Int J Clin Exp Pathol 2015;8(12):15836-15844
www.ijcep.com /ISSN:1936-2625/1JCEP0017144

Original Article
Quantitative proteomic analysis identifies new effectors
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Abstract: The Forkhead Box M1 (FOXM1) transcription factor plays important roles in tumorigenesis and tumor
metastasis in multiple human carcinomas. However, the underlying mechanisms for FOXM1 function remain to be
classified. In the present study, we employed quantitative proteomic approach to search new downstream targets
of FOXM1 in breast cancer MDA-MB-231 cells. A total of 4125 proteins were identified and quantified by label-free
quantitation, of which 318 proteins were significantly changed (with P-value <0.05) between FOXM1 knockdown
cells and control cells. Among them, three proteins ACSL4, CGGBP1 and PGRMC2 were significantly downregulated
with FOXM1 reduction by western blot analysis. Further functional assays revealed that knockdown of the three
proteins in MDA-MB-231 cells attenuated the ability of cell migration, consistent with the phenotype of FOXM1
knockdown. These results suggest that new potential downstream effectors of FOXM1 were identified by proteomic

approach, and may provide new potential therapeutic targets in breast cancer.
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Introduction

Forkhead box protein M1 (FOXM1), a member
of Forkhead transcription factor superfamily, is
overexpressed in a large variety of human can-
cers [1] and is a key regulator of cancer patho-
genesis [2, 3]. There is growing evidence that
FOXM1 is required for tumor cell proliferation,
differentiation, longevity, transformation and
metastasis. Besides, FOXM1 overexpression
also confers the potential of drug resistance to
tumor cells. Studies to date have demonstrated
that FOXM1 expression correlates positively
with tumor grade, stage, size or incidence of
metastasis in most human tissues, including
breast, liver, stomach, pancreas, etc. In breast
cancer, FOXM1 has been reported to be fre-
quently upregulated and knockdown of it leads
to the inhibition of cell migration. Although
some metastasis-related genes such as Slug,
uPAR, MMP-2 have been identified as down-
stream effectors of FOXM1 [4-6], the exact
mechanism and more downstream targets of
FOXM1 on cell migration of breast cancer
remains to be further elucidated.

Quantitative proteomic approaches, such as
isotopecoded affinity tags (ICAT), stable isotope
labeling with amino acids in cell culture and
label-free quantitation (LFQ) methods, have
been widely used to quantify the proteins from
cells, tissues, and body fluids under different
conditions [7]. Label-free protein quantitation
methods are becoming promising and popular
in shotgun datasets, for which can be applied
without introducing isotopes for quantitation.
Recently, this approach has been moved to a
new stage with the supportive software devel-
opment [8, 9]. It is encouraging that a number
of studies have identified novel targets or part-
ners of specific proteins with this technology
[10-12].

In the present study, label-free quantitative
proteomic approaches were performed to iden-
tify and quantify those proteins differentially
expressed betweenFOXM1 knockdown breast
cancer cells (MDA-MB-231/Lv-shFOXM1) and
control cells (MDA-MB-231/Lv-shNC). A total of
4125 proteins were identified and quantified by
label-free quantitation, of which 318 proteins
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were significantly changed (with P-value <0.05)
between the two groups. Among them, ACSL4,
CGGBP1 and PGRMC2 were identified as po-
tential downstream targets of FOXM1 by Wes-
tern blot. Knockdown any of the three genes
attenuated the ability of cell migration in MDA-
MB-231 cells through transwell chamble as-
says. Thus, our data provided new insights into
FOXM1 function in cell migration by the poten-
tial new downstream target genes.

Materials and methods
Cell culture and cell line

The human breast carcinoma cell line MDA-
MB-231 were obtained from the American Type
Culture Collection (Manassas, VA) and cultured
in Dulbecco’s Modified Eagle Medium (DMEM,
Corning), supplemented with 10% fetal bovine
serum (FBS) and 100 units/ml penicillin/strep-
tomycin in a humidified incubator in an atmo-
sphere of 5% CO, at 37°C.

