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Abstract
Background: To analyze the ways and methods of signaling pathways in regulating cell cycle progression of NIH3T3
at transcriptional level, we modeled cell cycle of NIH3T3 and found that G1 phase of NIH3T3 cell cycle was at 5–15 h
after synchronization, S phase at 15–21 h, G2 phase at 21–22 h, M phase at 22–25 h.
Results: Mouse Genome 430 2.0 microarray was used to detect the gene expression profiles of the model,
and results showed remarkable changes in the expressions of 64 cell cycle genes and 960 genes associated
with other physiological activity during the cell cycle of NIH3T3. For the next step, IPA software was used to
analyze the physiological activities, cell cycle genes-associated signal transduction activities and their regulatory roles of
these genes in cell cycle progression, and our results indicated that the reported genes were involved in 17 signaling
pathways in the regulation of cell cycle progression. Newfound genes such as PKC, RAS, PP2A, NGR and PI3K etc.
belong to the functional category of molecular mechanism of cancer, cyclins and cell cycle regulation HER-2
signaling in breast cancer signaling pathways. These newfound genes could promote DNA damage repairment
and DNA replication progress, regulate the metabolism of protein, and maintain the cell cycle progression of NIH3T3
modulating the reported genes CCND1 and C-FOS.
Conclusion: All of the aforementioned signaling pathways interacted with the cell cycle network, indicating
that NIH3T3 cell cycle was regulated by a number of signaling pathways.
Keywords: NIH3T3 cell, Cell cycle, Signaling transduction, Gene expressional profile

Background
NIH3T3 is a mouse embryonic fibroblasts (MEFs) cell
line with a high degree of contact inhibition in continued culture. It was separated from NIH Swiss mouse
embryo cultures [1], and belongs to mesenchymal stem
cells (MSCs)-like multipotent progenitor cells. These
cellspossess multipotency and self renewal abilities [2],
and are frequently used in transfection and gene expression researches [3]. Therefore, it is important to study
the mechanism of signaling pathways that regulate
NIH3T3 cell cycle, and to reveal more about cell cycle
of NIH3T3 and the potential differentiation capability of
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MEFs. Furthermore, NIH3T3 also shows a promising
prospect in clinical applications [1].
The self renewal of cells is a process of cell proliferation which includes nuclear division and cytokinesis.
The process of nuclear division has four phases: G1
phase, S phase, G2 phase and M phase [4]. Dement et al.
have analyzed cell cycle of NIH3T3 using flow cytometry
after cells synchronized, and defined the times of the
four phases (G1, S, G2 and M) of cell cycle [5]. Huang
et al. found that the G1/S transition of NIH3T3 was
affected when the Tet1 gene was knockout [6]. Study
conducted by Lu et al. reported that over-expression of
TIMP-1 gene promoted cell proliferation of NIH3T3
through p-AKT signaling pathway [7]. In addition, the
work of Jeong et al. demonstrated that 2M4VP blocked
the phosphorylation of Rb by regulating the proteins
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associated with cell cycle, and suppressed the cell growth
of NIH3T3 that was treated with Bc-P [8]. According to
previous researches,the cell cycle progression of NIH3T3
is regulated by a considerably high number of signaling
pathways [9, 10].
In order to understand the regulatory mechanism of
cell cycle-related signaling pathways in NIH3T3 cell
cycle, we optimized the condition of synchronization
and used Mouse Genome 430 2.0 microarray to detect
the gene expression profiles of the NIH3T3 at ten different points in time. To our best knowledge, this is the
first study to systematically analyze the whole signal
transduction pathways of NIH3T3 cell cycle progression.

Results
The modeling of the NIH3T3 cell cycle

The S phase and the M phase of NIH3T3 cell cycle were
detected by immunocytochemistry and morphologic observation. The results of immunocytochemistry showed
that the ratios of S phase-positive of cells collected at 16,
17, 18, 19, 20, 21, 22 and 23 h after synchronization
were 1.94 %, 9.03 %, 17.27 %, 35.74 %, 53.56 %, 72.41 %
and 88.12 %, respectively (Fig. 1a), indicating that the S
phase was at 15 ~ 21 h after synchronization. Morphologic observation revealed that the ratios of the cells in
mitosis phase collected at 21, 22, 23, 24, 25 and 26 h
were 1 %, 2 % 20 %, 40 %, 40 %, 25 %, respectively
(Fig. 1b), indicating that M phase was at 22 ~ 25 h after
synchronization. The results also showed that when the
cells were synchronized by the method mentioned
above, the G1 phase of the cells could last for 5 h. In
summary, we found that G0/G1 phase checkpoint of
NIH3T3 cells was at 5 h after synchronization, G1 phase
at 5–15 h, G1/S phase checkpoint at 15 h, S phase at
15–21 h, S phase checkpoint at 21 h, G2 phase at 21–22
h, G2/M phase checkpoint at 22 h, M phase at 22–25 h,
end of M phase at 25 h.
Expression profiles of genes associated with NIH3T3 cell
cycle

