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Loss of function of GATA3 regulates FRA1 and c-FOS to activate
EMT and promote mammary tumorigenesis and metastasis
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Basal-like breast cancers (BLBCs) are among the most aggressive cancers, partly due to their enrichment of cancer stem cells (CSCs).
Breast CSCs can be generated from luminal-type cancer cells via epithelial-mesenchymal transition (EMT). GATA3 maintains luminal
cell fate, and its expression is lost or reduced in BLBCs. However, deletion of Gata3 in mice or cells results in early lethality or

proliferative defects. It is unknown how loss-of-function of GATA3 regulates EMT and CSCs in breast cancer. We report here that
haploid loss of Gata3 in mice lacking p18Ink4c, a cell cycle inhibitor, up-regulates Fra1, an AP-1 family protein that promotes

mesenchymal traits, and downregulates c-Fos, another AP-1 family protein that maintains epithelial fate, leading to activation of
EMT and promotion of mammary tumor initiation and metastasis. Depletion of Gata3 in luminal tumor cells similarly regulates Fra1
and c-Fos in activation of EMT. GATA3 binds to FOSL1 (encoding FRA1) and FOS (encoding c-FOS) loci to repress FOSL1 and activate
FOS transcription. Deletion of Fral or reconstitution of Gata3, but not reconstitution of c-Fos, in Gata3 deficient tumor cells inhibits
EMT, preventing tumorigenesis and/or metastasis. In human breast cancers, GATA3 expression is negatively correlated with FRA1
and positively correlated with c-FOS. Low GATA3 and FOS, but high FOSL1, are characteristics of BLBCs. Together, these data

provide the first genetic evidence indicating that loss of function of GATA3 in mammary tumor cells activates FOSL1 to promote
mesenchymal traits and CSC function, while concurrently repressing FOS to lose epithelial features. We demonstrate that FRAT is

required for the activation of EMT in GATA3 deficient tumorigenesis and metastasis.
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INTRODUCTION
There is increasing evidence that cancer stem cells (CSCs) initiate
tumors and are particularly radio- and chemo-resistant, driving
metastasis and poor prognoses [1, 2]. CSCs are a subpopulation of
cancer cells that share the properties of self-renewal and
multipotency with stem cells. CSCs in carcinomas can be
generated from non-stem cancer cells by epithelial-
mesenchymal transition (EMT) [3-6]. EMT describes a process in
which epithelial cells lose many of their epithelial characteristics
and acquire mesenchymal features [6]. Breast cancer is mainly
divided into estrogen receptor (ER) positive luminal and ER-
negative basal-like tumors [7]. Basal-like breast cancers (BLBCs) are
poorly differentiated and are the most lethal, partly due to their
enrichment of CSCs [8-10]. We and others have demonstrated
that at least some of the BLBCs originate from luminal epithelial
cells or luminal tumor cells [11-16]. The molecular mechanisms
controlling EMT and CSCs in breast cancers remain to be clarified.
Transcription factor GATA3 is essential in maintaining mammary
luminal cell fate and promoting luminal cell differentiation

[11-14, 17, 18]. High GATA3 expression is a feature of luminal-
type breast cancer and predicts better survival [19, 20]. GATA3 is
often silenced by DNA methylation [21, 22] and its expression is
lost or significantly reduced in BLBCs [20, 23-25] and metastasized
breast cancers [23]. Overexpression of GATA3 suppresses EMT in
cancer cell lines [26, 27] and loss of Gata3 in oncogene transgenic
mice stimulates mammary luminal tumor progression with
expansion of stem cell-like tumor cells [28, 29]. However, germline
or mammary epithelium-specific deletion of Gata3 [17, 18, 30, 31]
in mice results in early lethality or growth defects and targeted
deletion of GATA3 in tumor cells leads to apoptosis [28], making it
difficult to determine the mechanism of loss-of-function of Gata3
in activation of EMT in mammary tumor initiation and progression.
How loss-of-function of GATA3 regulates EMT and mammary CSCs
in tumor initiation and progression remain elusive.