RNA interference and cell transfection

The small interfering RNAs targeting FoxM1
were designed as described previously [13].
The sequence was as follow: siFoxM1 (sense
5-CUCUUCUCCCUCAGAUAUAATAT-3). The irrel-
evant nucleotides not targeting any annotated
human genes were used as negative control:
sSiNC (sense 5-UUCUCCGAACGUGUCACGUdT-
dT-3). For ACSL4, CGGBP1, and PGRMC2 ge-
ne silencing, the siRNAs sequences specific
against these genes respectively were: siACS-
L4 (sense 5-GGAUAUUCUUCUCCGCUUAdTAT-3),
siCGGBP1 (sense 5-CCAUGACUGUCUGAUAC-
GUUUdTdT-3) and siPGRMC2 (sense 5-UUCU-
CCGAACGUGUCACGUATT-3). All of siRNAs we-
re chemically synthesized by GenePharma,
Shanghai. Cell transfection with siRNAs was
conducted using Lipofectamine 2000 (Invi-
trogen, USA) in accordance with the manufac-
turer’'s instructions. The lentivirus knocking
down FOXM1 or control (LV-shFOXM1, LV-shNC)
were packaged and purchased from Gene-
Pharma, Shanghai using above corresponding
sequences.

Quantitative real-time PCR analysis

Total RNA from MDA-MB-231 cells was isolated
with RNAiso Plus reagent (TakaRa, Japan), and
the total RNA was reverse transcribed using
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the PrimeScriptTM RT Reagent Kit with gDNA
Eraser (TaKaRa, Japan). Quantitative real-time
reverse transcription-PCR (qRT-PCR) was per-
formed with ABI 7500 Real Time System and
SYBER green reagent (TaKaRa, Japan). The
MRNA level of each sample was normalized to
B-actin prior to comparative analysis using
22¢ method. The following primer pairs were
used to amplify and measure the amount of
FOXM1 and B-actin: FOXM1-F: 5-GGGCGCA-
CGGCGGAAGATGAA-3, FOXM1-R: 5-CCACTCTT-
CCAAGGGAGGGCTC-3 and actin-F: 5-CCTGGC-
ACCCAGCACAATG-3, actin-R: 5-GGGCCGGACT-
CGTCATACT-3. Each sample was run in tripli-
cate for the target gene and the internal control
gene.

Western blot analysis

Standard Western blotting was performed
using whole-cell protein lysates and protein
concentration of cell lysates was measured.
Samples were boiled for 5 minutes, subjected
to electrophoresis in SDS-PAGE (10% w/v)
and transferred onto a polyvinylidenedifluori-
de (PVDF) membrane. The membrane was
blocked in 5% blocking buffer (5% nonfat milk
and 0.1% Tween-20 in PBS) for 2 h at room tem-
perature, and then incubated with the primary
antibody in PBST (0.1% Tween-20 in PBS) over-
night at 4°C. Incubation with the secondary
antibody was performed for 1 h at room tem-
perature. Primary antibodies were used ag-
ainst FOXM1 and b-actin from Santa Cruz
Biotechnology, USA, against RASGAP, CGGBPZ,
PGRMC2 ACSL4, AMPK, GOLGA2, LENGS,
Cl2orf11 and MAPK3 from Proteintech,
Wuhan, China. The detection of proteins was
achieved by using the Odyssey Infared Imaging
System (Li-COR, USA).

Cell migration assay

Cells were performed by using the transwell
chamber (BD Bioscience) with the vendor’s pro-
tocol. Briefly, cells were pretreated with siRNAs
for 48 h and were trypsinized and resuspended
into serum-free DMEM medium. Cells were
then added to the upper chambers at 3x10*
cells per well. DMEM containing 5% FBS was
added to the lower chambers as attractant.
After 48 h, the migrated cells on the mem-
brane’s undersurface were stained with Crystal
Violet Staining Solution and counted in 5 fields
per well. All experiments were conducted in
triplicate and repeated twice.
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Figure 1. Identification of FOXM1 stable knock down cell line and flow chart of the proteomic study. A. Infection
efficiency of MDA-MB-231 cells by LV-shNC and LV-shFoxM1 lentivirus. Left, image under light microscope; right,
image under fluorescence microscope showing the expression of green fluorescent protein-positive cells. B. The ex-
pression level of FOXM1 in MDA-MB-231/LV-shNC cell and MDA-MB-231/LV-shFoxM1 by Western blot and gRT-PCR
analysis. *Statistically different at P<0.05. C. Flow chart of the proteomic study of MDA-MB-231/LV-shFoxM1 and
MDA-MB-231/LV-shNC cells. The resulting peptides were analyzed by high resolution nano-LC-MS/MS and quanti-

fied with the label-free algorithm in MaxQuant software.

