of programmed 
cell death that is caspase dependent [22]. Moreover, the 
expression of cleaved-caspase 3 was obviously increased 
in PAICS-silenced cells. In addition, the anti-apoptotic 
mitochondrial proteins Bcl-2 and Bcl-xl were decreased 
in ZR-75-30 breast cancer cells infected with siPAICS. 
Therefore, we can conclude that the growth inhibitory 
effect of PAICS silencing in breast cancer cells was prob-
ably due to the induction of mitochondrial-related apop-
tosis. Whether inhibition of de novo purine biosynthesis 
is associated with growth suppression in ZR-75-30 breast 
cancer cells after silencing of PAICS has not been proven 
in this study. Further investigation is required to reveal 
the molecular exact basis for the oncogenic function of 
PAICS in breast cancer cells.

Conclusions
In summary, knockdown of PAICS expression by RNAi 
significantly inhibits the growth of ZR-75-30 cells by 
inducing cell cycle arrest. Our findings demonstrate for 
the first time that PAICS plays an essential role in breast 
cancer cell growth, which might be useful for the identi-
fication of novel targets for human breast cancer therapy.

Abbreviations
PAICS: phosphoribosylaminoimidazole carboxylase, phosphoribosylamino-
imidazole succinocarboxamide synthetase; shRNA: short hairpin RNA; RNAi: 
RNA interference; GFP: green fluorescence protein; BCA: bicinchoninic acid; 
TBST: tris-buffered saline with tween 20; ECL: enhanced chemiluminescence; 
MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide; FACS: 
fluorescence-activated cell sorting; SD: standard deviation.

Authors’ contributions
SY designed experiments and improved the manuscript. MM and YC partici-
pated in the experiments and wrote the manuscript. JJ and LL performed 
experiments and analyzed data. All authors read and approved the final 
manuscript.

Author details
1 Department of Breast Surgery, The Affiliated Zhongshan Hospital of Xia-
men University, No. 201, Hubin South Road, Xiamen 361000, Fujian, China. 
2 Xiamen Siming District Kaiyuan Street Community Health Service Center, 
Xiamen 361000, Fujian, China. 

Acknowledgements
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding
None.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 9 January 2018   Accepted: 15 July 2018

References
 1. Batova A, Diccianni MB, Omura-Minamisawa M, Yu J, Carrera CJ, Bridge-

man LJ, et al. Use of alanosine as a methylthioadenosine phosphorylase-
selective therapy for T-cell acute lymphoblastic leukemia in vitro. Can Res. 
1999;59(7):1492–7.

 2. McGuire JJ. Anticancer antifolates: current status and future directions. 
Curr Pharm Des. 2003;9(31):2593–613.

 3. Li SX, Tong YP, Xie XC, Wang QH, Zhou HN, Han Y, et al. Octameric struc-
ture of the human bifunctional enzyme PAICS in purine biosynthesis. J 
Mol Biol. 2007;366(5):1603–14.

 4. Bonsdorff T, Gautier M, Farstad W, Ronningen K, Lingaas F, Olsaker I. Map-
ping of the bovine genes of the de novo AMP synthesis pathway. Anim 
Genet. 2004;35(6):438–44.

 5. Eissmann M, Schwamb B, Melzer IM, Moser J, Siele D, Kohl U, et al. 
A functional yeast survival screen of tumor-derived cDNA libraries 
designed to identify anti-apoptotic mammalian oncogenes. PLoS ONE. 
2013;8(5):e64873.

 6. Sun W, Zhang K, Zhang X, Lei W, Xiao T, Ma J, et al. Identification of differ-
entially expressed genes in human lung squamous cell carcinoma using 
suppression subtractive hybridization. Cancer Lett. 2004;212(1):83–93.

 7. Serao NV, Delfino KR, Southey BR, Beever JE, Rodriguez-Zas SL. Cell cycle 
and aging, morphogenesis, and response to stimuli genes are individual-
ized biomarkers of glioblastoma progression and survival. BMC Med 
Genomics. 2011;4:49.