Activator protein-1 (AP-1) is a transcription factor that is a
heterodimeric protein composed of proteins belonging to the FOS
and JUN families. AP-1 complex plays a key role in activating EMT
and driving breast CSC function [32-34]. c-FOS (encoded by FOS)
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Table 1. Characterization of mammary tumors in mutant mice.
Tumor Genotype®

p18™P p18™;Gata3 ™/ ¢
EMT+ mammary tumor® 2/8 (25%) 13/17 (77%)°
Fral+ mammary tumor® 1/8 (13%) 10/17 (59%)"
Mammary tumor with 0/8 5/17 (29%)'

metastasis’

5/8 (63%) 2/17 (12%y)

#All mice were in Balb/c-B6 mixed background and were at 8-22 months
of age.

This group contains eight p18™~ and nineteen p18™~ mice.

“This group contains ten p18+/’;Gata3+/’ and twenty four p18’/’;Gata3+/’
mice.

9At least two EMT markers (decreased E-cad, increased Vim, Fn1, Sma, or
CD29) or two EMT-TFs, which include Twist, Slug, Snail, Foxc1, and Foxc2,
were detected in >2% tumor cells by IHC, as we previously reported (Bai,
Cancer Res., 2014).

®Expression of Fral or c-Fos was detected in >2% tumor cells by IHC.
Three mammary tumors metastasized to lung, and the other two mammary
tumors metastasized to lung and liver. All five mammary tumors with
metastasis are Fral positive.

9A significance from p18™;Gata3™~ and p18™ tumors by a two-tailed
Fisher's exact test (p = 0.028).

hA significance from p18™;Gata3*/~ and p18™ tumors by a two-tailed
Fisher's exact test (p = 0.042). All Fra1+ tumors are EMT+ tumors.

No significance from p18™;Gata3*/~ and p18™ tumors by a two-tailed
Fisher's exact test (p = 0.1399).

JA significance from p18™iGata3™~ and p18™ tumors by a two-tailed
Fisher's exact test (p =0.017).

c-Fos+ mammary tumor®

is mainly expressed in mammary epithelial cells, activates E-cad
transcription, and plays a critical role in maintaining the state of
the epithelial cells. Whereas FRA1 (encoded by FOSL1), a member
of the FOS family of transcription factors, preferentially expressed
in CSCs and the mammary epithelial cells that have undergone
EMT. FRA1 binds to JUN to form heterodimeric AP-1 complexes,
maintaining mesenchymal cell state, inducing EMT and generating
CSCs from non-stem cancer cells [33, 35]. During execution of the
EMT program, c-FOS is down-regulated and FRA1 is up-regulated,
and there is a switch from the use of c-FOS to FRA1 as the
preferred component of AP-1 transcription factor complexes [35].
Notably, we previously demonstrated that the expression of FRA1
is elevated and EMT is activated in Gata3 deficient breast cancers
[15]. How GATA3 regulates AP-1 complex in mammary tumor-
igenesis and metastasis remains elusive.

We previously demonstrated that p18™*‘C (p18), a cell cycle
inhibitor, is a downstream target of GATA3 and restrains
mammary epithelial cell (MEC) proliferation and tumorigenesis
[20]. We discovered that depletion of Gata3 in p18 deficient mice
results in BLBCs with EMT features and enrichment of CSC
characteristics [15, 16]. Furthermore, depletion of Gata3 in luminal
tumor cells activates EMT. By using these mouse models, we
investigated how GATA3 regulates the AP-1 transcription factor
and whether AP-1 is essential for GATA3 deficiency-activated EMT
in mammary tumor development and progression.