Expression profiles of the genes associated with cell
cycle of NIH3T3 were detected by Mouse Genome
430 2.0 microarray. 1024 genes were found to be associated with cell cycle of NIH3T3, of which 595
genes were up-regulated, 417 genes were downregulated, and 12 genes were up/down-regulated
(Table 1, Additional file 1: Table S1). Furthermore,
only 64 of the 1024 genes have been reported, while
the remaining 960 genes were newfound genes related
to cell cycle. The ratio values of the cell cycleassociated genes were uploaded to “Dataset Files” of
IPA software to analyze the physiological activity in
which the significant expressed genes were involved.
The physiological activity coefficient –log (p-value)
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was calculated by “Comparison Analyses”. Ours results revealed that these genes were involved in a remarkably high number of physiological activities,
including cell development, cell death and survival,
cell growth and proliferation, cell cycle, DNA replication, recombination and repair, etc. (Additional file 2:
Figure S1).
Reliability of the microarray check results

To validate the reliability of microarray check results,
qRT-PCR was used to detect the expression changes of
CCNA2, CCND1, CCNE1 and PIK3R1 in NIH3T3 cell
cycle. The results showed that qRT-PCR detected gene
expression pattern similar to pattern detected by microarray (Fig. 2).
In order to further confirm the correlation of gene
expression changes and protein expression, we used
Western blot analysis to examine the expression
changes of six proteins, CCNA2, CCND1, CCNE1
and PIK3R1. The results showed a significant upregulation in the expression of CCNA2 and CCNE1
at 15 h and 21h, CCNB1 at 23.5 h, CCND1 at 15 h,
PIK3R1 at 15–23.5 h, and reduction in the expression
of FOS at 5–23.5 h (Fig. 3), suggesting that the protein expression pattern detected by Western blot was
similar to gene expression pattern detected by microarray and qRT-PCR.
The physiological activities and signal transduction
activities in which cell cycle associated genes involved

The analysis of the cell cycle physiological activities, which
involved the reported cell cycle genes at different points in
time, demonstrated that “G1 phase” and “cell cycle progression” were stronger at 5 h after synchronization, “G1
phase” and “cell cycle progression” at 10 h, “G1/S transition” at 15 h, “S phase” and “cell cycle progression” at 18
h, “M phase” and “checkpoint” at 21 h, S phase, “M phase”
and “cell cycle progression” at 21.5 h, “M phase” at 22 and
23.5 h, “M phase” and “separation” at 25 h. Overall, the
physiological activities conformed with cell cycle progression at all these points in time (Fig. 4).
Following the previous analysis, the coefficients–log
(p-value) of the signaling pathways in which the genes
involved were detected, and analysis discovered that the
coefficients–log (p-value) of the signaling pathways in
which the genes involved were detected, and the analysis
discovered that that 17 signaling pathways could contribute to the modulation of cell cycle, including 14–3–3
mediated signaling, antiproliferative role of somatostain
receptor 2, aryl hydrocarbon receptor signaling, CDK5
signaling, ceramide signaling, DNA damage-induced 14–
3–3σ signaling, G2/M DNA damage check point regulation, integrin signaling, role of CHK proteins in cell
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Fig. 1 Build of NIH3T3 cell cycle a. S phase cell detected by immunocytochemistry at different time points after synchronization; b. M phase cell
detected by morphologic observation at different time points after synchronization
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Table 1 Expression changes of genes-related cell cycle in NIH3T3 cells
Genes

Time of re-enter into cell cycles after synchronization (h)
5

10

15

18

21

Reported

Newfound

Reported

Newfound

Reported

newfound

Reported

Newfound

Reported

Newfound

Up-regulated

5

262

13

235

10

317

17

316

4

323

Down regulated

3

153

8

182

2

168

4

172

-

161

Up/Down-regulated

-

-

-

-

-

Sum

423

438

497

509

488

Genes

Time of re-enter into cell cycles after synchronization (h)
21.5

Sum

22

23.5

25

Reported

Newfound

Reported

Newfound

Reported

Newfound

Reported

Newfound

Up-regulated

10

314

6

306

1

307

14

303

595

Down regulated

3

130

2

142

1

134

1

139

417

Up/Down-regulated

-

-

-

-

12

Sum

457

456

443

457

1024
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Fig. 2 mRNA expression of four selected genes measured by microarrays and RT-PCR. Solid line presented the results of RT-PCR and dotted line
that of Rat Genome 230 2.0 Array

cycle checkpoint control and tight junction signaling etc
(Table 2) (Additional file 3: Figure S2).
Signal transduction activities of the newfound cell cycle
associated genes

The analysis of the newfound genes associated with cell
cycle showed that newfound genes could regulate reported genes CCND1 and C-FOS etc. through signaling
pathways of “molecular mechanisms of cancer”, “cyclins
and cell cycle regulation”, “HER-2 signaling in breast
cancer” etc., and promote DNA repair, DNA replication,
protein metabolism and cell cycle progression (Fig. 5).
The interaction between the cell cycle-associated signaling
pathways and cell cycle gene network

IPA was used to analyze the interaction between the cell
cycle-associated signaling pathways and cell cycle gene
network at different time points. The results showed
that different signaling pathways were involved in the

Fig. 3 Expression level of four selected proteins measured by Western blot

regulation of cell cycle progression at different time points
(Additional file 4: Figure S3), but all of them were involved
in the regulation of cell cycle progression (Fig. 6). Further
analysis of the upstream regulators which may play a predominant role revealed that, at the gene transcription
level, FOS, JUN, FOSL1 and EGR1 began to contribute at
5 h after synchronization; TP53, JUN and FOSL1 at 10 h;
TP53, CCND1 and FOSL1 at 15 h; TP53, CCND1 and
TRIM24 at 18 h; TP53 and TOB1 at 21 h; TP53 and
CCND1 at 21.5 h; TP53 at 22 h; TP53 and KDM5B at
23.5 h; TP53 and KDM5B at 25 h.

