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Abstract

Dysregulation of Forkhead-box (FOX) transcription factors is linked to cancers of numerous tissue
types. Here, we report that FOXF2 is frequently silenced in luminal-type and HER2-positive
breast cancers, but is overexpressed in basal-like breast cancers; thus, FOXF2 appears to play
distinct roles in different breast cancer subtypes. Inactivation of FOXF2 in luminal-type and
HER2-positive breast cancers is attributable to epigenetic silencing. Silencing of FOXF2 is
associated with poor prognosis in luminal-type breast cancer. Ectopic expression of FOXF2 in
luminal and HER2-positive breast cancer cells suppresses their tumorigenic properties /n vitro and
in vivo via inhibition of the CDK2-RB-E2F cascade. The /n vivo function of FOXF2 is to maintain
the stringency of DNA replication, and its loss triggers dysregulation of DNA replication, which in
turn activates the p53 checkpoint pathway. Besides its role in cell cycle regulation, FOXF2 is
functionally required for mobility and epithelial-to-mesenchymal transition (EMT) of normal
breast epithelial cells. In basal-like breast cancer cells, the cell-cycle function of FOXF2 is
impaired. However, the EMT function of FOXF2 is still required for mobility, invasiveness and
anchorage-independent growth of basal-like breast cancer cells. Our gene expression profiling
studies demonstrate that FOXF2 regulates the expression of genes implicated in cell cycle and
EMT regulation. Moreover, FOXF2 is highly co-expressed with basal- and metastasis-related
genes in breast cancer. These findings suggest that FOXF2 has a dual role in breast tumorigenesis
and functions as either a tumor suppressor or an oncogene depending on the breast tumor subtype.
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1. Introduction

The heterogeneity of breast tumors has been attributed as the cause of differential responses
of patients to anti-cancer therapy [1,2]. Gene expression profiling and
immunohistochemistry studies have been utilized to molecularly classify heterogeneous
breast cancers into at least five subtypes, including normal breast-like, luminal A (ER+
and/or PR+/HER2- with a low Ki67 index), luminal B (ER+ and/or PR+/HER2+ or HER2-
with a high Ki67 index), HER2-positive (ER-/PR-/HER2+) and basal-like/triple negative
(ER-/PR-/HER2-) [3-6]. These distinct subtypes of breast cancer not only display different
molecular profiles, but also exhibit varied therapeutic responses and prognosis. For instance,
luminal-type breast cancer cells behave like epithelial cells that are more differentiated, have
lower metastatic potential, respond to endocrine therapy and show a better prognosis
compared to other breast cancer subtypes. In contrast, the basal-like breast cancer subtype,
which often shows a triple negative phenotype for ER, PR and HER2 receptors, has a poor
prognosis due to a low level of differentiation, a mesenchymal-like stem-cell phenotype,
hematogenous dissemination, and resistance to endocrine and anti-HER2 target therapies
[4,7,8]. Identification of key molecular regulators functionally contributing to the
development of these breast cancer molecular subtypes is important for understanding of the
disease formation and for the development of effective therapeutics specific for each breast
cancer subtype.

Two major hallmarks of tumors are dysregulation of cell cycle progression and aberrant
activation of the epithelial-to-mesenchymal transition (EMT) program. During the cell cycle,
DNA re-replication (also called over-replication) results from repeated firing of DNA
replication due to loss of DNA replication stringency, mainly due to the deregulation of the
replication licensing process [9,10]. DNA re-replication is known to result in gene
amplification and chromosomal alterations, in turn promoting cellular transformation and
tumorigenesis [9,10]. Several G1-S checkpoint proteins such as ataxia telangiectasia mutated
(ATM), ataxia telangiectasia and Rad3 related (ATR) and p53 are involved in monitoring
DNA replication stringency and suppressing DNA re-replication for maintaining genomic
stability and inhibiting mutagenesis [11]. During tumorigenic progression, cancer cells also
acquire an ability to reactivate the EMT program that endows them with increased invasive
and migratory abilities, an essential step for cancer cells to become metastatic [12].
Moreover, cancer cells undergoing EMT exhibit cancer-stem-cell phenotypes and are highly
resistant to conventional chemotherapy and radiotherapy [13,14]. Identification of
transcription factors regulating the expression of genes involved in cell-cycle and EMT
regulation and revealing their dysregulation during tumorigenesis are critical for
understanding tumorigenic mechanisms and for propelling the development of novel
therapies to treat cancer.
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Deregulating the subcellular localization, functions and expression of Forkhead box (FOX)
transcription factors that are critically involved in embryonic development and multiple
biological processes is known to result in the development and progression of diseases, in
particular cancer [15-18]. Human FOXF transcription factors, including FOXF1 and
FOXF2, are a subfamily of the FOX gene family [19]. Mouse Foxf proteins are well-known
mesenchymal factors that modulate extracellular matrix (ECM) synthesis and epithelial-
mesenchymal interactions, and play critical roles in regulating embryonic development and
organogenesis [20-23]. Our recent findings have revealed that FOXF1 plays a crucial role in
maintaining the stringency of DNA replication and functions as a tumor suppressor in breast
epithelial cells, which is frequently silenced in breast cancer via epigenetic mechanisms
[24]. Moreover, ectopic overexpression of Foxfl in a mouse mammary epithelial cell line
induced EMT, increased invasiveness /n vitro and enhanced tumor growth /n vivo [25].
These findings suggest that FOXF1 may play a dual role that acts as either a tumor
suppressor or an oncogenic factor during tumorigenesis in a context-dependent manner.

Dysregulation of FOXF2 has also been linked to breast tumorigenesis [26-29]. Decreased
FOXF2 expression was reported to be associated with early-onset metastasis and poor
prognosis in breast cancer [26]. DNA methylation contributes to silencing FOXF2 in
cultured breast cancer cell lines in a subtype-specific manner [28]. Although FOXF2 was
reported to act as a tumor suppressor by blocking the metastasis of basal-like breast cancer
cells via inhibiting EMT [27,29], this paradigm is contradictory to the previously reported
mesenchymal roles of FOXF transcription factors that are well-known to promote EMT and
mesenchymal phenotypes of stromal and epithelial cells [22,25,30-32]. In this study, we
showed that FOXF2 plays a dual role in breast tumorigenesis by functioning either as a
tumor suppressor that negatively regulates DNA replication or as an oncogenic factor that
promotes the EMT process. Remarkably, we found that FOXF2 loses its cell-cycle function
but retains its EMT function in basal-like breast cancer. Our paradigm rationally explicates
why FOXF2 is silenced in luminal and HER2-positive breast cancers through epigenetic
mechanisms and its restoration exhibits tumor-suppressive features in these two breast
cancer subtypes, and why basal-like breast cancers frequently overexpress FOXF2 that turns
into an EMT promoter to facilitate tumorigenesis and metastasis of basal-like breast cancer.
Our findings have shed light on the biological role of overexpressed FOXF2 in basal-like
breast cancer and provide new insights into FOXF2 function in cancer.

2. Materials and methods

2.1. In silico analysis of gene expression

The Oncomine’s Cancer Microarray Database (http://www.oncomine.org) [33] and cBio
portal for Cancer Genomics (http://www.chioportal.org) [34] were used to perform in silico
expression analysis of FOXFZ2and other genes in normal and cancerous breast tissues.

2.2. Identification of the CpG island of the FOXF2 gene

We obtained the genomic DNA sequence, including the upstream promoter sequence, of the
FOXF2 gene from the GenBank Database of the National Center of Biotechnology
Information (NCBI, http://www.ncbi.nIm.nih.gov) and also from the Database of

Cell Signal. Author manuscript; available in PMC 2017 October 01.


http://www.oncomine.org
http://www.cbioportal.org
http://www.ncbi.nlm.nih.gov

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lo etal.

Page 4

Transcriptional Start Sites (DBTSS, http://dbtss.hgc.jp). The extracted 600-bp upstream and
200-bp downstream genomic sequences relative to the transcription start site of the FOXF2
gene were subjected to analysis using the criteria and algorithm of online CpG Island
Searcher (http://cpgislands.usc.edu) to identify the CpG island.

2.3. Cell lines and tissue samples

We obtained immortalized and nontumorigenic human mammary epithelial cells (HMEC),
including MCF10A and HBL100, and the breast cancer cell lines (listed in Fig. 1A) from
ATCC (American Type Culture Collection, Manassas, VA, USA) and cultured them
according to the ATCC online instructions. The molecular subtype classification of breast
cancer cell lines used in the study was based on the information of two publications [35,36].
Mammary organoids were prepared from reduction mammoplasty specimens of normal
women as previously described [24]. The primary HMEC cultures were isolated from
digested mammary organoids. We obtained fresh reduction mammoplasty specimens and
frozen primary breast cancer samples from the Department of Pathology at the Johns
Hopkins Hospital (Baltimore MD). All of human tissue specimens in this study were
processed and used with prior approval from the JH Institutional Review Board.

2.4. Methylation-specific PCR and bisulfite sequencing analysis

Bisulfite modification of genomic DNA and methylation-specific PCR (MSP) amplification
were performed as previously described [24]. MSP primer sequences for the FOXF2
promoter are: 5-GGG TTT AGG TTG TGG TTT TAT TTG T-3” (forward) and 5'-TCA
ACT CCT CTA AAA CTT CTA ACA ACA-3’ (reverse) for unmethylated reactions (171
bp), and 5’-GTT TAG GTC GCG GTT TTA TTC-3’ (forward) and 5"-AAC TCC TCT
AAA ACT TCT AAC GAC G-3’ (reverse) for methylated reactions (167 bp). Bisulfite
sequencing analysis of the FOXFZ2 promoter was performed as previously described [24] by
using a pair of external primers, 5'-GGA G(C/T)G TTT TTG AAG GGA GA-3" (forward)
and 5"-AAC TAC AAC C(A/G)T AAC CAC TCC-3’ (reverse).

2.5. Conventional and real-time quantitative reverse-transcription PCR (RT-PCR) analysis

Total RNA isolated from cancer cell lines or primary tumor tissues was reverse-transcribed
and the PCR reaction was carried out as previously described [24]. The primers for FOXF2
RT-PCR amplification are: 5"-GCT CGC GAG GAC CTC TCA GTG-3’ (forward) and 5~
ATC GCT TGG CCT CTT TCC GTT C-3 (reverse); the primers for GAPDH are the same
as previously described [24]. We carried out SYBR Green-based real-time quantitative RT-
PCR as described [24]. Data analysis was performed using the 2-44¢ T method for relative
quantification [37], and all samples were normalized to the expression of the internal control
GAPDH.

2.6. Drug treatment

Breast cancer cell lines (MCF7, T47D, ZR-75-1 and SKBR3) were treated with the regimen
as previously described [24].