Mass spectrometry

The LC-MS/MS was performed as Zhou previ-
ous described [14, 15] with some modifica-
tions. Briefly, samples were acidified with for-
mic acid to a final concentration of 1% v/v and
loaded on a 75 ymx150 mm fused silica pre-
column packed in house with 3-um ReproSil-
Pur C18 beads (120 A ; Dr. Maisch GmbH,
Ammerbuch, Germany) using an Easy nano-
UPLC 1000 (Thermo Electron, Waltham, MA).
The peptides were eluted using a gradient
(5-80% ACN with 0.1% formic acid) at a flow
rate of 300 nL/min over 200 min period into an
nano-ESI Velos Pro-Orbitrap Elite mass spec-
trometer (Thermo Electron, Waltham, MA). MS/
MS spectra were acquired in a data-dependent
acquisition mode that automatically selected
and fragmented the ten most intense peaks
from each MS spectrum generated by high-
energy collisional dissociation (HCD).
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Data analysis

The MS data were analyzed using the software
MaxQuant [16, 17] (http://maxquant.org/, ver-
sion 1.3.0.5). Carbamidomethyl (C) was set
as a fixed modification, and oxidation (M,
+15.99492 Da) was set as a variable modifica-
tion. Proteins were identified by searching MS
and MS/MS data of peptides against a decoy
version of the International Protein Index (IPI)
human database (version 3.87, 91464 protein
sequences; European Bioinformatics Institute).
Trypsin/P was selected as the digestive enzyme
with two potential missed cleavages. The false
discovery rate (FDR) for peptides and protein
groups was rigorously controlled to be <1% by
the Andromeda search engine [18]. FDR was
calculated by the number of hits from the
reverse database divided by the number of for-
ward hits [18, 19]. Label-free quantification
was carried out in MaxQuant using intensity
determination and normalization algorithm
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Figure 2. Box plots of the protein LFQ intensity (log2) for each sample (A). A scatter plot and correlation between
two samples (B), and hierarchical clustering analysis of the 4125 proteins identified by quantitative proteomics (C).
The protein samples were collected from 4 replicates of LV-shFoxM1 (SH41, SH2, SH3 and SH4) and 4 replicates of
LV-shNC (NC1, NC2, NC3 and NC4).

Table 1. Selected proteins with altered abundance in MDA-MB-231/LV-shFoxM1 versus LV-shNC
Molecular LV-shNC/LV-

:E?;ZLO(;) Protein Name Abbreviation weight shFox.Ml p value
(Kda) Ratio

IP100220356 Isoform 2 of RasGTPase-activating protein 1 RASGAP/RASA1 100 0.2 1.71e-02

IPI0O0795467 Uncharacterized protein CGGBP1 12 0.32 1.05e-03
IPI01015100 Membrane-associated progesterone receptor component 2 PGRMC2 24 0.08 2.97e-02

IPI00219897 Isoform Short of Long-chain-fatty-acid--CoA ligase 4 ACSL4 74 0.81 3.23e-04
IPI00792482 Isoform 1 of 5’-AMP-activated protein kinase catalytic subunit alpha-1 AMPK/PRKAAL 64 0.26 2.92e-02
IPI00943357 Isoform 1 of Golgin subfamily A member 2 GOLGA2 113 0.63 1.72e-03
IPI00550986 Cell cycle regulator Mat89Bb homolog C12orf11 80 0.36 1.21e-02
IPI00852904 Leukocyte receptor cluster (LRC) member 8 LENG8 79 6.33 2.42e-02
IPI00018195 Mitogen-activated protein kinase3 MAPK3 43 3.18 3.31e-02
IPI00001541 Mitochondrial import innermembrane translocase subunit Tim9 TIMM9 10 0.34 1.69e-02
IPI00816836 Solute carrier family 2 (Facilitated glucose transporter), member 3 variant SLC2A3 32 0.36 1.66e-02
IPI01010298 Uncharacterized protein EPDR1 38 0.38 4.37e-02
IPI00854856 Isoform 4 of Shootin-1 KIAA1598 63 0.46 1.36e-02
IPI00410034 Isoform 1 of Sodium-coupled neutral amino acid transporter 2 SLC38A2 56 0.64 9.02e-03
IPI00010187 Elongation of very long chain fatty acids protein 1 ELOVL1 33 0.65 1.72e-02
IPI0O0005809 Serum deprivation-response protein SDPR 47 1.54 2.02e-03
IPI00301107 Isoform 1 of Importin-11 IPO11 113 1.55 2.07e-02
IPI00797249 L-xylulosereductase isoform 2 DCXR 26 1.57 9.74e-04
IPI00019551 Pleckstrin homology-like domainfamily A member 2 PHLDA2 17 1.74 6.46e-04
IPI00397526 Isoform 1 of Myosin-10 MYH10 229 1.81 6.76e-03
[16]. The peptide peak intensities were calcu- to a protein were used for further analysis [16].
lated by summing up the intensities of different The maximum ratio information from peptide
isotopic peaks in an isotope pattern of this signals across samples was extracted for pro-
peptide, only peptides that undoubtedly belong tein label-free quantitation. The “LFQ intensity”
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Figure 3. Verification of the expression of the proteins identified. Validation
of the proteomic results of selected proteins as indicated in immunoblots of
protein extracts from the breast cancer cells analyzed. Antibodies display-
ing a single predominant band at the expected molecular weights were ac-

cepted. B-actin was used as the loading control.