RESULTS

Haploid loss of Gata3 enhances Fra1 and reduces c-Fos
expression leading to the activation of EMT and driving
mammary tumor initiating and metastatic potential

We previously demonstrated that p18 is a downstream target of
GATA3 and restrains mammary luminal cell proliferation and
tumorigenesis [20]. We have also shown that haploid loss of Gata3
in p18 deficient mice, i.e, p18™ mice including p18~/~ and p18™”
~ mice, results in metastatic basal-like mammary tumors with EMT

SPRINGER NATURE

features [15, 16]. Taking advantage of the spontaneously
developed p18™ luminal type tumors that are proficient for
Gata3 [15, 20, 36] and p18™;Gata3 "/~ basal-like tumors that are
deficient for Gata3 [15, 16], we determined the expression of EMT-
inducing transcription factors (EMT-TFs) and the key members of
the AP-1 transcription factor. We found that the expression
of most EMT-TFs including Fra1 was clearly enhanced and that of
c-Fos was reduced in p18™;Gata3™~ tumors when compared
with p18™ tumors. Furthermore, the number of EMT positive
tumors was significantly higher in p18™;Gata3™~ tumors than in
p18™ tumors (Table 1, Figs. 1A, B, S1). Notably, 13% of p18™
tumors and 59% of p18™;Gata3 ™/~ tumors were positive for Fra1,
and Fral-positive tumors were also EMT positive. Five out of
seventeen p18™;Gata3™~ tumors metastasized to the lung,
whereas none of eight p18™ tumors metastasized. as we
previously described [15]. Furthermore, all p18™;Gata3™~ mam-
mary tumors with metastasis were Fral-positive (Table 1 and
Fig. 1). However, due to the development of kidney cysts and
consequential renal failure, as well as various types of tumors in
other organs including lymphoma and sarcoma in p18™;Gata3™/~
mice [15, 16, 37], we were unable to follow the mammary tumor
formation and metastasis in aged mice. The incidence of
mammary tumor metastasis in p18™;Gata3"’~ mice was under-
estimated. Interestingly, 63% of p18™ tumors and 12% of
p18m‘;Gata3”’ tumors were positive for c-Fos and c-Fos were
barely detectable in EMT positive p18™;Gata3 ™~ tumors (Table 1,
Figs. 1A, S1A). These data suggest that Gata3 deficiency down-
regulates c-Fos expression, leading cells to lose their epithelial fate
and up-regulates Fral, promoting cells to acquire mesenchymal
feature. We determined the tumor-initiating capacity of tumor
cells and found that as low as 5 x 10* of p18™;Gata3™ ™ cells were
able to regenerate tumors, whereas as high as 5x 10° of p18™
cells did not yield tumors (Fig. 1C). All four mice that received
5 x 10° p18™ tumor cell transplants produced tiny tumors (smaller
than 100 mm? in size) with no metastasis, while during the same
time period, all eight mice that received 5x10° and 5x 10’
p18™Gata3™~ tumor cell transplants developed huge tumors
(larger than 1000 mm? in size) with lung metastasis (Fig. 1C). IHC
analysis confirmed that regenerated p18™;Gata3™~ tumors in
mammary glands were positive for Fral (Fig. 1D). These data
illustrate that haploid loss of Gata3 in breast cancer cells enhances
the CSC population and its properties in tumor initiation and
metastasis. In summary, these results indicate that haploid loss of
Gata3 reduces the expression of c-Fos and enhances the
expression of Fral, which leads to the activation of EMT and
drives CSC function during basal-like mammary tumorigenesis and
metastasis.

Depletion of Gata3 in luminal tumor cells results in
upregulation of Fra1l and downregulation of c-Fos in the
activation of EMT during tumorigenesis