Cell Signal. Author manuscript; available in PMC 2017 October 01.


http://dbtss.hgc.jp
http://cpgislands.usc.edu

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Loetal. Page 5

2. 7. Immunohistochemistry assay

The immunohistochemical (IHC) analysis was performed using the avidin-biotin-peroxidase
complex (ABC) method. Paraffin-embedded tissue sections (4 uM) were deparaffinized by
xylene and rehydrated in serial graded alcohol: 100%, 95%, and 70% (10 min for each).
After antigen retrieval of tissue sections using Dako Epitope Retrieval Solution (Dako North
America Inc., Carpinteria, CA, USA) and the microwave heating method, the endogenous
peroxidase of tissue was blocked by 0.3% H,0, in methanol. Non-specific staining was
blocked with 10% normal goat serum (for polyclonal antibody staining) for 20 min at room
temperature. Primary antibodies were then applied at the concentration of 1 ug/ml for anti-
FOXF2 antibody (polyclonal, Aviva Systems Biology Corp., San Diego, CA, USA). Tissue
sections were incubated with primary antibodies at 4°C overnight. After 1xPBS washing, the
biotinylated goat anti-rabbit serum (Mector Laboratory Inc., Burlingame, CA, USA) was
added and tissue sections were further incubated at room temperature for 30 min. The
avidin-biotin-peroxidase complex (Vector Laboratory Inc.) was then applied for 30 min at
room temperature, and the mix of DAB chromogen and substrate was added for color
developing. Counterstaining was done by staining tissue sections with DAKO hematoxylin.
Scoring of FOXF2 protein expression in human breast cancer samples was scored
independently by two individuals based on an H-score, which is derived by multiplying the
staining intensity (0-3) with the percentage of epithelial cells with positive IHC staining.

2.8. Clinicopathological characteristics for breast tumors

By the Nottingham combined histologic grading system [38], 15 carcinoma cases were
classified as grade 1, 51 cases grade 2, and 51 cases grade 3. According to the TNM stage
[39], 34 patients had stage I, 60 patients stage Il, and 23 patients stage 111. The expression
status of hormone receptors, HER2 and p53 for tumor specimens was determined according
to the guideline of the American Society of Clinical Oncology/College of American
Pathologists [40].

2.9. In silico Kaplan—Meier survival analysis
The Kaplan—Meier plotter for breast cancer (http://kmplot.com/analysis/index.php?

p=service&cancer=breast) was used to perform in silico relapse-free survival (RFS) analysis
of FOXF2 expression in breast cancer patients.

2.10. Cloning and expression plasmid construction
Full-length cDNA fragments for the FOXFZ2 gene were obtained by RT-PCR of RNA from
normal mammary organoids and cloned into the pGEM-T-Easy vector (Promega Corp.,
Madison, WI, USA). The sequence confirmed FOXF2 cDNA was subcloned into the
pcDNAS3.1 (=) vector (Life Technologies Inc., Carlsbad, CA, USA) with the haemagglutinin
(HA)-tag coding sequence.

2.11. Transfection and reporter assay

Cells transfected with the vector control or HA-tagged FOXF2 expression plasmid DNA
using Lipofectamine 2000 (Life Technologies Inc.) were used for Western blot analysis with
antibodies against hemagglutinin (HA) tag (Cell signaling Technology, Danvers, MA, USA),
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or a-tubulin (Life Technologies Inc.). For reporter assays, cells transfected with reporter-,
expression and pCMV-B-galactosidase plasmids were lysed and luciferase activity was
measured using a luminometer (BD Biosciences, San Jose, CA, USA). B-galactosidase
activities were measured using the reporter assay system (Promega) according to the
manufacturer’s instructions. Luciferase activities as measured in cell extracts were
normalized by B-galactosidase activities.

2.12. Colony formation assay

At 24 h after transfection, transfected cells were plated in 6-well plates at a density of
6,000-12,000 cells/well in complete medium containing 0.3-0.6 mg/ml geneticin (G418).
After 2-3 weeks, colonies were fixed and then stained with 0.1% crystal violet. Unbound
dye was washed out with water. Bound dye was then eluted with 10% acetic acid, and
quantitated by measuring the absorbance at 590 nm.

2.13. Flow cytometric analysis

2x106 MCF7 cells were grown in 6-well culture plates for 24 h, and cotransfected with 3.5
ug of the control empty vector or HA-tagged FOXF2 expression plasmid DNA and 0.7 ug of
the pEGFP-C1 plasmid DNA (Clontech Laboratories Inc., Mountain View, CA, USA). After
72 h, cells were trypsinized, fixed with 2% formaldehyde in PBS at 4°C for 30 min and
permeabilized with 70% ethanol overnight at —20°C. Fixed cells were pelleted and
resuspended in an isotonic buffered Pl-staining solution containing RNase A (0.1 mg/ml)
and propidium iodide (20 pg/mL). Cell cycle distribution and the sub-G1 fraction of GFP-
positive cells were analyzed by the BD FACSCalibur system (Becton Dickinson, Franklin
Lakes, NJ, USA). Apoptosis was scored by assessing the fraction of cells with a sub-G1
DNA content.

2.14. Tumorigenicity assay

T47D cells transfected with either HA-FOXF2 or the empty vector were selected in the
G418-containing medium for a week. 2x108 of G418-selected HA-FOXF2-transfected or
vector-transfected (as a control) T47D cells were injected into the fourth mammary fat pad
of female athymic nude mice with age of 6 weeks (n = 6 for each transfected cells). Nude
mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). For xenograft
with T47D cells, mice were supplemented with estradiol pellets (0.72 mg, released over 60
days; Innovative Research of America, Sarasota, FL, USA) before tumor cell
transplantation. Tumors were measured in two diameters with calibers to permit calculation
of tumor volume, V = [(D + d)/2]3, where D and d are the larger and smaller diameters,
respectively. Xenograft experiments were performed according to the animal protocol
approved by IACUC, which is in accordance with the guidelines established by the USPHS.

2.15. Immunofluorescence assay

Transfected cells on coverslips were fixed with formaldehyde, and then subjected to primary
(including anti-HA, anti-CDK2, anti-phospho-CDK2, anti-RB and anti-phospho-RB
antibodies) and secondary (Alexa series, Life Technologies Inc.) antibody reactions
according to the manufacturer’s instructions. After immunostaining, nuclear DNA of cells
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was stained with 10pg/ml 4’6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St. Louis,
MO, USA). Immunostained cells on slides were examined under a Nikon Eclipse E800
fluorescence microscope (Nikon, Minato, Tokyo, Japan). The anti-HA, anti-RB, anti-
phospho-CDK2 (Thr160) and anti-phospho-RB (Ser807/811) antibodies were obtained from
the Cell Signaling Technology Inc. and the goat anti-CDK2 antibody was obtained from the
Santa Cruz Biotechnology Inc. (Dallas, TX, USA).

2.16. siRNA transfection

siRNA transfections were performed with 20 nM of each siRNA using Lipofectamine™
RNAIMAX (Life Technologies Inc.) according to the instructions of the manufacturer. The
two siRNA sequences for targeting FOXF2 are: 5"-CAACUUCAAUGGGAUUUCU-3’
(FOXF2 siRNA-1) and 5 -GAGCGUCUGUCAGGAUAUU-3" (FOXF2 siRNA-2). The
FOXF2 siRNAs and non-targeting control siRNA (siControl: Catalog No. D-001810-10)
were purchased from Dharmacon (Lafayette, CO, USA).

2.17. Western blot analysis

Western blot assays were performed as previously described [24]. Antibodies used in the
assays include: anti-HA, anti-phospho-p53 (Ser-15), anti-p53, anti-phospho-CHK2 (Thr-68),
anti-phospho-CDK2 (Thr-160), anti-phospho-Rb (Ser-807/811), anti-Rb, anti-phospho-
CDC2 (Tyr-15), anti-Smad2, anti-phospho-Smad?2 (Ser465/467) (Cell Signaling Technology
Inc.); anti-p21WAFL (Calbiochem Inc., Billerica, MA, USA); anti-CDK2, anti-CDC2 (Santa
Cruz Biotechnology Inc.); anti-CDCS6, anti-a-tubulin, anti-Vimentin, anti-E-cadherin (Life
Technologies Inc.).

2.18. Migration and invasion assays

Wound healing and transwell migration assays were performed to measure the migratory
ability of cells. For the wound healing assay, cells were seeded in 6-well plates and cultured
until confluent. A (200 pl) pipette tip was used to make a straight scratch, simulating a
wound. Cell wound images were taken by a microscope at 0 and 12 (or 24) hours for
examining wound healing. For the transwell migration assay, 2x10* cells were seeded in the
upper transwell chamber insert. For the invasion assay that measures the invasive ability of
cancer cells, 40 pl of matrigel was added into the upper transwell chamber insert to form a
thin gel layer in a 37°C incubator for 15-30 minutes and 5x104 cells were then seeded on
the top. The lower chamber was filled with the complete culture medium containing 10%
serum. Cells were allowed to migrate or invade towards the serum gradient for 24 hours.
Migrated or invaded cells were stained with 1% crystal violet and counted using a phase-
contrast microscope. Five random fields were counted per experiment.

2.19. Soft agar assay

To perform the soft agar assay, the bottom agar (0.6% agar) was prepared in six-well plates.
Once the bottom agar was solidified, 1 ml of the top agar (0.3% agar) was mixed with 2x104
cells and plated into six-well plates. After the top agar became solidified, 2 ml of the culture
medium was added and soft agar plates were maintained in a cell culture incubator until
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spheroid colonies formed. Formed colonies in agar were stained with 0.005% crystal violet
and counted (= 50 um) under a dissection microscope.

2.20. Gene expression profiling

48 hours after siRNA transfections, siRNA-transfected MCF10A (or MDA-MB-231) cells
were lysed in TRIzol (Life Technologies Inc.) and total RNA was purified according to
manufacturer’s instructions. Approximately 20 ug of RNA was treated with RNase-free
DNasel (#2238, Ambion, Ambion Inc., Austin, TX, USA) for 30 minutes at 37°C and
subsequently purified using the RNeasy mini kit (#74104, Qiagen, Hilden, Germany)
according to manufacturer’s instructions. The integrity of purified DNasel-treated RNA was
evaluated using the Agilent 2100 Bioanalyzer and the RNA nano 6000 kit (Agilent
Technologies, Wilmington, DE, USA). For each sample, Biotinylated cRNA was prepared
using the Ambion MessageAmplification kit for lllumina arrays (Ambion Inc.) according to
the manufacturer’s specifications with an input of 500 ng total RNA. Per sample, 750 ng of
the biotinylated cRNA was hybridized onto the Illumina HumanHT-12 v4 Expression
BeadChip (Illumina, Inc., San Diego, CA, USA) according to the Illumina Manual “Direct
Hybridization Assay Guide”. Hybridized arrays were scanned on an lllumina HiScan
microarray scanner. lllumina GenomeStudio was used to transform bead-level data to probe-
level intensity values and statistics, which were exported raw data (unfiltered and non-
normalized) for bioinformatic analysis. The expression data were quantile normalized using
IlluminaGUI in R and log2-transformed, and a rank product analysis was performed using a
p-value < 0.05 to identify significant changes of gene expression. The dataset has been
deposited in the GEO data repository (http://www.ncbi.nlm.nih.gov/geo, accession number
GSEb’5675).