Discussion
MEFs have attracted an increasing amount of attention for its potential role in expounding stem cell
differentiation and its application in analyzing the
gene expression. NIH3T3 is a MEFs cell line isolated
from NIH Swiss mouse embryo cultures, and the
study of its cell cycle has important biological science
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Fig. 4 The Genes heat maps of physiological activity the genes involved at different time of cell cycle
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Table 2 Signaling pathways that cell cycle-associated genes involved at different time points
Time

5h

Cell cycle

G0/G1 check G1 phase G1/S check S phase S check G2 phase G2/M check M check End of M
point
point
point
point
point
phase

10h

15h

18h

21h

21.5h

22h

23.5h

25h

14-3-3-mediated Signaling

~

-

+/-

~

-

~

~

~

~

Antiproliferative Role of Somatostatin
Receptor 2

-

+

-

+

~

~

~

~

+

Aryl Hydrocarbon Receptor Signaling

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

ATM Signaling

+/-

-

+/-

+/-

+/-

+/-

+/-

-

-

CDK5 Signaling

+/-

-

-

+/-

+/-

+/-

+/-

+/-

+/-

Cell Cycle Control of Chromosomal
Replication

~

+

+

+

+

+

+

+

+

Ceramide Signaling

-

+

+

+

+

+

+

~

+

Cyclins and Cell Cycle Regulation

+/-

+

+

+

+

+

-

-

-

DNA damage-induced 14-3-3σ
Signaling

-

+/-

+/-

+/-

+/-

+/-

+

+

+

Estrogen-mediated S-phase Entry

+

+

+

+

+

+

+

+

+

G1/S Check Point Regulation

~

+

+

+

+

+

+

+

+

G2/M DNA Damage Check Point Regulation +

+

~

+

+

+

+

+

+

GADD45 Signaling

+/-

+

+/-

+/-

+/-

+/-

+

+

+

Integrin Signaling

+/-

+/-

+/-

+/-

+/-

~

~

~

~

Mitotic Role of Polo-Like Kinase

+

+

+

+

+

+

+

+

+

Role of CHK Proteins in Cell Cycle
Checkpoint

-

-

-

-

-

-

-

-

-

Tight Junction Signaling

-

-

-

+

~

~

~

~

-

“+” represents the signaling pathway promote the down-stream physiological activity associated with cell cycle progression, “-” represents the signaling pathway
inhibit the physiological activity, “~” represents the signaling pathway has little impact on the physiological activity

a

significance. Using IPA, we researched the expression
profiles of the cell cycle-associated genes, signaling
pathways associated with cell cycle and signal transduction activities of cell cycle-associate signaling pathways at different time points, and the results showed
that signaling pathways of “molecular mechanism of
cancer” and “HER-2 signaling in breast cancer” etc.
were associated with cell cycle progression, but played
different roles at different time points.
Previous studies proved that proto-oncogene c-Fos
had an important role in G0/G1 transition, and inhibited cell proliferation in some cell types [11]. In the
regulation of interleukin 2 (IL-2) expression in activated and anergic T lymphocytes signaling pathway, T
cell receptor (TCR) was activated by antigen, which
activated the transcription factor AP1 through TCR →
VAV → RAC → JNK → AP1, and AP1 was a heterodimer formed by c-Fos and c-Jun and promoted apoptosis via downstream molecules IL-2 [12–14]. In this
study, VAV was up-regulated at 5 h, C-FOS was
down-regulated at 5 h, and further analysis of the
physiological activities predicted by expression profiles
of signaling pathway-associated genes by IPA indicated that the activity of IL-2 related to apoptosis

was inhibited. It was speculated that the aforementioned signaling pathway could promote G0/G1 transition of NIH3T3.
Wu et al. demonstrated that, v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 3 (ErbB3) could
promote cell proliferation of tumor cells through PI3K/
AKT after it was activated [15]. AKT, when activated,
could phosphorylate and inhibit GSK3, which in turn activate CCND1, and promote cell proliferation and cell cycle
progression [16]. Germain et al. indicated that CDK2CyclinE complexes promoted ubiquitination of proteins
[17]. Similarly, our study here reveals that at 10 h, NGR1
which act as the ligands of ERBB3 was up-regulate , PI3K
was down-regulate, CCND1 was up-regulate, and further
analysis revealed that cell proliferation and cell cycle progression were promoted by the signaling pathways. Therefore, we conclude that CCND1, which belongs to the
components of CDK2 and the downstream molecules of
HER-2 signaling in Breast Cancer signaling pathway, could
promote G1 phase of NIH3T3 by participating in the synthesis and degradation of protein.
G protein-coupled receptors (GPCR) could activate
small G protein (RAS) via PLCβ, DAG and PKC in turn,
and via PI3Ks. Then, the downstream molecules c-RAF,
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Fig. 5 Interaction between newfound and reported genes associated with cell cycle. Symbols in purple box present the genes have been reported to
be associated with cell cycle, symbol under red ground the up-regulate genes, those under green the down-regulate