We previously demonstrated that deficiency of Gata3 converts
luminal-type mammary tumor cells into basal-like tumor cells with
EMT activation [15, 16]. To directly test if deficiency of Gata3 in
luminal tumor cells regulates c-Fos and Fral expression in
mammary tumor development, we take advantage of the
MMTV-PyMT luminal type mammary tumor model system we
established [15, 16]. We knocked down Gata3 in MMTV-PyMT
tumor cells that were isolated and screened from MMTV-PyMT
mammary tumors and were confirmed as Gata3 proficient
(Gata3™™) luminal type before and after transplantation into
mammary fat pads (MFPs) of recipient mice [Fig. 1E, and details in
[15, 16]]. We observed that depletion of Gata3 in tumor cells
reduced the expression of c-Fos, ERa, and E-Cad but enhanced the
expression of Fral and Vim (Figs. 1E, S1C). We transplanted MMTV-
PyMT tumor cells into MFPs of mice and analyzed newly
generated mammary tumors. IHC analysis revealed that the
tumors generated by Gata3-depleted cells displayed significantly
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Fig. 1 Depletion of Gata3 activates EMT with increase of Fral and decrease of c-Fos expression in mammary tumor development.
A Representative IHC and IF analysis of primary mammary tumors with antibodies against Fral and c-Fos. B RNA extracted from representative
mammary tumors were analyzed by gRT-PCR. Results represent the mean + SD of three tumors from individual animal per group. The asterisk
(*) denotes a statistical significance from p18™;Gata3™~ and p18™ samples determined by unpaired T-test. C Primary tumor cells were
transplanted into MFPs of NSG mice with estradiol supplement. Eight weeks later, recipient mice were dissected, regenerated mammary
tumors and their lung metastasis were counted and analyzed. D Representative mammary tumors regenerated by p18™Gata3 "~ tumor cells
and their lung metastasis were analyzed by HE (left and right) and IHC (middle). M, metastasis. E-G MMTV-PyMT mammary tumor cells were
infected with psi-LVRU6GP-empty (sh-Ctrl) or psi-LVRU6GP-Gata3 (sh-Gata3), and then analyzed by western blot (E). 1x 10 MMTV-PyMT-sh-
Ctrl) and MMTV-PyMT-sh-Gata3 tumor cells were transplant into the left and right MFPs of three female NCG mice, respectively, in a pairwise
manner. Tumors generated by sh-Ctrl and sh-Gata3 cells were analyzed by IHC (F) and western blot (G).
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Fig. 2 Reconstitution of Gata3 in Gata3-deficient tumor cells stimulates c-Fos and suppresses Fral expression in inhibition of EMT and
mammary tumorigenesis. A, B p18™;Gata3"/~ tumor cells were transfected with plvx-Flag (Empty) and plvx-Flag-Gata3 (Gata3), and then
analyzed by western blot (A) and gRT-PCR (B). Data in (B) represent the mean = SD from duplicates of two independent experiments. The
asterisk (*) denotes a statistical significance from Empty and Gata3 samples determined by a two-tailed, paired T test. C, E p18™;Gata3 "/~
(1% 10° primary tumor cells infected with plvx-Flag (Empty) or plvx-Flag-Gata3 (Gata3) were transplanted into the left and right MFPs of
female NCG mice. Tumors regenerated were analyzed by their size (C), western blot (D), and IHC (E). Data in (C) represent the average tumor
volumes £ SD of three tumors from individual animals per group. P < 0.05 represent statistical significance from GATA3 and Empty tumors

determined by a two-tailed, paired T test.

more Fral- and Vim-positive cells and less c-Fos-positive cells than
tumors produced by control cells (Figs. 1F, S1D). Consistently,
western blot showed the increase of Fral and Vim and a decrease
of c-Fos and E-cad in Gata3 deficient tumors relative to Gata3
proficient tumors (Fig. 1G). These data further confirm the
preferential expression of c-Fos in luminal tumor cells and Fra1l
in basal-like tumor cells. These results demonstrate that depletion
of Gata3 in luminal tumor cells also stimulates Fral and
suppresses c-Fos expression in the activation of EMT during
tumorigenesis.