of each protein in different samples was calcu-
lated as the best estimate satisfying all the
pair-wise peptide comparisons, and this LFQ
intensity was almost at the same scale of the
summed-up peptide intensities [16]. The pep-
tide intensity and protein LFQ intensity lists of
the two cell lines were further processed using
Perseus software (version 1.2.0.16). The LFQ
intensity values were logarithmized (Log2), and
the missing value was imputed with random
numbers from a normal distribution (Width =
0.3, Shift = 1.8).

Statistical analysis was performed with SPSS
version 17.0. A one-way Student’s t-test was
used to compare differences between the two
groups of the qRT-PCR data. And a two-tailed
Student’s t-test to determine the significance of
the Cell migration assay results. A P value of
less than 0.05 was considered to indicate a sig-
nificant difference, “*” indicates P<0.05; “**”
indicates P<0.01.

Results

Construction and identification of FOXM1
knockdown stable cell line

To search FOXM1-regulated downstream tar-
gets in breast cancer, two stable cell lines MDA-
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MB-231/LV-shFoxM1, MDA-
MB-231/LV-shNC were gener-
ated by infecting FoxM1

ratio

knockdown lentivirus and
4 negative control (NC) lentivi-
0.20 rus. As shown in Figure 1A,
’ both of the lentivirus infec-
0.32 tion efficiency reached nearly

100% via the green fluores-
0.08 cent protein (GFP) assay. The
0.81 gRT-PCR and western blot

data demonstrated that Fox-
0.26 M1 mRNA and protein levels
0.63 were successfully decreased
0.36 in the MDA-MB-231/LV-sh-
633 FoxM1 cells compared with

control LV-shNC cells (Figure
3.18 1B). Then, the two cell lines
were used to compare the
proteomes for differentially
expressed proteins. The pro-
cedures for protein process
from the two cell lines using
centrifugal proteomic reactor,
nano-LC-MS/MS analysis of
the resulting peptides, data-
base searching, and LFQ intensity calculation
by Maxquant and bioinformatic analysis are
illustrated in Figure 1C.

Label-free quantitative proteomic analysis of
FOXM1 knockdown stable cell lines

Tryptic peptides from two stable cell lines
were analyzed by LC-MS/MS on a linear ion
trap Orbitrap mass spectrometer [20]. 39686
unique peptides were identified and a total
number of 4125 unique protein groups were
quantified. Next, we estimated the quantitative
capacity of our dataset. As shown in Figure 2A,
a box plot analysis was applied to compare the
LFQ intensity average of all the 8 individual
samples (each cohort 4 replicates). The LFQ
intensity average is at the same level across
the samples which indicate that the results of
LFQ analysis have no biases towards different
samples. As shown in Figure 2B, relative label-
free quantitation was highly reproducible be-
tween biological replicates inside each cohort
or between the LC-MS/MS runs from different
cohorts, and correlation between normalized
LFQ intensities was higher than 0.93. To glob-
ally discern the proteomic changes, we gener-
ated a heat map plot of a hierarchical cluster-
ing analysis (HCA) of the total 4125 protein
intensities of the 8 samples (Figure 2C).

Int J Clin Exp Pathol 2015;8(12):15836-15844
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In order to identify differentially expressed pro-
teins between the LV-shFoxM1 and /LV-shNC
cells, a t-test was performed. Of the 4125 uni-
que protein groups, 318 proteins showed sta-
tistically significant differences between these
two subsets (P value <0.05). Out of which 171
proteins were down-regulated and 147 proteins
were up-regulated. And 69 proteins changed
significantly (P value <0.05 and fold change
over 1.5 as the cutoff). Selected 20 proteins
that were significantly changed with knockdown
FoxM1 are listed in Table 1.

Validation of identified candidates via quantita-
tive mass spectrometry analysis using western
blot

Several of the proteins identified to be de-
creased and a few of proteins identified to be
increased in FOXM1 knockdown cells were
further quantified and validated by Western
blot. As shown in Figure 3, RASGAP, CGGBP1,
PGRMC2, ACSL4, AMPK, GOLGA2, C12orf11l
and LENG8 were downregulated with FOXM1
reduction, whereas MAPK3 was observed to be
opposite. The majority of western bolt results
were in line with quantitative mass spectrome-
try data, indicating the proteomic data was reli-
able and reproducible.