MEK1/2, and ERK1/2 were activated in turn. RAS could
also activate CCND1 via AP1 [18, 19]. Parrales et al.
pointed out that CCND1 which was activated by ERK
via c-FOS could promote G1/S transition [20]. The results of this study showed that at 15 h, PKC, RAS
and CCND1 were up-regulated, c-FOS was downregulated, and further analysis demonstrated that the
CCND1 which related to cell cycle was activated. In
summary, we conclude that molecular mechanism of
cancer signaling pathway could promote G1/S transition of NIH3T3, but further study is needed to
understand the mechanism.
Previous studies found that protein phosphatase 2A
(PP2A) could promote the phosphorylation of Rb via inhibiting the activity of CDK2-CyclinE complex [21, 22],
which enables E2F and promotes DNA replication to be
released from Rb-E2F complex [23]. In this study, PP2A
and CyclinE were up-regulate at 18 h, and further analysis
showed that S phase was promoted. It is concluded that
cyclins and cell cycle regulation signaling pathway could
promote S phase of NIH3T3.
Ataxia-telangiectasia mutated (ATM) could inhibit
TLK via phosphorylating CHK1, and arrest S phase
[24]. ATM also could phosphorylate H2AX [25], and
promote DNA repair via activating ATF2 [26]. It has
been reported that ATM signaling pathway played a
key role in the regulation of cell cycle checkpoints
when the DNA was damaged [27]. In this study,
CHK1 and H2AX were both up-regulated at 21 h,

and further analysis declared that DNA repair was
promoted. Hence, we hypothesise that the above
mentioned signaling pathway could promote DNA repair when the DNA was damaged, and promote
NIH3T3 to pass the S phase checkpoint.
As recently reported, GPCR could activate G proteins when combined with ligand, and activate
CDC42 via interacting with ARHGEF6 [28, 29]. Then
STMN1 was phosphorylated by the activated CDK2CyclinE complex [30, 31], and could promote tubulin
polymerization [32, 33]. Our study here reveals that
STMN1, CyclinE family members ACTG2 and CCNE2,
and Tubulin family members TUBG1, TUBB4A, TUBB4B,
TUBB6H2AX were all up-regulated at 22 h, and further
analysis manifested that Tubulin polymerization was promoted. In summary, we speculate that the signaling pathway mentioned above could prepare for the entry of M
phase of NIH3T3 via promoting Tubulin polymerization
at G2 phase.
Previous studies indicated that ATR could activate
BRCA1 via CHK2 when it interacts with ATRIP [34, 35],
and promote G2/M phase transition via PLK1 [36, 37],
and BRCA1 also could? inhibit G2/M transition via activating CHK1 or interacting with Rb [38]. Jalili et al.
pointed out that PLK1 promoted G2/M transition, and
the expression of PLK1 peaked at G2/M transition [39].
In this study, ATRIP, CHK1, PLK1 and RB were all upregulated at 22h, and further analysis showed that the
regulation of G2/M transition was enhanced. It is
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Fig. 6 The interaction between the cell cycle-associated signaling pathways and cell cycle network purple box present the genes have been reported
to be associated with cell cycle, symbol under red ground the up-regulate genes, those under green the down-regulate

speculated that BRCA1 in DNA damage response signaling pathway promote G2/M transition.
It was demonstrated that RTK could promote PIP2
turn to PIP3 via PI3K when it was activated by ligands
[40], and then PIP3 could activate the downstream molecule TEC, while TEC also could be activated by RTK
via SRC and then promote actin reorganization via VAV
and F-actin [41]. The research of Laird et al. proved that
connexin could promote reorganization of cytoskeleton
via interacting with F-actin when it interacts with DBN1
[42]. Lancaster et al. revealed that the reorganization of
cytoskeleton was very important for M phase [43]. In
this study, VAV family member VAV1 and F-actin family
member ACTG2 were both up-regulated at 23.5 h, and
further analysis provided evidence that the reorganization
of actin and cytoskeleton were promoted. Therefore, we
imply that Gap junction and Tec kinase Signaling pathways could promote M phase of NIH3T3.

RTK could lead to the activation of its downstream
molecules SHC, GRB2, RAS, PI3K in turn [44], and promote to activate PIP2 into PIP3 [45], and then PIP3 activate APR2/3-F-actin via activating VAV/TIAM [46],
RAC, BAIAP2 and WAVE2 in turn, and promote synthesis of actin [47]. In this study, VAV family member
VAV1 and F-actin family members ACTA1 and ACTG2
were all up-regulated at 25 h, and further analysis of the
physiological activities predicted by expression profiles
of signaling pathway-associated genes indicated that the
synthesis of actin was promoted. It is speculated that
Actin Cytoskeleton Signaling pathway could promote M
phase of NIH3T3 by promoting the formation of
contractile ring.
In summary, we found that VAV and c-FOS play a key
role at 5 h, NGR1 and CCND1 at 10 h, c-FOS and
CCND1 at 15 h, PP2A and CyclinE at 18 h, CHK1 and
H2AX at 21 h, STMNA and CyclinE at 21.5 h, ATREP
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and PLK1 at 22 h, F-actin and VAV at 23.5 h, F-actin
and VAV at 25 h. These genes promoted various physiological activities to proceed methodically by the interactions of different signaling pathways, and then promoted
the progression of NIH3T3 cell cycle. The results will be
validated in our future studies by using gene overexpression, gene knockout, RNA interference, inhibitors
of signaling pathways, and so on.