2.21. Statistical analysis

3. Results

Comparisons of clinicopathologic characteristics between invasive ductal carcinoma cases
with and without the methylated FOXF2 gene were subjected to ;(2 analysis using the SPSS
software (version 11.5; SPSS Inc., Chicago, IL, USA). The Student’s t-test was used to
analyze the significance of the difference between two groups of data using the GraphPad
Prism software (version 6.0; GraphPad Software, Inc, La Jolla, CA, USA). £< 0.05 was
regarded as statistically significant.

3.1. Epigenetic silencing of FOXF2 gene expression in breast cancer is subtype-specific

It has been shown that FOXF2 expression is downregulated in various types of cancer
[26,41,42]. Indeed, our /n silico meta-analysis of the Oncomine Cancer Microarray
Databases (http://www.oncomine.org) [33] also provided the data that FOXF2 was
consistently underexpressed in lung, bladder, prostate and testicular cancers (Supplementary
Fig. 1, Supplementary Table 1). In contrast, FOXF2 was overexpressed in esophageal and
ovarian cancers (Supplementary Table 1). Although DNA methylation-mediated silencing of
FOXF2 in cultured breast cancer cell lines was reported elsewhere [28], it is unclear whether
this finding can be recapitulated in breast tumors, whether this epigenetic silencing is related
to /n vivo breast cancer molecular subtypes and whether other epigenetic mechanisms (e.g.
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histone modifications) are also involved in FOXF2 silencing. To convincingly examine the
expression status of FOXF2 in breast cancer molecular subtypes, we first performed gRT-
PCR analysis of FOXF2 expression on a panel of breast cancer cell lines consisting of
luminal, basal-like (basal-A and basal-B) and HER2+ subtypes. As shown in Fig. 1A,
FOXF2 expression was overexpressed in 9 out of 14 (64.3%) of basal-like breast cancer cell
lines when compared with normal controls including two organoid samples, human
mammary epithelial cells (HMEC) and two immortalized HMEC lines MCF10A and
HBL100. In contrast, FOXF2 expression was lost in all of 13 examined luminal and HER2+
breast cancer cell lines. To further validate our finding, we also performed in silico analysis
of FOXF2 expression in Neve breast cancer cell line microarray data encompassing three
different subtypes (basal-A, n=12; basal-B, n=14; luminal, n=24) [35] using the Oncomine
Cancer Microarray database (http://www.oncomine.org) [33]. In line with the result of Fig.
1A, FOXF2 was expressed at a significantly low level in luminal breast cancer cell lines
compared with basal-type breast cancer cell lines (Supplementary Fig. 2). Intriguingly,
among two basal-subtypes, the basal-B subtype expressed a higher level of FOXF2 than the
basal-A subtype (Supplementary Fig. 2). These results, taken together, suggest that
dysregulation of FOXF2 expression in breast cancer is subtype-specific, and is able to
further segregate subtypes of basal-like breast cancers.

To determine whether loss of FOXF2 expression in luminal and HER2+ breast cancer cells
is mediated by epigenetic silencing, we performed methylation-specific PCR (MSP) analysis
of the FOXFZ2 gene. With the exception of SKBR3, MSP detected hypermethylation of the
FOXF2promoter in all of luminal and HER2+ breast cancer cell lines, which correlated with
silencing of FOXF2 expression in these cell lines (Fig. 1B). In contrast, only 3 out of 14
basal-type breast cancer cell lines exhibited FOXF2 promoter hypermethylation and two of
them showed weak methylation (Fig. 1B). MSP findings were further validated by bisulfite
sequencing analysis. As shown in Fig. 1C, the FOXFZ2 promoter was fully or partially
methylated in luminal breast cancer cell lines including MCF7, T47D and ZR-75-1, but not
in HER2+ SKBR3 that showed a poorly methylated FOXF2 promoter.

To determine whether epigenetic mechanisms play crucial roles in silencing FOXF2
expression in luminal and HER2+ breast cancer cells, three hypermethylated cell lines were
treated with epigenetic modifiers. Treatment of these lines with the demethylating agent (5-
aza-2’-deoxycytidine, 5-azaC), the histone deacetylase inhibitor (trichostatin A, TSA) or a
combination resulted in the re-expression of FOXF2 mRNA, an effect that was enhanced by
co-treatment of some cell lines (T47D and ZR-75-1) with 5-azaC and TSA (the top panel in
Fig. 1D). These results indicated that promoter-hypermethylation and histone-deacetylation
mechanisms are responsible for silencing FOXF2 expression in luminal breast cancer cell
lines. In addition, 48-h TSA treatment revived FOXF2 expression in SKBR3 cells (the
bottom panel in Fig. 1D), indicating that in this HER2+ line, histone deacetylation, not DNA
methylation, was responsible for silencing FOXF2 expression. This conclusion was further
confirmed by the 5-azaC treatment experiment, which showed that the inhibition of DNA
methylation was unable to restore FOXF2 expression in SKBR3 cells (Data not shown).

To investigate whether FOXF2 promoter hypermethylation also occurs in primary breast
carcinomas, MSP analysis was performed on invasive ductal carcinomas (IDCs; n = 117).
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The FOXF2promoter was hypermethylated in 70.9% (83 of 117) of IDC tumors (Table 1),
which was in remarkable contrast to normal breast tissue and white blood cells (WBC) that
showed the unmethylated FOXFZ2promoter (data not shown). Bisulfite sequencing analysis
further confirmed that IDC cases (IDC-4, IDC-8, IDC-9, IDC-11, and IDC-14) with positive
MSP results had extensive CpG methylation throughout the analyzed genomic region
compared with normal breast tissue and WBC DNA samples with the unmethylated CpG
island (Fig. 2A). These five IDC samples consistently exhibited downregulation or loss of
FOXF2 expression compared with the normal breast tissue (Fig. 2A). Thus,
hypermethylation of the FOXF2 promoter occurs frequently in primary breast tumors.
Furthermore, statistical analysis of the association between clinicopathological parameters
and the FOXF2 methylation status showed that hypermethylation of the FOXF2gene
promoter positively correlates with the tumor size (p = 0.019) and tumor stage (p = 0.022),
but are inversely associated with age (p = 0.048) and the triple-negative (TN) status (p =
0.014) (Table 1). It is known that 70-80% of basal-like breast carcinomas are triple-negative
[8,43,44]. Therefore, the finding that hypermethylation of the FOXF2CpG island occurred
less frequently in TN breast tumors than in non-TN breast tumors is consistent with the
result that basal-like breast cancer cell lines exhibited the low frequency of promoter
hypermethylation and expression silencing of the FOXF2gene when compared to luminal
and HER2-positive breast cancer cell lines (Fig. 1).

To determine the functional consequence of FOXFZ promoter hypermethylation, FOXF2
expression was examined in primary breast carcinomas. Quantitative RT-PCR analysis of 6
normal breast tissues and 10 IDC tumor tissues with the methylated FOXF2 gene showed
that FOXF2 mRNA was significantly underexpressed in IDC tumors compared with normal
breast tissues (p < 0.05) (Fig. 2B). To further verify the gRT-PCR data,
immunohistochemistry (IHC) assays were performed to examine FOXF2 protein expression
in paraffin-embedded tissue sections of 26 IDC tumors selected from 117 IDC cases
subjected to MSP analysis (Table 1). Normal breast tissue was also examined by IHC and
found to display positive immunostaining for the FOXF2 protein in breast epithelial cells,
consistent with its status as unmethylation for the FOXF2 gene. We exploited the H-score
method to semi-quantify the IHC staining of the FOXF2 protein in tumor tissues. As shown
in Fig. 2C, IDC cases (n = 20) with the methylated FOXFZ2 gene significantly manifested
downregulated FOXF2 protein expression when compared with those (n = 6) with the
unmethylated FOXF2gene (p < 0.0001). Collectively, evidence from promoter
hypermethylation, mMRNA and protein expression studies suggests that FOXF2 promoter
hypermethylation correlates significantly with reduction/loss of FOXF2 expression.

To determine whether genetic alterations are involved in regulating FOXF2 expression status
in primary breast tumors, we analyzed the correlation between the genetic deletion/
amplification of the FOXF2gene locus and its MRNA expression status in 960 breast tumor
cases using the cBio portal for Cancer Genomics (http://www.cbhioportal.org) [34]. As shown
in Fig. 2D, the frequency of FOXF2 gene deletion and amplification was rare (~1.2%) in this
cohort. Furthermore, there was no significant correlation between genetic deletion/
amplification at the FOXFZ2gene locus and the FOXF2 expression status in genetically
altered cases when compared with diploid cases. The results of this bioinformatics-based
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analysis indicated that dysregulation of FOXF2 expression in breast tumors is unlikely to
result from genetic aberrations.

To evaluate the clinical relevance of FOXF2 expression silencing in breast cancer, we
analyzed whether the tumor level of FOXF2 expression correlated with patient prognosis.
Using expression data derived from a cohort of 3554 patients with breast cancer [45],
Kaplan—Meier analysis of overall mortality revealed that breast cancer patients with low
FOXF2 expression had a significantly poorer outcome when compared with those with high
FOXF2 expression (p = 0.00015, hazard ratio 0.8, 95% confidence interval = 0.72 — 0.90)
(Fig. 3A). To reveal whether the FOXF2 expression status can be a prognostic indicator in
distinct breast cancer subtypes, we performed Kaplan-Meier survival analysis of FOXF2 in
luminal A (1764 cases), luminal B (1002 cases), basal-like (580 cases) and HER2+ (208
cases) breast cancers (Fig. 3B, 3C, 3D and 3E). Low expression of FOXF2 predicted poorer
prognosis of luminal A (p = 0.047) and luminal B (p = 0.041) breast cancer patients, but not
basal-like breast cancer patients (p = 1.00) (Fig. 3B, 3C, 3D). Although not statistically
significant (p = 0.085), HER2+ breast cancer patients with low FOXF2 expression tended to
have a poorer outcome (Fig. 3E). The prediction of outcomes based on FOXF2 expression in
these four different breast cancer subtypes correlated with our finding that FOXF2
expression is frequently epigenetically silenced in luminal and HER2+ breast cancers
compared with basal-like breast cancers. Taken together, the results from multivariate
analysis of the FOXF2 promoter hypermethylation taking all clinico-pathological parameters
into account and Kaplan-Meier survival analysis of FOXF2 in breast cancer suggest that
epigenetic silencing of FOXF2 expression is important for the malignant progression of
luminal-type and HER2+ breast tumors, but not for basal-like breast cancer.