Reconstitution of Gata3 in Gata3- or Brcal-deficient tumor
cells restores the expression of c-Fos and suppresses Fra1,
inhibiting EMT and tumorigenesis

We screened and characterized ten tumor cell lines from ten
individual p18™;Gata3™~ primary mammary tumors and
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established a Gata3 deficient basal-like mammary tumor model
system [15, 16]. We then tested whether reconstitution of Gata3
could restore AP-1 expression and epithelial features of Gata3
deficient tumor cells. As expected, we found that reconstitution of
Gata3 significantly reduced the expression of Fral and Vim but
stimulated the expression of c-Fos, ERa, and E-cad (Fig. 2A, B). This
suggests that reconstitution of Gata3 restores the expression of
c-Fos and other epithelial genes to gain epithelial features and
concurrently inhibits the expression of Fral to suppress mesench-
ymal traits, leading to the activation of mesenchymal-epithelial
transition (MET) in vitro. We infected p18™;Gata3™'~ tumor cells
with pLvx-Flag (Empty) and pLvx-Flag-Gata3 (Gata3), respectively,
and established Empty and Gata3 stably expressing cells. These
cells were then transplanted into the MFP of NCG mice. We
observed that Gata3-expressing cells produced significantly
smaller tumors than Empty-expressing cells (Fig. 2C). Relative to
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Empty-tumors, Gata3-tumors expressed drastically less Fral and
Vim but more c-Fos and E-cad (Fig. 2D, E). Notably, Gata3-tumors
displayed less heterogeneous morphology in cell shape and more
glandular structures than Empty-tumors (Fig. 2E), indicating that
Gata3-tumors are well-differentiated relative to Flag-tumors. These
results confirm that reconstitution of Gata3 restores c-Fos and
suppresses Fral expression in the activation of MET and inhibition
of Gata3 deficient tumor initiation.

Inspired by our finding that GATA3 functions downstream of
BRCA1 to suppress EMT in breast cancer [15] and that BRCA1
deficiency stimulates the expression of FRA1 in mammary tumors
[38, 39], we hypothesized that reconstitution of GATA3 in BRCA1
deficient tumor cells also restores the expression of AP-1, thus
inhibiting tumorigenesis. First, we confirmed the decrease of c-Fos
and increase of Fral in p18™Gata3™~ and p18™:.Brcal™~
tumors when compared with those in p18™ tumors (Fig. S1).
Notably, the expression level of c-Fos and Fra1 in p18™;Brcal ™~
and p18™.Gata3™~ tumors were comparable (Fig. S1). Next, we
generated empty- and Gata3-expressing p18mt;Brca1+/’ tumor
cells, as previously reported [15], and performed similar analysis as
for p18™;Gata3"™’~ tumor cells. We found that Gata3-expressing
cells generated smaller tumors with less Fral and Vim but more
c-Fos and E-Cad than tumors generated by control cells [Fig. S2,
and details in [15]]. These data suggest that Gata3 functions
downstream of Brcal to promote c-Fos and suppress Fral
expression in inhibition of EMT and mammary tumor initiation.

GATAS3 suppresses FRA1 and promotes c-FOS expression in
inhibition of EMT and tumorigenesis of human breast cancer
cells

We analyzed a panel of human breast cell lines, including non-
adherent mammary epithelial cell (NAMEC), a naturally arising
mesenchymal cell line from HMLE cells that had spontaneously
undergone an EMT. We found that two widely used luminal cell
lines, T47D and MCF7, expressed high levels of GATA3 and
c-FOS but low levels of FRA1. In contrast, basal and
mesenchymal cell lines, including SUM149, HCC1937, MDA-
MB-231, NAMEC, and MCF10A, expressed high levels of FRA1
and low levels of GATA3 and c-FOS (Figs. 3A, S3A, B).
Knockdown of GATA3 enhanced the expression of FRAT but
reduced the expression of c-FOS in T47D cells (Fig. 3B). We
generated stable GATA3-expressing MDA-MB-231 cells and
transplanted them into MFPs of NCG mice. Consistent with the
data obtained by reconstitution of Gata3 in mouse cells,
GATA3-expressing MDA-MB-231 cells produced significantly
smaller tumors than control MDA-MB-231 cells (Fig. 3C, D), and
GATA3-expressing tumors expressed more c-FOS but less FRAT,
TWIST, and FN than control tumors (Fig. 3E, F). Furthermore, we
found that GATA3-expressing MDA-MB-231 cells generated
significantly less tumorspheres and displayed significantly less
motility and invasion than control MDA-MB-231 cells
(Figs. 3G-I, S3C). These results confirm that reconstitution of
GATA3 in human breast cancer cells regulates AP-1 expression
inhibiting EMT, tumorsphere forming potential, motility, inva-
sion, and tumorigenesis.