Conclusion
VAV and c-FOS play a key role at 5 h of NIH3T3 cell
cycle, NGR1 and CCND1 at 10 h, c-FOS and CCND1 at
15 h, PP2A and CyclinE at 18 h, CHK1 and H2AX at
21 h, STMNA and CyclinE at 21.5 h, ATREP and
PLK1 at 22 h, F-actin and VAV at 23.5 h, F-actin and
VAV at 25 h.
Methods
Preparation and identification of cell cycle model of
NIH3T3

Dement et al. analyzed the cell cycle of NIH3T3 with
synchronized cells. They also studied cell populations at
different time points by immunofluorescence approach,
and determined the times of the four phases (G1, S, G2
and M) of cell cycle [5]. Based on their study, we explored the best condition for synchronization. The total
cells count of 8 × 104 (1 × 104 /ml medium) were inoculated into the medium with 10 % serum and cultured for
3 days at 37 °C (cell density would reach to 2 × 104
/cm2), and the medium was then replaced with 5 %
serum and the cells were cultured for 2 days at 37 °C to
allow cells in different phases of cell cycle to enter G0
phase [48], then transferred into the medium with 10 %
serum and cultured at 37 °C. After that, the cells were collected at 16, 17, 18, 19, 20, 21, 22, 23, 24, 25 and 26 h.
Through morphology observation and BrdU immunocytochemistry detection, the times of different phases of cell
cycle of NIH3T3 were determined. The cells were
collected for further research at each of the following time
points: 5, 10, 15, 18, 21, 21.5, 22, 23.5 and 25 h after
synchronization, meanwhile the cells in the control group
were collected at 0 h [49].
Mouse Genome 430 2.0 microarray detection and data
analysis

Total RNA of NIH3T3 cells was extracted and purified
according to the protocol as previously described [50].
The first cDNA chain was synthesized by SuperScript II
RT reverse transcription system, and the second chain
was synthesized following the guideline of Affymetrix
cDNA kit. Biotin-labeled cRNA was prepared using
GeneChip In Vitro Transcript Labeling Kit (ENZO Biochemical, New York, NY) as instructed by the manufacturer. cRNA fragments of 35–200 bp were obtained by
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fragmentation reagent treatment [51]. Then, the prehybridized Mouse Genome 430 2.0 Array was hybridized
with the cRNA fragments that were pretreated. Subsequently, they were washed and stained automatically
using GeneChip® Fluidics Station 450 (Affymetrix Inc.,
Santa Clara, CA, USA), scanned and imaged with a
GeneChip scanner 3000 (Affymetrix Inc., Santa Clara,
CA, USA). The images reflecting gene expression abundance were converted into normalized signal values
using Affymetrix GCOS 2.0 software [52]. The genes
were defined as present (P < 0.05), marginal (0.05 < P <
0.065) and absent (P > 0.065) according to the P-values
of the probe signal. Then, the data of each array was initially normalized, and the ratio at each time point was
calculated through the normalized signal values of experimental group compared to control group (0 h).
To minimize the experimental operation and microarray test errors, each sample was repeated three
times, and the average value was used in subsequent
statistical analysis.
Quantitative real-time polymerase chain reaction (qRT-PCR)

To validate the reliability of Mouse Genome 430 2.0
array, the expression level of genes CCNA2, CCND1,
CCNE1 and PIK3R1 were detected by qRT-PCR in
NIH3T3 cell cycle progression. Primers for these genes
were designed using Primer Express 5.0 software. The
first chain of cDNA was synthesized by SuperScript II
RT reverse transcription system (Promega, USA). The
PCR were performed by the conditions with SYBR
Green I: 2min at 95 °C, followed with 40 cycles for 15s
at 95 °C, 15s at 60 °C, and 30s at 72 °C. Each sample
was performed in triplicates. β-actin was used as internal
reference.
Western blot analysis

Western blot analysis was performed according to Towbin’s method [16]. 100μg proteins were separated by
SDS-PAGE and then transferred to a PVDF membrane
(GE Healthcare). After that, the membranes were
blocked with 5 % skimmed milk in Tris-buffered saline
(TBS) containing 0.1 % Tween-20 (TBS-T), and subsequently incubated overnight at 4 °C with the respective
primary antibodies rabbit anti-CCNA2, -CCND1,
-CCNE1 and -PIK3R1 (Bioss, 1:1,000). After washing
with TBS-T for 30 minutes at room temperature, the
membrane was further incubated with horseradish
peroxidase-conjugated secondary antibodies goat antirabbit IgG (Sigma, 1:5,000) for 1.5 h at 37 °C. Finally,
protein bands were visualized with Amersham ECL substrates. The relative abundances of target proteins was
measured by Image analysis. β-actin (sigma, 1:1,000) was
served as internal reference.
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Identification of cell cycle associated genes of NIH3T3

Interaction of signaling pathways and cell cycle networks

The genes with ratio values ≥3 or ≤0.33 were regarded
as significant expressed genes. Specifically, the genes
with ratio values ≥3 were considered as up-regulated
genes, ≤0.33 as down-regulated genes, and between
0.33–3 as insignificantly changed genes.

The interaction networks with the genes associated with
cell cycle of NIH3T3 at different time points of cell cycle
were analyzed using IPA, and the upstream regulatory
factors which may play a key role and theirroles were
also predicted and analyzed using IPA.