3.2. Re-expression of FOXF2 inhibits the tumarigenicity of luminal and HER2-positive
breast cancer cells

To elucidate the biological significance of epigenetic silencing of FOXF2 in luminal and
HER2+ breast cancer cells, we performed a series of functional assays. We examined the
impact of ectopic expression of HA-tagged FOXF2 on breast cancer cells with the
epigenetically silenced FOXFZ2 gene. Protein expression and nuclear localization of HA-
FOXF2 expressed from the pPCMV-HA-tagged FOXF2 expression construct were confirmed
by Western blot and immunofluorescence analyses, respectively (Supplementary Fig. 3). To
test whether exogenously introduced HA-FOXF2 retains transcription factor functions as the
endogenous FOXF2 protein, reporter assays were performed using the reporter plasmid
containing a minimal promoter with (p4XFREAC-Luc) or without (pApo-Luc) four tandem
copies of the FOXF binding site [46]. Ectopic expression of the HA-FOXF2 protein induced
the luciferase activity of the reporter in a highly significant manner in pAXFREAC-Luc-
transfected T47D and SKBR3 cells, but not in pApo-Luc-transfected control cells (Fig. 4A).

To assess the effect of re-expressed FOXF2 on the growth of luminal and HER2+ breast
cancer cells, we transfected the HA-tagged FOXF2 expression plasmid into two cell lines of
each breast cancer subtype (MCF7 and T47D for the luminal subtype; SKBR3 and MDA-
MB-453 for the HER2+ subtype). As shown in Fig. 4B, FOXF2 re-expression significantly
inhibited the growth of all four cell lines examined. To evaluate the effect of FOXF2

Cell Signal. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lo etal.

Page 12

restoration on luminal breast tumor formation /n vivo, we injected FOXF2-expressing and
empty-vector-transfected T47D cells into mammary fat pads of athymic nude mice. The
results indicated that FOXF2 re-expression almost completely blocked xenograft tumor
formation of T47D cells when compared with vector-transfected T47D cells (Fig. 4C).
These findings, taken together, indicate that the FOXF2 transcription factor possesses tumor-
suppressor characteristics in luminal and HER2+ breast cancers.

To delineate the mechanism of FOXF2-mediated suppression of cell growth of luminal and
HER2-positive breast tumor cells, cell cycle analysis was performed. The FOXF2 expression
plasmid was co-transfected with the green fluorescence protein (GFP) expression plasmid
(to track the transfected cells) into cells and GFP-positive cells were gated to analyze the
effect of FOXF2 re-expression on the cell cycle profile. The results showed that ectopic
FOXF2 expression in MCF7 cells led to a significant increase in G1-phase cells and
concurrent decreases in both S- and G,/M-phase cells (Fig. 4D), indicating that FOXF2 re-
expression induced Gy arrest. In addition to G4 arrest, concurrent apoptosis was observed in
FOXF2-expressing, HER2-positive SKBR3 cells (Fig. 4D).

3.3. FOXF2 suppresses breast cancer cell proliferation via impairing the CDK2-RB-E2F

cascade

To unravel the underlying molecular mechanisms whereby FOXF2 mediates G; arrest,
protein molecules involved in the CDK2-RB-E2F cascade that controls the G1-S transition
were investigated. We first analyzed the phosphorylation of CDK2 at Thrl60, which is
known to activate CDK2 kinase activity and in turn promote the G;-S transition [47].
Immunofluorescence analysis showed that FOXF2 re-expression in MCF7 cells diminished
the phosphorylation of CDK2 at Thri60 (Fig. 5A). We also examined the phosphorylation
status of RB at Ser897/811 3 phosphorylated target downstream of CDK2, and found that
ectopic FOXF2 expression also abrogated RB phosphorylation (Fig. 5B), which is consistent
with inactive CDK2 function (Fig. 5A). FOXF2 had no significant effect on total levels of
CDK2 (Fig. 5A), indicating that the FOXF2-mediated abrogation of CDK2 activity was not
caused by downregulating total protein levels of CDK2. In the immunofluorescence analysis
of total RB protein levels, a moderate decrease in protein levels of RB was observed in
FOXF2-expressing cells compared with non-transfected cells (Fig. 5B, bottom). This effect,
however, could not completely account for the dramatic suppression of RB phosphorylation
by FOXF2. To investigate this further, we quantitatively assessed the cell percentage with
positive staining for phosphorylated CDK2 or phosphorylated RB among FOXF2-
transfected MCF7 cells compared with EGFP-plasmid-transfected control cells. FOXF2-
transfected MCF7 cells were counted based on positivity for HA antibody staining that
detected HA-tagged FOXF2. GFP-positive cells represented EGFP-plasmid-transfected
control cells. The cell percentage positive for phospho-CDK2 or phospho-RB staining was
measured among transfected cells. Consistently, FOXF2 re-expression in MCF7 cells
significantly reduced cell percentages positive for both phospho-CDK2 and phospho-RB
staining when compared with those of EGFP-transfected cells (Fig. 5C). These findings
together demonstrate that FOXF2 inhibits CDK2 activation, which in turn suppresses the
CDK2-mediated phosphorylation of RB protein.

Cell Signal. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lo etal.

Page 13

Aforementioned immunofluorescence and quantitative data indicate that FOXF2 re-
expression suppresses CDK2 activity and consequently leads to dephosphorylation of RB,
suggesting that RB function is activated to inhibit its downstream E2F1 transcriptional
activity in FOXF2-re-expressing breast cancer cells. To test this possibility, we next
examined the activity of the E2F1 transcription factor in FOXF2-re-expressing MCF7 cells.
The effect of ectopic FOXF2 re-expression on E2F1 transcriptional activity was evaluated by
the reporter assay using a reporter plasmid containing the E2F-responsive DNA polymerase-
a promoter upstream of the luciferase reporter gene [48]. The luciferase activity of this E2F-
responsive reporter was induced by wild-type E2F1 (almost 12.5-fold induction), but not
mutant E2F1 (E132) [49], when compared with the vector control (Fig. 5D). Co-transfection
of the FOXF2 expression plasmid with the wild-type E2F1 expression plasmid significantly
suppressed the E2F1-mediated transactivation (~50% reduction) of E2F reporter activity
(Fig. 5D). This suppression was E2F1-specific since FOXF2 had no significant effect on the
reporter activity in the absence of E2F1 (Fig. 5D). The in vitroreporter assay data were
reflective of the immunofluorescence data showing a consistent, moderate decrease in
endogenous total RB protein levels in FOXF2-transfected cells because RB is one of known
target genes downstream of E2F transcription factors. These results, taken together, suggest
that FOXF2-induced inhibition of the CDK2-RB-E2F signaling cascade contributes to a
blockage of the G4-S transition of the cell cycle.

3.4. FOXF2-dependent DNA replication regulation is lost in basal-like breast cancer

Since FOXF2 is a negative regulator of the G4-S transition of the cell cycle, it raises an
interesting question of how basal-like breast cancer cells can tolerate high expression levels
of FOXF2. To address this question, we performed siRNA knockdown experiments to
examine the effect of loss of endogenous FOXF2 function on cell cycle progression. We
tested the knockdown efficiencies of four different FOXF2 siRNAs in MCF10A cells and
identified siRNA-1 and siRNA-3 as most effective for FOXF2 knockdown (Supplementary
Fig. 4). To evaluate the effect of FOXF2 inactivation on cell cycle progression, we
performed FOXF2 knockdown using these two most effective FOXF2 siRNAs on human
mammary epithelial cells (HMECSs) isolated from reduction mammoplasty tissues. Flow
cytometric analysis was performed on siRNA-knockdown HMECs stained with propidium
iodide for generating cell cycle profiles. As shown in Fig. 6A, the cell cycle progression of
HMECs was arrested in the G1 phase of the cell cycle after treatment with these two distinct
siRNAs, indicating that FOXF2 is functionally required for the normal cell cycle progression
of HMECs. Given the outcomes from these two different sSiRNA knockdowns were
consistent with each other, the most effective FOXF2 siRNA-3 was utilized throughout the
following experiments. To examine the FOXF2-knockdown effect on basal-like breast
cancer cells, we performed BrdU incorporation analysis with the co-staining of propidium
iodide on MCF10A (the normal control), HBL-100 (the immortalized HMEC line with
inactive p53), basal-like MDA-MB-231 and MDA-MB-468 cell lines transfected with either
the non-targeting control or FOXF2 siRNA. The knockdown efficiencies of FOXF2
siRNA-3 in these four cell lines were confirmed by qRT-PCR (Supplementary Fig. 5).
Similar to HMECs, FOXF2 knockdown strongly abolished DNA replication and induced G
arrest in MCF10A cells (Fig. 6B). In contrast, FOXF2 knockdown had no effect on the DNA
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replication, cell cycle progression and polyploid status of HBL-100, MDA-MB-231 and
MDA-MB-468 cells (Fig. 6B).

It is known that DNA over-replication (re-replication) elicits ATM-CHK-dependent DNA
damage signaling that activates the p53 pathway, which leads to cell cycle arrest and/or
apoptosis for maintaining genomic stability [9,10,50]. Given that FOXF2 inhibits DNA
replication by blocking the CDK2-RB-E2F cascade, we postulated that abrogation of
FOXF2 function results in aberrant DNA replication (re-replication) and consequently
triggers the activation of ATM-CHK-p53 signaling to arrest cell cycle progression for
prevention of re-replication occurrence. To test this possibility, we performed Western blot
analysis of DNA damage signaling components and key molecules involved in ATM-CHK-
p53 signaling and G1-S as well as G,-M progression on FOXF2-knockdown HMECSs by
either FOXF2 siRNA-1 or siRNA-3 compared with control siRNA-transfected cells. As
shown in Fig. 6C, FOXF2 knockdown activated CHK2 (indicated by increased
phosphorylation at Thr-68), a DNA-damage-dependent kinase that is downstream of ATM
and activates p53 signaling. Consistently, we observed p53 activation (indicated by increased
phosphorylation at Ser-15) and the increased expression of the p53-downstream target
p21WAFL (Fig. 6C). Therefore, the activation of the CHK2-p53-p21 signaling axis by FOXF2
knockdown is likely a main mechanism that suppresses the CDK2-RB cascade (indicated by
decreased phospho-CDK2 and phospho-RB protein levels), which is critically involved in
initiating the G4-S transition of the cell cycle (Fig. 6C). In contrast, the kinase activity of
CDC2 was stimulated by FOXF2 knockdown (indicated by its decreased phosphorylation at
Tyr-15, an inhibitory phosphorylation site) (Fig. 6C). Inhibition of CDK2 and activation of
CDC2 are consistent with the G4 arrest phenotype in FOXF2-knockdown HMECs. In
addition, we found that the protein level of the licensing factor CDC6, a key molecule
involved in DNA replication initiation [50], was substantially decreased in FOXF2-depleted
HMECs. This effect also contributed to the inhibition of DNA replication in FOXF2-
knockdown cells (Fig. 6A). Since activation of p53 by DNA damage has been shown to
promote CDC6 degradation by the anaphase-promoting complex [51], downregulation of
CDCE6 protein levels in FOXF2-knockdown HMECSs was possibly attributable to activated
p53. Given that both FOXF2 siRNA-1 and siRNA-3 gave rise to the same phenotype, these
outcomes were not caused by the non-specific targeting effect of the sSiRNA. These results
were recapitulated in MCF10A cells with FOXF2 knockdown by siRNA-3 (Fig. 6D). Since
both MDA-MB-231 and MDA-MB-468 are p53 mutant cell lines and HBL-100 harbors the
large T antigen to inactivate p53 protein, FOXF2 knockdown was unable to activate the p53-
p21 pathway in these cell lines, which possibly explains why FOXF2 abrogation had no
impact on the cell cycle progression of these three cell models (Fig. 6B).