GATAS3 binds to the FOSL1 and FOS loci to regulate their
transcription

To determine whether the transcription factor GATA3 directly
regulates FRA1 expression at the transcriptional level, we
performed bioinformatic analysis and found at least six putative
GATA3 binding sites in the FOSL1 gene promoter (Fig. 4A). Using
three pairs of primers that cover all six putative GATA3 binding
sites, we performed ChIP assays and found that two out of three
amplicons (P1, P2) covering five GATA3 binding sites in T47D cells
were specifically enriched in the immunoprecipitation of GATA3
(Fig. 4B). We generated FRA1 promoter-luciferase fusion plasmids,
pGL3-FOSL1, containing a promoter region that covers P1 with
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three GATA3 binding sites (Fig. 4C). We transduced MDA-MB231
cells with pLvx-3xFlag (Empty) and pLvx-3xFlag-GATA3 (GATA3)
and established empty- and GATA3-expressing stable cells
(Fig. 4D). We transfected pGL3-FOSL1 and renilla plasmids into
the empty- and GATA3-expressing cells and observed that ectopic
GATA3 drastically reduced the activity of pGL3-FOSL1 promoter by
~52% relative to an empty control (Fig. 4C). These results indicate
that GATA3 directly binds to the FOSL1 locus to repress its
transcription.

Similarly, we also performed bioinformatic analysis and found
that there exist at least ten putative GATA3 binding sites in the
FOS gene promoter (Fig. 4E). We performed ChIP assays using
seven pairs of primers that cover all ten putative GATA3 binding
sites. Six out of seven amplicons (P1, P3, P4, P5, P6, P7) were
specifically enriched in the immunoprecipitation of GATA3
(Fig. 4F). We also generated FOS promoter-luciferase fusion
plasmids, pGL3-FOS, containing a promoter region that covers
P1, P2, and P3 with four GATA3 binding sites. We transfected
PGL3-FOS and renilla plasmids into empty- and GATA3-expressing
cells and found that relative to an empty control, ectopic GATA3
significantly enhanced the activity of pGL3-FOS promoter by 1.7
folds (Fig. 4G, H). These data confirm that GATA3 binds to the FOS
promoter to activate its transcription.

Targeted deletion of Fral in Gata3-deficient tumor cells
inhibits EMT, preventing tumorigenesis and metastasis

We knocked out Fral in p18™;Gata3™~ tumor cells and observed
that Fral knockout drastically reduced the expression of the EMT
markers Vim, Snail, Twist, Slug (Figs. 5A, S4A, B). We transplanted
these tumor cells into mice and although all mice received 1 x 10*
Fral- and control-knockout p18™Gata3™ ™ tumor cells, tumors
generated by Fral-knockout cells were tiny and significantly
smaller than those generated by control cells (Fig. 5B, C). Tumors
generated by Fral-knockout cells were less heterogeneous with a
smaller mitotic index, were less invasive, and had more glandular
structure, compared with tumors generated by control cells
(Fig. S4C). These findings suggest that knocking out Fra1l in Gata3
deficient tumor cells leads to development of relatively well-
differentiated tumors. Notably, tumors generated by Fral-
knockout cells exhibited significantly reduced levels of Vim and
Snail, but enhanced level of E-cad, compared to tumors generated
by control cells (Fig. 5D). Moreover, the knockout of Fral or
reconstitution of Gata3 in Gata3 deficient tumor cells produced a
very similar phenocopy in terms of reducing mesenchymal traits
and inducing epithelial features in tumor suppression
(Figs. 5 and 2, S2). Taken together, these results demonstrate that
Fral is required for the activation of EMT in Gata3-deficient
tumorigenesis.