Identification of genes and signaling pathways associated
with cell cycle

The cell cycle-associated genes were identified by three
methods. First “cell cycle” was used as the keyword to
search for all the genes were associated with cell cycle
that have been deposed in Gene Ontology (www.geneon
tology.org), NCBI (www.ncbi.nlm.nih.gov/.nlm.nih.gov)
and RGD (rgd.mcw.edu). Second, the genes-associated
with cell cycle were confirmed by the Ingenuity Pathway
Analysis 9.0 software (IPA), KEGG (www.genome.jp/
kegg/pathway.html) and QIAGEN (www.qiagen.com/
geneglobe/pathways.aspx) [53, 54]. Finally, the list of cell
cycle associated genes was further extended and supplemented by consulting relevant literature. In conclusion,
the above-described genes were integrated and regarded
as cell cycle associated genes.
The cell cycle-associated signaling pathways were
computed through two approaches. One was to enter
the key word “cell cycle” in the websites of QIAGEN
and KEGG to obtain cell cycle-associated signaling pathways. The other was to upload the genes associated with
cell cycle into the “Canonical Pathway” frame of the IPA
software to obtain cell cycle-associated signaling pathways [55]. Finally, the signaling pathways that appeared
in both methods were selected and regarded as cell cycle
associated pathways.
Identification of newfound genes and signaling pathways
associated with cell cycle

The newfound genes were obtained by comparative analysis of NIH3T3 cell cycle-associated genes detected by
microarray and the reported cell cycle-associated genes.
After uploading the reported genes and the newfound
genes to the “Build → Path explorer” frame of the IPA
software, the interaction network between the genes
were establish, and the signaling pathways which they
involved were looked through the “Overlay → Canonical
Pathway” frame. Signaling pathways which the reported
genes and the newfound genes both involved, and which
only the newfound genes involved but involved in cell
proliferation and cell cycle physiological activities were
considered as the newfound signaling pathways associated to cell cycle in which the newfound cell cycleassociated genes involved. The signaling pathways with
newfound genes involved were considered as newfound
signaling pathways.

Additional files
Additional file 1: Table S1. Expression profiles of cell cycle-associated
genes. (XLSX 163 kb)
Additional file 2: Figure S1. Physiological activity that the reported
genes involved. (DOC 580 kb)
Additional file 3: Figure S2. Signal transduction of the signaling
pathway that the reported genes involved (DOC 4343 kb)
Additional file 4: Figure S3. The interaction network between
signaling pathway and cell cycle network. (DOC 9794 kb)
Abbreviations
MEFs: Mouse embryonic fibroblasts; MSCs: Mesenchymal stem cells.
Competing interests
There is no competing financial interests exist.
Authors’ contributions
CFC participated in the design of the study and performed the statistical
analysis. ZPN and NNG carried out the immunoassays. WMZ drafted the
manuscript. GPW and DML carried out the molecular genetic studies,
participated in the sequence alignment. YFJ provided writing assistance.
CSX conceived of the study, and participated in its design and coordination
and helped to draft the manuscript. All authors read and approved the final
manuscript.
Acknowledgements
This work is supported by Natural Science Foundation of China
(No. 31201093 and No. 31572270 and No. 81200317), Natural Science
Foundation of Henan (No. 142300413212 and No. 142300413227).
Received: 19 November 2014 Accepted: 19 October 2015

References
1. Wang N, Zhang WW, Cui J, Zhang HM, Chen X, Wen S, et al. The piggyBac
Transposon-Mediated Expression of SV40 T Antigen Efficiently Immortalizes
Mouse Embryonic Fibroblasts (MEFs). PLoS One. 2014;9:e97316.
2. Espanol AJ, Goren N, Ribeiro ML, Sales ME. Nitric oxide synthase 1 and
cyclooxygenase-2 enzymes are targets of muscarinic activation in normal
and inflamed NIH3T3 cells. Inflamm Res. 2010;59:227–38.
3. Alessio AC D, Andrews SD, McKinney RA, Szyf M. Transfecting Mouse
Fibroblast NIH 3T3 Cells with Lipid Reagents-A Comparative Study.
Biochemica. 2007;4:18–9.
4. Sato T, Nagasato C, Hara Y, Motomura T. Cell cycle and nucleomorph
division in Pyrenomonas helgolandii (Cryptophyta). Protist.
2014;165:113–22.
5. White TE, Ford GD, Surles-Zeigler MC, Gates AS, Laplaca MC, Ford BD. Gene
expression patterns following unilateral traumatic brain injury reveals a local
pro-inflammatory and remote anti-inflammatory response. BMC Genomics.
2013;14:282.
6. Huang S, Zhu Z, Wang Y, Wang Y, Xu L, Chen X, et al. Tet1 is required for
Rb phosphorylation during G1/S phase transition. Biochem Biophys Res
Commun. 2013;434:241–4.
7. Lu Y, Liu S, Zhang S, Cai G, Jiang H, Su H, et al. Tissue inhibitor of
metalloproteinase-1 promotes NIH3T3 fibroblast proliferation by activating
p-Akt and cell cycle progression. Mol Cells. 2011;31:225–30.
8. Jeong JB, Jeong HJ. 2-Methoxy-4-vinylphenol can induce cell cycle arrest by
blocking the hyper-phosphorylation of retinoblastoma protein in benzo [a]
pyrene-treated NIH3T3 cells. Biochem Biophys Res Commun. 2010;400:752–7.

Chang et al. BMC Cell Biology (2015) 16:25

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.
29.

30.
31.