To address whether FOXF2 is able to negatively regulate DNA re-replication as we
postulated, we transfected the FOXF2 expression plasmid into the basal-like Hs578T breast
cancer cell line that contains a substantial polyploid cell population (17.8%). Given that
polyploid cells harbor re-replicated DNA, the percentage of the polyploid cell population
indicates the extent of DNA re-replication (over-replication) [50]. Therefore, Hs578T cells
had re-replicated DNA due to defects in DNA replication stringency. Hs578T is one of few
basal-like breast cancer cell lines with moderate silencing of FOXF2 expression compared
with normal breast epithelial cells (Fig. 1A) and also carries the epigenetically silenced
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FOXF1[24] and FOXFZ2 (Fig. 1B) genes, correlating with the polyploid phenotype of this
cell line. As shown in Fig. 6E, ectopic FOXF2 overexpression significantly decreased
polyploid cells by 48.3% compared to vector-transfected control cells, which was similar to
FOXF1 (a DNA re-replication inhibitor control reported by us [24,52]) that reduced
polyploid cells by 57.9%. These data together demonstrate that FOXF2 is a negative
regulator of DNA re-replication and thus plays a critical role in maintaining genomic
stability. This function is lost in p53-inactivated, FOXF2-expressing breast cells (e.g.
HBL-100, MDA-MB-231, MDA-MB-468) since FOXF2 knockdown in these cell lines
failed to induce an increase in the polyploid cell population (re-replication) (Fig. 6B).

3.5. FOXF2 is required for the invasive and tumorigenic ability of basal-like breast cancer

cells

It has been shown that FOXF2 is involved in the epithelial-to-mesenchymal transition
(EMT) and mediates invasion and metastasis in lung cancers [32]. These findings raise the
possibility that FOXF2 function is required for the invasive ability of FOXF2-expressing
basal-like breast cancer cells. To test this possibility, we first examined whether FOXF2 is
functionally required for cell mobility of normal mammary epithelial cells. To assess the role
of FOXF2 in cell mobility, we performed wound healing assays on HMECs transfected with
either the control or FOXF2 siRNAs. As shown in Fig. 7A (the left panel), FOXF2
knockdown by siRNA-3 manifested the substantial inhibitory effect on cell mobility of
HMECs (~75% inhibition) in comparison with siRNA-1 showing a lesser inhibitory effect
(~40% inhibition), consistent with the knockdown efficiencies of these two FOXF2 siRNAs
(Supplementary Fig. 4). We observed the same inhibitory effect when FOXF2 knockdown
was performed on MCF10A cells (Fig. 7A, the right panel). Consistently, we observed that
FOXF2 knockdown in MCF10A cells altered their cell morphology from the more
mesenchymal-like, spindle shape to the more epithelial-like, polygonal shape (Fig. 7B),
implying a mesenchymal-to-epithelial transition (MET) after FOXF2 knockdown. These
data demonstrate that FOXF2 function is vital for cell mobility of normal mammary
epithelial cells.

To decipher whether FOXF2 is functionally required for the cell migration and invasion
ability of basal-like breast cancer cells, we performed wound healing (Fig. 7C) and invasion
(Fig. 7D) assays on FOXF2-knockdown MDA-MB-231 and MDA-MB-468 cells. The
results showed that inhibition of FOXF2 significantly impaired cell migration (~45%
inhibition in MDA-MB-231 cells; ~33% inhibition in MDA-MB-468 cells) and invasion
(~73% inhibition in MDA-MB-231 cells; ~59% inhibition in MDA-MB-468 cells) of these
two cell lines (Fig. 7C, 7D). Moreover, we tested the effect of FOXF2 knockdown on Ras-
transformed MCF10A cells, a basal-like pre-malignant breast cell model manifesting
accelerating cell migration and acquired invasive ability. Consistently, abrogation of FOXF2
significantly inhibited cell migration (~45% inhibition) and invasion (~63% inhibition)
ability of MCF10A-Ras cells (Fig. 7E, 7F). We also examined whether FOXF2 is pivotal for
the anchorage-independent growth of MCF10A-Ras cells. FOXF2 knockdown resulted in
the 50% inhibition of the anchorage-independent growth of MCF10A-Ras cells (Fig. 7G).
These findings, taken together, demonstrate that FOXF2 function is required for the
malignant features of basal-like breast cancer cells, including cell migration, invasion and
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anchorage-independent growth. To unravel whether FOXF2 expression status is associated
with basal-like breast cancers, we performed /n silico expression analysis of FOXF2 in
triple-negative breast cancers (TNBC) that encompass 70-80% of basal-like breast cancers
compared with non-TNBC. We analyzed Tabchy’s Breast Cancer Microarray Dataset
(including 163 IDC cases) [53] deposited in the Oncomine database [33] and found that
FOXF2 was overexpressed in TNBC (n = 57) when compared with non-TNBC (n = 106) (p
< 0.001) (Fig. 7H). This finding indicates that FOXF2 tends to be overexpressed in TN/
basal-like breast cancers in contrast to its overall underexpression trend in non-TNBC,
consistent with the aforementioned result that the DNA methylation status of the FOXF2
promoter was negatively associated with the TN status of IDC (Table 1). This suggests that
aberrant overexpression of FOXF2 in TN/basal-like breast cancers may contribute to the
development of this breast cancer subtype.

3.6. FOXF2 has a dual role in regulating cell growth and EMT during breast tumorigenesis

To unveil the biological roles of FOXF2 in normal breast epithelial and metastatic basal-like
breast cancer cells, we performed global gene expression profiling analyses of FOXF2-
knockdown MCF10A and MDA-MB-231 cells compared with their control sSiRNA-
transfected cells using microarrays. We identified 199 and 309 differentially expressed genes
(= 2 fold) in FOXF2-knockdown MCF10A and MDA-MB-231 cells, respectively
(Supplementary Tables 2 and 3). Intriguingly, only 15 genes (highlighted by red color in
Supplementary Tables 2 and 3) overlap between these two differentially expressed gene sets,
indicating FOXF2-dependent gene regulation was significantly altered in this triple-negative
metastatic breast cancer cell line. Based on gene ontology enrichment analysis, 138 and 144
differentially expressed genes from FOXF2-knockdown MCF10A and MDA-MB-231 cells,
respectively, were classified into 15 different functional categories. In comparison to
MCF10A, metastatic MDA-MB-231 cells expressed more FOXF2-regulated genes involved
in regulating metabolism, ECM-cytoskeleton, protein processing, membrane transporters,
RNA processing, endocytosis and DNA repair, and exhibited less FOXF2-regulated genes
implicated in regulating disease-related mechanisms, signal transduction, immunological
responses, cell adhesion and gap junction, cell cycle, gametogenesis and cell death (Fig.
8A).

To understand the functional roles of FOXF2 in the regulation of the cell cycle and EMT, the
differentially expressed genes with relevant roles in these two biological processes were
selected (Supplementary Tables 4 and 5). Consistent with the aforementioned FOXF2-
knockdown phenotypes in MCF10A cells, most of upregulated EMT-related genes function
either as EMT and metastasis suppressors (e.g. SERPINAS, TXNIF, RPS6KA6, STC],
PRSS8), or as cell adhesion and gap junction molecules (e.g. CLDN1, COL8A1, PANXZ,
GJD?3); whereas, all downregulated EMT-related genes ( 7LEZ, SNAIZ/Slug, SERPINEL,
CSF3, MMP9, CCL20, TMSLS8, IL 1B, THBSI) are involved in promoting EMT and
metastatic processes (Supplementary Table 4). Among 18 upregulated cell-cycle-related
genes, five of them are p53 target genes ( YPEL3, GADD45B, OKL38, PRODH, BTGI)
(Supplementary Table 4), which was in line with the activated p53 pathway in FOXF2-
knockdown MCF10A cells (Fig. 6C, 6D). In contrast, they were not activated in FOXF2-
knockdown MDA-MB-231 cells, consistent with the p53-mutated status of this cell line.
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With regard to the rest of upregulated genes, the majority of them play oncogenic roles and
are involved in regulating cell cycle progression and facilitating cell growth via multiple
mechanisms, including AKRIC3, LMTK3, SERPINA3, GABARAPL1, MIFAGD, CRTCI,
HDAC4, PINK1, IFITM3, and SPINI (Supplementary Table 4). Interestingly, we observed
that FOXF2 may be required for Cyclin Al expression in MCF10A cells as its expression
was downregulated by FOXF2 knockdown (Supplementary Table 4). In FOXF2-knockdown
MDA-MB-231 cells, we identified 11 upregulated and 3 downregulated genes implicated in
the regulation of EMT and/or cell growth (Supplementary Table 5). Although only three
genes (7XNIE, EFNA1, STCI) show overlap between these two sets of differentially
expressed genes listed in Supplementary Table 4 and Table 5, FOXF2-regulated genes in
MDA-MB-231 show the similar functional trend as those genes found in MCF10A cells. For
upregulated genes in FOXF2-knockdown MDA-MB-231 cells, they function as the
suppressors to inhibit cell migration, invasion and proliferation via various mechanisms
including inactivation of TGFp (BAMBI/), NFxB (CUEDC2) and c-Met/ERK (CMTMSE)
signaling pathways and activation of E-cadherin expression (XPC) (Supplementary Table 5).
In contrast, three downregulated genes (DSG3, SSX2IP, TBXZ2) function as the promoters to
enhance EMT and metastasis (Supplementary Table 5). These aforementioned comparative
analyses of two expression microarray datasets (Supplementary Table 4, 5) indicate that
MDA-MB-231 cells largely lost the normal EMT-regulatory function of FOXF2 which was
found in MCF10A cells and developed altered FOXF2 function that regulates EMT and
metastasis.