Taking advantage of Gata3 and Brcal deficient tumor cells
lacking Gata3 and expressing high level of Fral [15, 38, 39]
(Fig. 5E), we knocked out Fra1 in these cells by using the CRISPR/
Cas9 system (Fig. 5F, I). We injected these cells into the mice
through tail vein and found that lung nodules generated by
Fral-knockout cells were significantly less than those generated
by control cells (Fig. 5G, H, J-L). These data suggest that
knockout of Fral in Gata3 deficient tumor cells inhibits tumor
metastasis.

Reconstitution of c-Fos in Gata3 deficient tumor cells fails to
restore epithelial features during tumorigenesis

We transduced two independent p18™;Gata3™~ tumor cell lines
with pEZ-Lv201 (Empty) and pEZ-Lv201-c-Fos (c-Fos), thereby
establishing empty- and c-Fos-expressing stable cells. Surprisingly,
we noticed that reconstitution of c-Fos did not enhance the
expression of E-cad as expected, but rather induced the
expression of Vim and Fral (Figs. 6A, B, S5A, B). However, this
result is consistent with the previous discovery that FOSL1 can be
directly induced by c-FOS [32, 40]. We then transplanted these
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Fig. 3 GATA3 positively regulates c-FOS and negatively regulates FRA1 in inhibition of tumorigenesis and tumorsphere forming
potential of human breast cancer cells. A Analysis of human breast cancer cell lines, NAMEC, and basal epithelial cell line MCF10A. B T47D
were infected with pGIPZ-empty (Empty) or pGIPZ-shGATA3 targeting different sequences of human GATA3 (shGATA3-E9 and shGATA3-B12),
selected with puromycin, and analyzed by western blot. C-F MDA-MB231 were infected with pBabe-puro-empty (Empty) and pBabe-puro-
GATA3 (GATA3), selected with puromycin, and transplanted into the MFPs of female NSG mice. Gross appearance (C) and weight (D) of the
tumors generated are shown. Tumors were analyzed by IHC (E) and IF (F). Data in (D) represent the mean +SD for tumors in each group
(n=4). P<0.05 represent statistical significance from GATA3 and empty tumor determined by a two-tailed, paired T test. A GATA3-positive
mammary gland of the recipient mice is indicated by black arrow in (E). G 10> MDA-MB231-empty and MDA-MB231-GATA3 cells were cultured
to generate primary in 10 days. The number of spheres larger than 100 pm was quantified from triplicate experiments. The results represent
the mean + SD of three independent experiments. Statistical significance was determined by a two-tailed, unpaired T test. H, I 2 x 10* MDA-
MB231-empty and MDA-MB231-GATAS3 cells were seeded into the upper chamber of the Migration chambers (H) or Invasion chambers (1). 24
(H) or 48 (1) hours later, the cells on the lower surface of the membrane were fixed, stained, and counted. The results represent the mean + SD
of three independent experiments. Statistical significance was determined by a two-tailed, unpaired T test.
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Fig. 4 GATA3 binds to FOSL1 and FOS loci to regulates their transcription. A, E Diagram showing the location of putative GATA3 binding
sites (red bars) in human FOSL1 gene (A) and FOS gene (E). +1, transcription start site (TSS). Locations of the primer pairs used in ChIP analysis
are shown. B, F ChIP analysis of endogenous GATA3 binding to the FOSL1 locus (B) and FOS locus (F) in T47D cells. The results were
normalized to the amount of input and compared with the IgG-negative controls. Data are represented as mean + SD. The asterisk (¥) denotes
a statistical significance from IgG and anti-GATA3 immunoprecipitated samples by a two-tailed, unpaired T test. C, G MDA-MB231 cells were
transduced with pLvx-Flag (Empty) and pLvx-Flag-GATA3 (GATA3) to generate empty- and GATA3-expressing stable cells, which were then
transfected with Renilla, pGL3-basic, and pGL3-FOSL1 (C) or pGL3-FOS (G). Cell lysates were then collected and assayed for pGL3-FOSL1 (C)
and pGL3-FOS (G) luciferase activities. Data represent the mean +SD from duplicates of two independent experiments. The asterisk (¥)
denotes a statistical significance from Empty and GATA3 samples determined by a two-tailed, paired T test. D, H Protein lysates from (C) and
(G) was analyzed by western blot.