Lee CJ, Lee HS, Ryu HW, Lee MH, Lee JY, Li Y, et al. Targeting of
magnolin on ERKs inhibits Ras/ERKs/RSK2-signaling-mediated neoplastic
cell transformation. Carcinogenesis. 2014;35:432–41.
Wang Q, Sun R, Wu L, Huang J, Wang P, Yuan H, et al. Identification and
characterization of an alternative splice variant of Mpl with a high affinity
for TPO and its activation of ERK1/2 signaling. Int J Biochem Cell Biol.
2013;45:2852–63.
Balsalobre A, Jolicoeur P. Fos proteins can act as negative regulators of cell
growth independently of the fos transforming pathway. Oncogene.
1995;11:455–65.
Kaminuma O, Deckert M, Elly C, Liu YC, Altman A. Vav-Rac1-mediated
activation of the c-Jun N-terminal kinase/c-Jun/AP-1 pathway plays a major
role in stimulation of the distal NFAT site in the interleukin-2 gene promoter.
Mol Cell Biol. 2001;21:3126–36.
Manes TD, Pober JS. TCR-driven transendothelial migration of human effector
memory CD4 T cells involves Vav, Rac, and myosin IIA. J Immunol.
2013;190:3079–88.
Martins GA, Cimmino L, Liao J, Magnusdottir E, Calame K. Blimp-1 directly
represses Il2 and the Il2 activator Fos, attenuating T cell proliferation and
survival. J Exp Med. 2008;205:1959–65.
Wu X, Chen Y, Li G, Xia L, Gu R, Wen X, et al. Her3 is associated with poor
survival of gastric adenocarcinoma: Her3 promotes proliferation, survival and
migration of human gastric cancer mediated by PI3K/AKT signaling pathway.
Med Oncol. 2014;31:903.
Xu G, Li Y, Yoshimoto K, Wu Q, Chen G, Iwata T, et al. 2,3,7,8Tetrachlorodibenzo-p-dioxin stimulates proliferation of HAPI microglia
by affecting the Akt/GSK-3β/cyclin D1 signaling pathway. Toxicol Lett.
2014;224:362–70.
Germain D, Russell A, Thompson A, Hendley J. Ubiquitination of free cyclin D1
is independent of phosphorylation on threonine 286. J Biol Chem.
2000;275:12074–9.
Robinson JD, Pitcher JA. G protein-coupled receptor kinase 2 (GRK2) is a Rhoactivated scaffold protein for the ERK MAP kinase cascade. Cell Signal.
2013;25:2831–9.
Ayada T, Taniguchi K, Okamoto F, Kato R, Komune S, Takaesu G, et al. Sprouty4
negatively regulates protein kinase C activation by inhibiting phosphatidylinositol
4,5-biphosphate hydrolysis. Oncogene. 2009;28:1076–88.
Parrales A, Palma-Nicolas JP, Lopez E, Lopez-Colome AM. Thrombin
stimulates RPE cell proliferation by promoting c-Fos-mediated cyclin D1
expression. J Cell Physiol. 2010;222:302–12.
Krasinska L, Domingo-Sananes MR, Kapuy O, Parisis N, Harker B, Moorhead
G, et al. Protein phosphatase 2A controls the order and dynamics of cellcycle transitions. Mol Cell. 2011;44:437–50.
Hiesinger W, Cohen JE, Atluri P. Therapeutic potential of Rb phosphorylation
in atherosclerosis. Cell Cycle. 2014;13:352.
Fan LX, Li X, Magenheimer B, Calvet JP, Li X. Inhibition of histone
deacetylases targets the transcription regulator Id2 to attenuate cystic
epithelial cell proliferation. Kidney Int. 2012;81:76–85.
Groth A, Lukas J, Nigg EA, Sillje HH, Wernstedt C, Bartek J, et al. Human
Tousled like kinases are targeted by an ATM- and Chk1-dependent DNA
damage checkpoint. EMBO J. 2003;22:1676–87.
Tubbs AT, Dorsett Y, Chan E, Helmink B, Lee BS, Hung P, et al. KAP-1
Promotes Resection of Broken DNA Ends Not Protected by γ-H2AX and
53BP1 in G1-Phase Lymphocytes. Mol Cell Biol. 2014;34:2811–21.
Bhoumik A, Takahashi S, Breitweiser W, Shiloh Y, Jones N, Ronai Z. ATMdependent phosphorylation of ATF2 is required for the DNA damage
response. Mol Cell. 2005;18:577–87.
Thurn KT, Thomas S, Raha P, Qureshi I, Munster PN. Histone deacetylase
regulation of ATM-mediated DNA damage signaling. Mol Cancer Ther.
2013;12:2078–87.
Baird D, Feng Q, Cerione RA. The Cool-2/alpha-Pix protein mediates a
Cdc42-Rac signaling cascade. Curr Biol. 2005;15:1–10.
Meseke M, Rosenberger G, Forster E. Reelin and the Cdc42/Rac1
guanine nucleotide exchange factor αPIX/Arhgef6 promote dendritic
Golgi translocation in hippocampal neurons. Eur J Neurosci.
2013;37:1404–12.
Cui D, Tian F, Ozkan CS, Wang M, Gao H. Effect of single wall carbon
nanotubes on human HEK293 cells. Toxicol Lett. 2005;155:73–85.
Brattsand G, Marklund U, Nylander K, Roos G, Gullberg M. Cell-cycleregulated phosphorylation of oncoprotein 18 on Ser16, Ser25 and Ser38.
Eur J Biochem. 1994;220:359–68.