Functional investigation of ACSL4, CGGBP1
and PGRMC2 on cell migration

Based on the good agreement between mass
spectrometry result and western blot analysis
for CGGBP1, PGRMC2 and ACSL4, the three
proteins were selected for further functional
analysis using the aggressive phenotype of
MDA-MB-231 cells. For this goal, specific small
interference RNA, siCGGBP1, siPGRMC2 and
SiACSL4 or negative control siNC were synthe-
sized and transfected into MDA-MB-231 cells,
respectively. Figure 4A showed the knockdown
efficiency of each gene and western blot data
indicated the three genes were successfully
downregulated by RNA inference. As the same
time, transwell migration assays indicated th-
at CGGBP1, PGRMC2 or ACSL4 knockdown led
to a significant decrease in cell migration of
MDA-MB-231 cells (Figure 4B and 4C), demon-
strating that CGGBP1, PGRMC2 and ACSL4
have positively effects on cell migration of
breast cancer cells as FOXM1 does.

Discussion
FOXM1 transcriptionally modulates a series of

gene expression involved in cell growth, prolif-
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eration, differentiation, longevity, transforma-
tion and migration. To understand the mecha-
nism underlying the various role of FOXM1, it
is required to determine FOXM1 regulated
downstream targets. In the present study, we
employed quantitative label-free mass spec-
trometry to explore FOXM1 regulated protein
expression for the first time. Although resear-
chers have reported FOXM1 targets by cDNA
microarray before, it is well known the two
approaches may come out different profiling
[21].

A total of 318 proteins were finally identified
and quantified by label-free quantitation (with
P-value <0.05), of which 69 proteins changed
significantly (P value <0.05 and fold change
over 1.5 as the cutoff) between the two gro-
ups: MDA-MB-231/LV-shNC and MDA-MB-231/
shFoxM1 cells. The MDA-MB-231 cell repre-
sents an aggressive cell model of breast can-
cer. Breast cancer is ranked as the fifth cause
of death among all cancers [22]. The majority
of primary tumors that remain confined to the
breast are amenable to surgical resection, and
5-year survival rates for patients with non-met-
astatic disease are -98%. Once the tumor has
metastasized to a distant site, despite research
efforts and the development of new therapies,
5-year survival decreases to -26% [23]. Finding
new molecular determinants associated with
breast cancer metastasis are essential for the
future development of successful therapeu-
tic strategies. Therefore, of all potential down-
stream targets of FOXM1, we focus on the role
on cell migration, for which is thought as early
stage of tumor metastasis.

Among these differentially expressed proteins,
RASGAP, CGGBP1, PGRMC2, ACSL4, AMPK,
GOLGA2, C120rf11, LENG8 and MAPK were
further confirmed by western blotting, support-
ing the reliability of the mass spectrometry-
based LFQ analysis. Subsequently, we selected
three genes for the further functional analysis.
ACSL4, the acyl-CoA synthetase 4, esterifies
mainly arachidonic acid into acyl-CoA and is
increased in breast, colon and hepatocellular
carcinoma [24, 25]. CGGBP1 is a repetitive
DNA-binding transcription regulator with target
sites at CpG-rich sequences, which implies it
may act as a possible mediator of CpG methy-
lation [26, 27]. PGRMC2, a component of pro-
gesterone receptor membrane, belongs to the
heme-binding protein family and may serve as
a receptor for progesterone [28]. Knocking
down any of three genes by RNAi technique has

Int J Clin Exp Pathol 2015;8(12):15836-15844
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an inhibitory effect on cell migration, implicat-
ing the three genes play a role in tumor metas-
tasis. Thus, we might provide three new poten-
tial therapeutic targets against cell metastasis
in breast cancer.

In conclusion, a label-free quantitative proteo-
mic strategy for the first time was applied to
compare protein expression between FOXM1
knockdown cells and control cells. A total of
318 unique proteins were identified and quan-
tified in our study which provides to date the
largest quantitative proteomic data regulated
by FOXM1 in breast cancer. ACSL4, CGGBP1
and PGRMC2, the three irrelevant proteins
involved in distinct biological process were
confirmed by western blot and involvement of
cell migration by transwell chamble assay, sug-
gesting they may act as downstream effectors
of FOXM1 in cancer metastasis. Undoubtedly,
FOXM1 regulated targets might exist in other
unidentified proteins within our proteomic pro-
filing, which should be deserved to further
study in future.
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