To validate the microarray-based gene expression profiling results, we performed
quantitative RT-PCR assays to analyze the expression of these identified genes involved in
the regulation of the cell cycle and EMT. We validated 10 EMT-related as well as 10 cell-
cycle-related genes identified from MCF10A cells and 10 genes from MDA-MB-231 cells.
As shown in Fig. 8B and 8C, expression of over 80% of these analyzed genes could be
validated in qRT-PCR analysis. Owing to the limited sensitivity and accuracy of microarray
analysis in gene expression detection, we performed additional gRT-PCR analysis of 13
genes involved in EMT and TGF signaling, a critical pathway to induce EMT. As shown in
Fig. 8D, FOXF2 knockdown resulted in downregulating (=1.5 fold downregulation) the
expression of EMT-programming genes (Vimentin (VIM), ZEB1, FOXC2) and TGFp
pathway genes (TGFB1, TGFB2, TGFBR2, SMAD2) in MCF10A cells. Conversely, the
expression of the cell adhesion protein E-cadherin was upregulated (> 2.0 fold) in MCF10A
cells by FOXF2 knockdown (Fig. 8D). Interestingly, the expression of TGFBR3, a
membrane receptor that inhibits TGF signaling, was significantly enhanced (> 2.0 fold) in
MCF10A cells by FOXF2 inhibition (Fig. 8D). Western blot analysis of protein levels of
Vimentin, Smad2 and E-cadherin in FOXF2-knockdown MCF10A cells confirmed the qRT-
PCR result (Fig. 8E). We also found that FOXF2 knockdown attenuated TGFp signaling,
indicated by decreased levels of phospho-Smad2 (Ser465/467) (Fig. 8E). These findings are
consistent with the results of functional (Fig. 7) and global gene expression profiling
(Supplementary Table 4) studies, indicating that FOXF2 knockdown leads to inhibition of
EMT. These gene expression analysis results together suggest that FOXF2 has a dual
functional role in regulating EMT and cell-cycle-regulatory genes to promote EMT and
inhibit cell growth, respectively. In addition, our findings also show that loss or
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downregulation of FOXF2 function indirectly activates the p53 checkpoint pathway via
deregulating DNA replication and cell cycle progression.

To determine whether FOXF2 is co-expressed with EMT/basal-related genes in breast
cancer, we performed /n silico analysis of cancer microarray databases using Oncomine
(http://www.oncomine.org) [33]. As shown in Fig. 8F, FOXF2 was significantly co-
expressed with EMT/basal-related genes in 51 breast cancer cell lines. Remarkably, FOXF2
was highly expressed with these EMT/basal genes in most of basal-B subtype breast cancer
cell lines (Fig. 8F). It is noteworthy that FOXF2was highly co-expressed with two well-
known EMT genes SNA/Z/Slug and Vimentin (VIM) in basal-A and basal-B breast cancer
cell lines (Fig. 8F). Our expression profiling studies also identified that SNA/2/Slug is
positively regulated by FOXF2 in MCF10A cells (Fig. 8B, Supplementary Table 4). Through
in sifico analysis of FOXF2 expression in 960 primary breast tumors using the cBioPortal
for Cancer Genomics (http://www.cbioportal.org) [34], we found that FOXF2was
significantly co-expressed with three EMT/basal genes (SNA/2/Slug, VIM, CDH11) in
breast carcinomas (Fig. 8G). CDH11 has been reported as a TGFp-inducible gene whose
function is required for TGFB-induced EMT [54]. Interestingly, we also found that FOXF2
was highly co-expressed with GL/2in breast cancer, a well-known breast cancer metastasis-
promoting gene critically involved in the hedgehog signaling pathway (Fig. 8G) [55,56].
These /n silico analysis findings together with aforementioned gene expression profiling
results strongly suggest that FOXF2 is a basal-specific gene critically implicated in
promoting EMT and metastasis of triple-negative/basal subtype breast cancer.

4. Discussion

In this article, we report that FOXF2 plays a dual role in regulating DNA replication and
EMT, which enables this gene to function either as a tumor suppressor or as an oncogene in
a context-dependent manner (Fig. 9). We found that FOXF2 is frequently silenced in luminal
and HER2-positive breast cancers via epigenetic mechanisms, which is predominantly
attributable to the hypermethylation of the FOXF2 CpG-island-containing promoter.
Hypermethylation of the FOXF2 promoter is positively correlated with the tumor size and
stage, but inversely associated with patients’ age and triple-negative status. The low
expression of FOXF2 is associated with the poor prognosis of luminal-type breast cancers.
Restoration of FOXF2 expression in luminal and HER2+ breast cancer cells inhibits their
tumorigenicity. FOXF2-mediated tumor suppression involves a blockage of cell cycle
progression at the G4-S transition and induction of apoptosis. FOXF2 restoration inhibits
DNA replication in FOXF2-deficient breast cancer cells via suppressing the CDK2-RB-E2F
cascade. In contrast, FOXF2 is frequently overexpressed in triple-negative (TN)/basal-like
breast cancers, in particular the more malignant basal-B subgroup. The tumor-suppressive
function of FOXF2 in regulating DNA replication is lost in basal-like breast cancer,
explaining why this subtype of breast cancer can exhibit the overexpressed levels of FOXF2.
FOXF2 is required for malignant characteristics of basal-like breast cancer, including cell
migration, invasion and anchorage-independent growth. Moreover, we found that FOXF2
expression in breast cancer is associated with basal-signature and stem-cell-related genes.
The dual role of FOXF2 in breast carcinogenesis is further supported by genome-wide gene
expression analyses using microarray, gRT-PCR and Western blot methods, showing that
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FOXF2 can regulate genes involved in controlling cell cycle progression, EMT and TGFp
signaling.

Our new findings presented here have revealed that luminal and HER2-positive breast cancer
cells adopt the epigenetic mechanism to silence FOXF2 expression. The DNA
methyltransferase-mediated DNA methylation of the CpG-island-containing FOXF2
promoter is the predominant mechanism for epigenetically silencing FOXF2 expression. In
addition, our studies have also shown that histone deacetylation is involved in epigenetically
silencing FOXF2 expression in an independent manner or in collaboration with DNA
methylation. It has recently been shown that FOXF2 is the target of oncogenic and tumor-
suppressive microRNAs, which are another epigenetic mechanism to silence FOXF2
expression. FOXF2 was reported to be directly targeted and downregulated by oncogenic
miR-182-5p that is involved in promoting cell invasion and proliferation of prostate and
colorectal cancers [57,58]. Later FOXF2 expression was also found to be negatively
regulated by miR-301 that plays an oncogenic role in human breast cancer and is involved in
facilitating cell proliferation, clonogenicity, migration, invasion, tamoxifen resistance, tumor
growth, and microvessel density [59]. Moreover, miR-519a is a most recently reported
oncogenic miRNA that promotes proliferation and inhibits apoptosis of hepatocellular
carcinoma cells by targeting FOXF2 [60]. Therefore, downregulation of FOXF2 expression
by oncogenic microRNAs supports the tumor-suppressive role of FOXF2 in breast,
colorectal, prostate and liver cancers. Besides silencing by oncogenic microRNAs, Kundu et
al. recently reported that the miR-200 family and the miR-183 ~ 96 ~ 182 cluster target and
downregulate FOXF2 to suppress invasion and metastasis in lung cancers, indicating that
FOXF2 functions as a metastatic promoter [32]. These five lines of miRNA-related evidence
together suggest that FOXF2 is capable of functioning as either a tumor suppressor or an
oncogene in a tissue- or stage-specific manner, which is consistent with the conclusion from
our studies. It is noteworthy that the miR-200 family is selectively silenced in basal-like
breast cancer, not in luminal-type breast cancer [61]. Therefore, basal-specific silencing of
the miR-200 family potentially contributes to the FOXF2-overexpressing phenotype in
basal-like breast cancer.

Multiple lines of evidence presented in this paper have revealed that FOXF2 plays
differential roles in distinct breast cancer molecular subtypes. Our studies showed that
ectopic expression of FOXF2 in FOXF2-deficient luminal and HER2+ breast cancer cells
led to a blockage in the CDK2-Rb-E2F signal axis, triggered G arrest with or without
induced apoptosis and suppressed xenograft tumor formation /n vivo. Therefore, in luminal-
type and HER2-positive breast cancers, FOXF2 functions as a tumor suppressor to
stringently control DNA replication and restrict cell growth. Moreover, these findings
correlate with the survival analysis showing that low expression of FOXF2 is statistically
associated with the poor prognosis of luminal breast cancer patients. In normal breast
epithelial cells, abrogation of FOXF2 function by siRNA knockdown resulted in the elevated
expression of growth-promoting genes. These aberrant alterations are the potential causes
that drive activation of the p53 checkpoint pathway, which in turn transactivates p53 target
genes involved in growth suppression and induces cell cycle arrest at the Gq phase. What
surveillance mechanism is induced in FOXF2-deficient cells to activate the ATM-CHK-p53-
p21 checkpoint cascade is unknown. However, it may be the same mechanism that elicits
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activation of the ATM-CHK-p53-p21 signaling axis upon overexpression of DNA replication
initiation factors (e.g. Cdtl and Cdc6) or Cyclin E [50,62]. In contrast, FOXF2 inhibition in
p53-inactivated breast epithelial cells (e.g. HBL-100) and p53-mutated basal-like breast
cancer cells (e.g. MDA-MB-231 and MDA-MB-468) had no effect on DNA replication, cell
cycle progression and polyploid (re-replication) status, suggesting that FOXF2 likely loses
its DNA-replication-regulatory function during or after p53 function is abrogated. Our gene
expression profiling findings that showed substantial alterations in FOXF2 transcriptional
function in basal-like breast cancer cells support this paradigm. This aberration likely allows
FOXF2-overexpressing basal-like breast cancer cells to escape from the FOXF2-mediated
tumor suppressive effect and to take advantage of the oncogenic effect of FOXF2 in
facilitating EMT transformation. This proposed paradigm (Fig. 9) is based on multiple lines
of evidence from our functional studies, global gene expression profiling and /n silico
analyses of multiple public cancer gene expression databases, including: (1) abrogation of
FOXF2 by siRNA knockdown has no impact on the cell cycle and polyploidy, but attenuates
the invasive capability of basal-like breast cancer cells; (2) FOXF2 tends to be overexpressed
in TN/basal-like breast cancers (especially basal-B); (3) expression of EMT inhibitor and
metastatic suppressor genes is upregulated by FOXF2 knockdown in basal-like breast cancer
cells, whereas expression of EMT and metastatic promoter genes is downregulated under the
same FOXF2 knockdown condition. These results suggest that FOXF2 is an intrinsic EMT
and metastatic promoter; (4) FOXF2 is co-expressed with EMT inducer (e.g. SNAI2/Slug,
Vimentin, CDH11) and metastatic promoter (GLI2) genes in breast carcinomas.