Page 12 of 13

32. Brännström K, Segerman B, Gullberg M. Molecular dissection of GTP
exchange and hydrolysis within the ternary complex of tubulin
heterodimers and Op18/stathmin family members. J Biol Chem.
2003;278:16651–7.
33. Alli E, Yang JM, Ford JM, Hait WN. Reversal of stathmin-mediated resistance
to paclitaxel and vinblastine in human breast carcinoma cells. Mol
Pharmacol. 2007;71:1233–40.
34. Donnianni RA, Ferrari M, Lazzaro F, Clerici M, Tamilselvan Nachimuthu B,
Plevani P, et al. Elevated levels of the polo kinase Cdc5 override the Mec1/
ATR checkpoint in budding yeast by acting at different steps of the
signaling pathway. PLoS Genet. 2010;6:e1000763.
35. Christou CM, Kyriacou K. BRCA1 and Its Network of Interacting Partners.
Biology (Basel). 2013;2:40–63.
36. Kumar P, Mukherjee M, Johnson JP, Patel M, Huey B, Albertson DG, et al.
Cooperativity of Rb, Brca1, and p53 in malignant breast cancer evolution.
PLoS Genet. 2012;8:e1003027.
37. Li Y, Pan J, Li JL, Lee JH, Tunkey C, Saraf K, et al. Transcriptional changes
associated with breast cancer occur as normal human mammary epithelial
cells overcome senescence barriers and become immortalized. Mol Cancer.
2007;6:7.
38. Ganguly A, Shields CL. Differential gene expression profile of retinoblastoma
compared to normal retina. Mol Vis. 2010;16:1292–303.
39. Jalili A, Moser A, Pashenkov M, Wagner C, Pathria G, Borgdorff V, et al. Pololike kinase 1 is a potential therapeutic target in human melanoma. J Invest
Dermatol. 2011;131:1886–95.
40. Burke JE, Williams RL. Dynamic steps in receptor tyrosine kinase mediated
activation of class IA phosphoinositide 3-kinases (PI3K) captured by H/D
exchange (HDX-MS). Adv Biol Regul. 2013;53:97–110.
41. Takesono A, Finkelstein LD, Schwartzberg PL. Beyond calcium:
new signaling pathways for Tec family kinases. J Cell Sci.
2002;115:3039–48.
42. Laird DW. Life cycle of connexins in health and disease. Biochem J.
2006;394:527–43.
43. Lancaster OM, Baum B. Shaping up to divide: Coordinating actin and
microtubule cytoskeletal remodelling during mitosis. Semin Cell Dev Biol.
2014;34:109–15.
44. Pomerleau V, Landry M, Bernier J, Vachon PH, Saucier C. Met receptorinduced Grb2 or Shc signals both promote transformation of intestinal
epithelial cells, albeit they are required for distinct oncogenic functions.
BMC Cancer. 2014;14:240.
45. Kuo MS, Auriau J, Pierre-Eugene C, Issad T. Development of a human breastcancer derived cell line stably expressing a bioluminescence resonance
energy transfer (BRET)-based phosphatidyl inositol-3 phosphate (PIP3)
biosensor. PLoS One. 2014;9:e92737.
46. Giurisato E, Cella M, Takai T, Kurosaki T, Feng Y, Longmore GD, et al.
Phosphatidylinositol 3-kinase activation is required to form the NKG2D
immunological synapse. Mol Cell Biol. 2007;27:8583–99.
47. Rajagopal S, Ji Y, Xu K, Li Y, Wicks K, Liu J, et al. Scaffold proteins
IRSp53 and spinophilin regulate localized Rac activation by Tlymphocyte invasion and metastasis protein 1 (TIAM1). J Biol Chem.
2010;285:18060–71.
48. Xouri G, Lygerou Z, Nishitani H, Pachnis V, Nurse P, Taraviras S. Cdt1 and
geminin are down-regulated upon cell cycle exit and are over-expressed in
cancer-derived cell lines. Eur J Biochem. 2004;271:3368–78.
49. Dement GA, Treff NR, Magnuson NS, Franceschi V, Reeves R. Dynamic
mitochondrial localization of nuclear transcription factor HMGA1. Exp Cell
Res. 2005;307:388–401.
50. Wang GP, Xu CS. Reference gene selection for real-time RT-PCR in eight
kinds of rat regenerating hEpatic cells. Mol Biotechnol. 2010;46:49–57.
51. Xu CS, Chen XG, Chang CF, Wang GP, Wang WB, Zhang LX, et al.
Transcriptome analysis of hepatocytes after partial hepatectomy in rats.
Dev Genes Evol. 2010;220:263–74.
52. Mulrane L, RexhEpaj E, Smart V, Callanan JJ, Orhan D, Eldem T, et al.
Creation of a digital slide and tissue microarray resource from a multiinstitutional predictive toxicology study in the rat: an initial rEport from the
PredTox group. Exp Toxicol Pathol. 2008;60:235–45.
53. Salomonis N, Hanspers K, Zambon AC, Vranizan K, Lawlor SC, Dahlquist KD,
et al. GenMAPP 2: new features and resources for pathway analysis. BMC
Bioinformatics. 2007;24:217.
54. Antonov AV, Schmidt EE, DiEpmann S, Krestyaninova M, Hermjakob HR.
spider: a nEpwork-based analysis of gene lists by combining signaling

Chang et al. BMC Cell Biology (2015) 16:25

Page 13 of 13

and mEpabolic pathways from Reactome and KEGG databases. Nucleic
Acids Res. 2010;38:W78–83.
55. Li M, Zhou X, Mei J, Geng X, Zhou Y, Zhang W, et al. Study on the
activity of the signaling pathways regulating hepatocytes from G0
phase into G1 phase during rat liver regeneration. Cell Mol Biol Lett.
2014;19:181–200.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