 8. Cifola I, Pietrelli A, Consolandi C, Severgnini M, Mangano E, Russo V, 
et al. Comprehensive genomic characterization of cutaneous malignant 
melanoma cell lines derived from metastatic lesions by whole-exome 
sequencing and SNP array profiling. PLoS ONE. 2013;8(5):e63597.

 9. Gallenne T, Ross KN, Visser NL, Salony Desmet CJ, Wittner BS, et al. Sys-
tematic functional perturbations uncover a prognostic genetic network 
driving human breast cancer. Oncotarget. 2017;8(13):20572–87.

 10. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global 
cancer statistics, 2012. CA Cancer J Clin. 2015;65(2):87–108.

 11. Hossain MS, Ferdous S, Karim-Kos HE. Breast cancer in South Asia: a Bang-
ladeshi perspective. Cancer Epidemiol. 2014;38(5):465–70.



Page 9 of 9Meng et al. Biol Res  (2018) 51:24 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

 12. Forouzanfar MH, Foreman KJ, Delossantos AM, Lozano R, Lopez AD, Mur-
ray CJ, et al. Breast and cervical cancer in 187 countries between 1980 
and 2010: a systematic analysis. Lancet. 2011;378(9801):1461–84.

 13. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015. CA Cancer J Clin. 
2015;65(1):5–29.

 14. Berry DA, Cronin KA, Plevritis SK, Fryback DG, Clarke L, Zelen M, et al. 
Effect of screening and adjuvant therapy on mortality from breast cancer. 
N Engl J Med. 2005;353(17):1784–92.

 15. Sheri A, Johnston S. New developments and future directions in systemic 
therapy. Clin Oncol. 2013;25(2):117–26.

 16. Veeck J, Noetzel E, Bektas N, Jost E, Hartmann A, Knuchel R, et al. Pro-
moter hypermethylation of the SFRP2 gene is a high-frequent alteration 
and tumor-specific epigenetic marker in human breast cancer. Mol 
Cancer. 2008;7:83.

 17. Zhang X, Munster PN. New protein kinase inhibitors in breast cancer: 
afatinib and neratinib. Expert Opin Pharmacother. 2014;15(9):1277–88.

 18. Beretov J, Wasinger VC, Graham PH, Millar EK, Kearsley JH, Li Y. Proteomics 
for breast cancer urine biomarkers. Adv Clin Chem. 2014;63:123–67.

 19. Paoletti C, Hayes DF. Molecular testing in breast cancer. Annu Rev Med. 
2014;65:95–110.

 20. Imoto M, Doki Y, Jiang W, Han EK, Weinstein IB. Effects of cyclin D1 
overexpression on G1 progression-related events. Exp Cell Res. 
1997;236(1):173–80.

 21. Bressenot A, Marchal S, Bezdetnaya L, Garrier J, Guillemin F, Plenat F. 
Assessment of apoptosis by immunohistochemistry to active caspase-3, 
active caspase-7, or cleaved PARP in monolayer cells and spheroid and 
subcutaneous xenografts of human carcinoma. J Histochem Cytochem. 
2009;57(4):289–300.

 22. Salvesen GS, Dixit VM. Caspases: intracellular signaling by proteolysis. Cell. 
1997;91(4):443–6.


	Knockdown of PAICS inhibits malignant proliferation of human breast cancer cell lines
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Materials
	Cell culture
	Lentivirus-delivery of silence of PAICS
	Quantitative real-time PCR analysis
	Western blotting
	MTT viability assay
	Colony formation assay
	Fluorescence-activated cell sorting (FACS) analysis
	Flow cytometric analysis of apoptosis
	Statistical analysis

	Results
	Knockdown of PAICS expression with lentivirus-delivered shRNA
	Effect of PAICS knockdown on cell proliferation and colony formation
	Effect of PAICS knockdown on cell cycle progression
	Knockdown of PAICS promotes apoptosis in breast cancer cells
	Knockdown of PAICS regulates cell cycle and apoptotic markers

	Discussion
	Conclusions
	Authors’ contributions
	References