Our findings support FOXF2 functions as a promoter for EMT and metastasis, which is
contradictory to findings from Feng’s group [27,29]. This discrepancy between our and
Feng’s findings may be due to differences in the experimental approach, such as the FOXF2
knockdown strategies, the FOXF2 expression plasmid and cell line properties (e.g. FOXF2
expression status). However, the conclusions from Feng’s studies are inconsistent with the
intrinsic functional roles of FOXF transcription factors in inducing and maintaining the
mesenchymal/EMT phenotypes of stromal and basal-type cancer cells reported elsewhere
[22,25,30-32]. In contrast, our findings from studies of FOXF1 [24,52] and FOXF2 support
a model that the tumor-suppressor roles of FOXF factors are derived from their functions as
the negative regulators of DNA replication, but not from their EMT functions. Based on our
model, the paradigm proposed by Feng and colleagues [27,29] is unable to explain how
basal-like breast cancer cells can tolerate overexpressed levels of FOXF2. Recently Kundu et
al. reported that FOXF2 expression can be induced by TGFp treatment, suggesting FOXF2
mediates the TGFp signaling effect [32]. In addition, they also found that the miR-200
family, functioning as EMT suppressors, downregulate FOXF2 expression [32]. Importantly,
our studies showed that FOXF2 functions as the activator of TGF signaling by regulating
the expression of TGFp pathway components (Fig. 8D, 8E). Therefore, FOXF2 forms a
positive feedback regulation loop with TGFp signaling. These findings together support our
proposed paradigm because FOXF2, as the upstream activator and downstream mediator of
TGFp signaling, may mediate the dual role of TGFp signaling in suppressing cell cycle
progression (the tumor-suppressor function) and in promoting the EMT and metastatic
processes (the oncogenic function).
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In conclusion, our studies for the first time decipher that FOXF2 possesses a dual function to
act as either a tumor suppressor that negatively regulates DNA replication or an oncogenic
factor that drives EMT and metastatic progression in a context-dependent manner. This
paradigm provides a rational explanation for the contradictory phenotypes of downregulated
FOXF2 expression in luminal-type and HER2-positive breast cancers but upregulated
expression in basal-like breast cancers. Our findings reported here also suggest a hypothesis
that during the development of basal-like breast cancer, the transcriptional regulation by
FOXF2 is altered to change FOXF2 function from a tumor suppressor to an oncogenic
factor. Elucidation of the molecular mechanism underlying this alteration will be clinically
relevant as this aberrant mechanism can be potentially targeted for therapeutically restoring
the tumor-suppressive function of FOXF2 in basal-like breast cancer cells.
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Highlights
FOXF2 plays a dual role in regulation of DNA replication and EMT.

FOXF2 is epigenetically silenced in luminal and HER2-positive breast
cancers.

FOXF2 functions as a tumor suppressor in luminal and HER2-positive
breast cancers.

FOXF2 is frequently overexpressed in triple-negative/basal-like breast
cancers.

FOXF2 is an oncogenic factor required for basal-like breast cancer
development.
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The FOXFZ gene is differentially epigenetically silenced in breast cancer molecular
subtypes. (A) gRT-PCR analysis of FOXF2 expression in various molecular subtypes of
breast cancer cell lines. Total RNAs isolated from two mammary epithelial-enriched
organoids, human mammary epithelial cells (HMEC), two immortalized HMEC lines
(MCF10A, HBL100), basal-A, basal-B, luminal and HER2-positive breast cancer cell lines
were subjected to gRT-PCR analysis of FOXF2 mRNA expression. (B) The relationship
between the promoter methylation status and expression of the FOXF2 gene in breast cancer
cell lines. Methylation-specific PCR (MSP) analysis of the FOXF2 gene was performed on
the same panel of breast cancer cell lines and normal controls shown in (A). The top panel is
the map of CpG dinucleotides in exon 1 of the FOXFZ2 gene and the genomic region
upstream of exon 1. The exon 1 and MSP-amplified regions are indicated. (C) Bisulfite
sequencing analysis of the FOXF2 promoter in normal breast epithelial and breast cancer
cell lines. The amplified FOXF2 DNA region for sequencing analysis encompasses
nucleotides from —251 to +4 relative to the first nucleotide (set as the default +1) of exon 1
based on the FOXF2cDNA sequence (NM_001452). The methylation status of each CpG
dinucleotide is indicated by the open circle (unmethylated), partially filled circle (partially
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methylated), and completely filled circle (completely methylated). (D) RT-PCR analysis of
FOXF2 expression in breast cancer cell lines treated with 5-aza-2’-deoxycytidine (5-azaC),
trichostatin A (TSA), or a combination (the top panel). SKBR3 cells were treated with TSA
at two different doses as indicated for 24 and 48 h (the bottom panel). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) expression is shown as an internal loading control.
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Epigenetic inactivation of FOXF2in primary invasive breast tumors. (A) Bisulfite
sequencing analysis of the FOXF2 promoter in white blood cells (WBC), normal breast

tissue and invasive ductal carcinomas (IDCs). The right panel shows the FOXF2 expression
status of these sequenced tissue samples: nd, not determined; (+) expression; (1),
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underexpression. (B) qRT-PCR analysis of FOXF2 mRNA expression in normal breast

tissues versus primary breast IDCs with the methylated FOXF2 promoter. (C)

Immunohistochemistry (IHC) analysis of FOXF2 protein expression in normal breast tissue

and primary breast IDC tumors with or without the methylated FOXFZ2gene. The

representative IHC staining pictures are shown in the top panel. The semi-quantitative H-

score result from IHC analysis of FOXF2 in 26 IDC samples (separated into unmethylated
and methylated groups) is shown in the bottom panel. The median of each dataset is

indicated in the plot. (D) /n silico analysis of the relationship between genetic alterations of
the FOXF2 gene and the FOXF2 mRNA expression status using the cBioPortal for Cancer
Genomics (http://www.cbioportal.org).
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Fig. 3.

Kaplan-Meier survival analysis of breast cancer patients is stratified by the FOXF2
expression levels. (A) Kaplan-Meier relapse-free survival (RFS) curves of breast cancer
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patients (n = 3554) were plotted according to the FOXF2 expression status (high vs. low)

using the online survival analysis software “Kaplan-Meier plotter” (http://kmplot.com/

analysis). (B, C, D, E) Kaplan-Meier RFS curves of four different molecular subtypes of
breast cancer patients were plotted based on the FOXF2 expression levels. The breast cancer

subtypes including luminal A (n = 1764), luminal B (n = 1002), basal-like (nh = 580) and

HER2-positive (n = 208) were analyzed to plot the KM survival curves. The breast cancers
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FOXFZ2 gene relative to the median FOXF2 mRNA expression value in the patient cohort.
The pvalue of the log-rank test, hazard ratio, and confidence interval from comparing the
two KM RFS curves are shown in each figure.
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Fig. 4.
FOXF2 re-expression inhibits the growth and tumorigenicity of luminal and HER2-positive

breast cancer cells by inducing G arrest and/or apoptosis. (A) The transcriptional activity of
HA-tagged FOXF2 in T47D and SKBR3 cells was assessed by using the FOXF-responsive
reporter plasmid (p4XFREAC-Luc) relative to the empty reporter control pApo-Luc. The
error bar represents the standard deviation (SD) from three independent experiments. (B)
FOXF2 re-expression suppresses /n vitro growth of luminal and HER2-positive breast cancer
cell lines. Luminal (MCF7 and T47D) and HER2-positive (SKBR3 and MDA-MB-453) cell
lines were transfected with either the empty vector or the FOXF2 expression plasmid and
selected in the G418-containing medium to form colonies. G418-resistant colonies were
visualized by staining with crystal violet dye (the left panel). Absorbance values at 590 nm
of eluted binding dye reflecting overall formed cell colonies were used to plot the bar graph.
The error bar represents the SD (n = 3). (C) Restoration of FOXF2 expression inhibits /n
vivo tumorigenicity of T47D cells. Each point indicates the mean of tumor volume
measurements of six xenograph tumors generated from empty vector-transfected or HA-
FOXF2-transfected T47D cells. The tumor formation difference between these two distinct
transfected cells is statistically significant (p < 0.05). (D) Flow cytometric analysis of cell
cycle and apoptotic profiles in FOXF2-transfected MCF7 and SKBR3 cells. The empty
control vector or HA-tagged FOXF2 expression plasmid DNA was co-transfected with the
green fluorescent protein (GFP) expression plasmid DNA into cells. GFP-positive cells that
indicate transfected cells were gated for cell cycle and apoptotic analyses. Bar graphs show
mean percentages of GFP-positive cells in sub-G4 (indicating apoptosis), G1, S and G,/M.
The error bar represents the SD (n = 3). *p< 0.05, **p < 0.01, *** p< 0.001.

Cell Signal. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Lo etal.

Page 33

A Anti-p-CDK2  Merge DAPI Anti-p-Rb Merge DAPI

-
EGFP < - EGFP
at ®
B R

Anti-HA  Anti-p-CDK2  Merge DAPI AntiHA  Anti-p-Rb Merge DAPI

K
FOXF2 FOXF2
:

Anti-HA Anti-CDK2 Merge DAPI Anti-HA Anti-Rb Merge DAPI

Relatve Luciferase activity (fold)

FOXF2

£ 3 E2F1(WT) E2F1(E132) FOXF2 25 S50 75 100 125 150
Y 8
: = = = [
2 -
3 : - . - B
: & = =
< = + D
Q x
o a + - -
a .
.
£ &
R + S —
K Qo

Fig. 5.
Restoration of FOXF2 expression in FOXF2-deficient luminal breast cancer cells inhibits the

CDK2-RB-E2F cascade pathway. (A) Immunofluorescence (IF) analysis was performed on
GFP-transfected or HA-FOXF2-transfected MCF7 cells using the anti-HA (green) or anti-
phospho-CDK2 (Thrl69) (red) antibody (shown in the top and middle panels). The bottom
panel is IF analysis of total CDK2 protein levels. DNA was labeled with DAPI (blue). (B) IF
analysis of the transfected cells same as (A) using the anti-phospho-RB (Ser807/811) (the top
and middle panels) or anti-RB (the bottom panel) antibody. (C) Quantitative analysis of the
effect of ectopic expression of FOXF2 on the staining positivity of phospho-CDK2 and
phospho-RB proteins in MCF7 cells. Empty vector-transfected and FOXF2-transfected
MCF7 subjected to the immunostaining of phospho-CDK?2 and phospho-RB as described in
(A) and (B) were examined by a fluorescent microscopy to quantitate phospho-CDK2-
positive and phospho-RB-positive percentages among one hundred GFP-positive (as an
empty vector control) or FOXF2-positive MCF7 cells. The bar graphs (mean + SD) from
three independent experiments are shown. (D) FOXF2 attenuates E2F1 transcriptional
activity. MCF7 cells were transfected with the E2F-responsive luciferase reporter plasmid
DNA plus different expression plasmid DNA combinations as indicated. The p-galactosidase
expression plasmid was used in assays to serve as a transfection efficiency control. The
luciferase reporter activity was normalized by the p-galactosidase activity and then
converted into a fold relative to the empty vector control (set as default 1). The error bar
represents the SD of three independent experiments. **p < 0.01.
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Fig. 6.

FgXFZ functions as a negative regulator of DNA replication and its inhibition leads to
activation of the CHK2-p53 signal pathway. (A) FOXF2 knockdown induces G, arrest in
HMEC cells. HMEC cells were transfected with two different FOXF2 siRNAs and their cell
cycle profiles were analyzed by flow cytometry 48 hrs after transfections. (B) The effect of
FOXF2 knockdown on the DNA replication and cell cycle progression correlates with the
functional status of p53. BrdU incorporation assays were performed on four breast cell lines
transfected with either control or FOXF2 siRNA as indicated. For each siRNA transfection
group, the 2D dot plot profiles of the incorporated BrdU fluorescent intensity vs. DNA
content (indicated by prodium iodide staining intensity) are shown in the top panel and the
DNA content histograms are shown in the bottom panel. (C, D) FOXF2 knockdown
activates the CHK2-p53-p21WAFL signaling axis in normal breast epithelial cells. Primary
HMEC cultures isolated from breast tissue were transfected with two distinct FOXF2
siRNAs (or the control siRNA). Cells were harvested 48 h post-transfection for Western blot
analysis of proteins as indicated in (C). Immortalized HMECs (MCF10A) were transfected
with siFOXF2-3 (or the control siRNA) and were then subjected to the same protein analysis
as mentioned in (C). WB results of MCF10A cells are shown in (D). (E) Ectopic expression
of FOXF2 suppresses DNA re-replication of Hs578T cells. Hs578T cells were transfected
with the empty vector, FOXF1 (a positive DNA re-replication inhibitor) or FOXF2
expression plasmid DNA. Cells were harvested 48 h post-transfection for propidium iodide
staining and flow cytometric analysis. Polyploid cells with the DNA content over 4N were
gated for measuring the percentage of cells with DNA re-replication.
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Fig. 7.

FOgXFZ is functionally required for the mobility of breast epithelial cells and for the
invasiveness as well as anchorage-independent growth of basal-like breast cancer cells, and
is overexpressed in triple-negative breast tumors. (A) Inactivation of FOXF2 inhibits cell
mobility of HMECs. Primary and immortalized (MCF10A) HMECs were transfected with
the control or FOXF2 siRNA and then subjected to wound healing assays 24 h post-
transfection. Transfected cells were allowed to migrate for 24 h before pictures were taken.
(B) FOXF2 inhibition alters the morphology of MCF10A cells from the spindle-like shape to
the polygonal shape. (C) Abrogation of FOXF2 attenuates cell mobility of basal-like breast
cancer cells. At 24 h post-transfection, control or FOXF2 siRNA-transfected MDA-MB-231
and -486 cells were subjected to would healing assays. Migration pictures were taken at 24
hr of assays. (D) FOXF2 is functionally required for invasiveness of basal-like breast cancer
cells. Control or FOXF2 siRNA-transfected MDA-MB-231 and -468 cells were subjected to
invasion assays for 24 h and then stained with crystal violet for visualization (the left panel)
and quantitation (the right panel). The error bar represents the SD (n = 3). (E) Abrogation of
FOXF2 attenuates the mobility of Ras-transformed MCF10A cells. MCF10A-Vec and
MCF10A-Ras cells transfected with either the control or FOXF2 siRNA were subjected to
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wound healing analysis for assessing their migration ability. (F) FOXF2 inactivation
suppresses the migratory and invasive ability of Ras-transformed MCF10A cells. siRNA-
transfected cells aforementioned in (E) were subjected to assays using transwell and
invasion chambers for measuring their migratory and invasive ability. (G) FOXF2
knockdown inhibits anchorage-independent growth of Ras-transformed MCF10A cells.
siRNA-transfected cells aforementioned in (E) were subjected to soft agar assays for
examining their anchorage-independent growth. Three independent experiments were
performed and the difference between the numbers of colonies formed from siControl- and
siFOXF2-transfected MCF10A-Ras cells is statistically significant (p < 0.01). (H) /n silico
expression analysis of FOXF2 in invasive ductal breast carcinomas (IDC). FOXF2
expression in IDC tumors (n = 163) was plotted based on previously published Tabchy’s
Breast Cancer microarray expression dataset deposited in the Oncomine microarray
database. IDC tumors subjected to /n silico expression analysis were classified into triple-
negative breast cancers (TNBC) (n = 57) and non-TNBC (n = 106) according to ER, PR and
ERBB?2 status. The median of each dataset is indicated in the plot. ** p< 0.01; *** p<
0.001.
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The FOXF2 transcription factor regulates genes involved in controlling cell cycle
progression and EMT, and FOXF2 is co-expressed with EMT-programming and metastasis-
related genes in breast tumors. (A) Functional ontology of genes differentially expressed in
FOXF2-knockdown MCF10A and MDA-MB-231 cells. (B) Expression of EMT- (the top
graph) and cell-cycle-related (the bottom graph) genes selected from the microarray data of
FOXF2-knockdown MCF10A cells was validated by using gRT-PCR analysis. The results
from qRT-PCR analysis of the same set of genes in FOXF2-knockdown MDA-MB-231 cells
are also included in bar graphs for comparison. The expression fold was calculated by the
gene expression value of siFOXF2 relative to that of siControl. The p53 target genes are
indicated by asterisks. (C) Expression of EMT- and metastasis-related genes selected from
the microarray data of FOXF2-knockdown MDA-MB-231 cells was validated by using gRT-
PCR analysis. The results from gRT-PCR analysis of the same set of genes in FOXF2-
knockdown MCF10A cells are also included in the bar graph for comparison. The

Cell Signal. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lo etal.

Page 38

expression fold was calculated as described in (B). (D) The effect of FOXF2 inhibition on
the expression of genes involved in EMT and TGF signaling. Quantitative RT-PCR analysis
of 13 genes functionally implicated in EMT and TGFp signaling was performed on control
and FOXF2 siRNA-transfected MCF10A cells. Upregulated and downregulated genes (=1.5
fold) in FOXF2 siRNA-transfected cells are indicated by the pound (#) and asterisk (*)
signs, respectively. (E) The effect of FOXF2 knockdown on the protein expression of
Vimentin, Smad2, phospho-Smad2 and E-cadherin. Western blot analysis of Vimentin,
Smad2, phospho-Smad?2 (Ser465/467), E-cadherin and a-tubulin was performed on control
and FOXF2 siRNA-transfected MCF10A cells. a-tubulin protein levels were used as a
loading control. (F) /n silico co-expression analysis of FOXF2 with EMT/basal- and stem-
cell-related genes in 51 breast cancer cell lines. The co-expression results were from J7n silico
analysis of the Oncomine cancer microarray database. (G) /n silico co-expression analysis of
FOXF2 with EMT- and metastasis-related genes in breast tumors. Co-expression analysis of
FOXF2 against three EMT-related genes (SNA/Z2, VIM, CDH11) and one metastasis-related
gene (GL/2) was derived from /n sifico analysis of their expression in 960 breast tumors
using the cBioPortal for Cancer Genomics.
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FOXF2

Cell growth-regulatory genes |

9

| Inhibits DNA replication |

¥

| EMT-programming genes

Promotes EMT transformation

Suppression of luminal and HER2+
breast cancer development
(the tumor-suppressor role)

Enhancement of basal-like breast
cancer development and metastasis
(the oncogenic role)

Fig. 9.

The paradigm for the dual role of FOXF2 that functions as either a tumor suppressor or an

oncogene in breast cancers.
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Correlation between the promoter hypermethylation of the FOXF2gene and clinicopathologic characteristics

of IDC tumors.

Clinicopathologic characteristics™

Methylation (%)¢

¥

Age

<50 (51)

> 50 (66)

Size

<2cm (46)
>2cm (71)
Histologic grade
G1(15)

G2 (51)

G3(51)

LV invasion
Negative (55)
Positive (62)
Nodal involvement
Negative (66)
Positive (51)
Stage

1 (34)

11 (60)

11 (23)

ER status
Negative (57)
Positive (60)

PR status
Negative (66)
Positive (51)
Her-2/neu status
Negative (95)
Positive (22)
Triple-negative status
Negative (87)
Positive (30)

p53 status
Negative (69)
Positive (48)

41 (80.4)
42 (63.6)

27 (58.7)
56 (78.9)

9 (60.0)
40 (78.4)
34 (66.7)

36 (65.5)
47 (75.8)

44 (66.7)
39 (76.5)

19 (55.9)
45 (75.0)
19 (82.6)

39 (68.4)
44 (73.3)

44 (66.7)
39 (76.5)

66 (69.5)
17 (77.3)

67 (77.0)
16 (53.3)

48 (69.6)
35 (72.9)

0.048

0.019

0.873

0.218

0.247

0.022

0.559

0.247

0.468

0.014

0.695

Abbreviations: ER, estrogen receptor; PR, progesterone receptor.
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*

The IDC tumor sample number for each clinicopathological characteristic is shown in parentheses. Classification systems for histologic grades
and tumor stages, and methods to determine positivity for ER (estrogen receptor), PR (progesterone receptor), Her-2/neu, and p53 status were
described in detail in “Materials and Methods”.

ibThe percentages of IDC cases with the methylated FOXF2gene are shown in parentheses.

Pvalues with statistical significance are shown in boldface.

Cell Signal. Author manuscript; available in PMC 2017 October 01.



	Abstract
	1. Introduction
	2. Materials and methods
	2.1. In silico analysis of gene expression
	2.2. Identification of the CpG island of the FOXF2 gene
	2.3. Cell lines and tissue samples
	2.4. Methylation-specific PCR and bisulfite sequencing analysis
	2.5. Conventional and real-time quantitative reverse-transcription PCR (RT-PCR) analysis
	2.6. Drug treatment
	2. 7. Immunohistochemistry assay
	2.8. Clinicopathological characteristics for breast tumors
	2.9. In silico Kaplan–Meier survival analysis
	2.10. Cloning and expression plasmid construction
	2.11. Transfection and reporter assay
	2.12. Colony formation assay
	2.13. Flow cytometric analysis
	2.14. Tumorigenicity assay
	2.15. Immunofluorescence assay
	2.16. siRNA transfection
	2.17. Western blot analysis
	2.18. Migration and invasion assays
	2.19. Soft agar assay
	2.20. Gene expression profiling
	2.21. Statistical analysis

	3. Results
	3.1. Epigenetic silencing of FOXF2 gene expression in breast cancer is subtype-specific
	3.2. Re-expression of FOXF2 inhibits the tumorigenicity of luminal and HER2-positive breast cancer cells
	3.3. FOXF2 suppresses breast cancer cell proliferation via impairing the CDK2-RB-E2F cascade
	3.4. FOXF2-dependent DNA replication regulation is lost in basal-like breast cancer
	3.5. FOXF2 is required for the invasive and tumorigenic ability of basal-like breast cancer cells
	3.6. FOXF2 has a dual role in regulating cell growth and EMT during breast tumorigenesis

	4. Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Fig. 9
	Table 1