tumor cells into mice. In contrast to our expectation, tumors Fos-expressing tumors (Figs. 6E, S5D), which may reflect the
generated by c-Fos-expressing cells were significantly larger than unique situation that the tumor cells highly, but heterogeneously
tumors generated by control cells (Figs. 6C, D, S5C). IHC analysis expressing both c-Fos and Fra1, the former of which activated E-
revealed that Ki67-positive cells in c-Fos-expressing tumors were cad, and the latter of which enhanced Vim. These results suggest
in a statistically higher ratio than the Ki67-positive cells in control that downregulation of c-Fos plays an important role in the
tumors (Fig. 6E), confirming that c-Fos is an oncogene and activation of EMT by Gata3 deficiency; however, reconstitution of
promotes cell proliferation. Notably, the expression of Vim and c-Fos is not sufficient to restore luminal and/or epithelial traits of
E-cad displayed a drastic inter- and intra-tumor heterogeneity in c- Gata3 deficient tumor cells that have undergone EMT.
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The expression of GATA3 is correlated with that of FRA1 and subtypes of breast cancer, the basal-like subtype is characterized

c-FOS in human breast cancers by the low to absent expression of luminal differentiation markers
Gene-expression profiling analyses have categorized human including GATA3 and high enrichment for EMT markers. In
breast tumors into five intrinsic subtypes: basal-like, Her2+, contrast, luminal A and B subtypes are characterized by the high
luminal A, luminal B, and normal breast-like [23]. Among these levels of luminal and epithelial markers and low enrichment for
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Fig. 5 Knockout of Fral in Gata3-deficient tumor cells inhibits EMT, tumorigenesis, and metastasis. A p18™;Gata3™’~ tumor cell were

transfected with Fral (Fral CRISPR) and Control (Ctrl CRISPR) Double Nickase plasmids then selected with puromycin for 3 days. Fral- and
control-knockout cells were then analyzed by western blot. B-D 1 x 10* Fral- and Ctrl-knockout p18™;Gata3™~ mammary tumor cells were
inoculated into the left and right inguinal MFPs of NSG mice, respectively, in a pairwise manner. Four months after transplantation, mice were
dissected. Gross appearance (B) and volume (C) of the regenerated tumors were determined. Tumors regenerated were analyzed by IHC (D).
Data in (C) represent the mean £ SD of four tumors in each group. The asterisks (*) denote a statistical significance from Fra1- and Ctrl-
knockout tumors determined by a two-tailed, paired T test. E Confirmation the expression of Gata3 and Fral in p18™;Gata3*/~ and
p18™:Brcal™~ mammary tumor cells. (F) Fral- and Ctrl-knockout p18™;Gata3*/~ mammary tumor cells were analyzed before tail vein
injection. G, H 1 x 10° Fral- and Ctrl-knockout p18™;Gata3™~ mammary tumor cells were injected via the tail vein into NCG mice. Four weeks
after tail vein injection, the lungs were removed and examined for gross appearance (G) and H.E staining (H). I Fral- and Ctrl-knockout
p18™:.Brcal™~ mammary tumor cells were analyzed before tail vein injection. J, K 1 x 10° Fra1- and Ctrl-knockout p18™;Brcal™~ mammary
tumor cells were injected via the tail vein into NCG mice. Four weeks after tail vein injection, the lungs were removed and examined for gross
appearance (J) and H.E staining (K). L Quantification of the number of metastatic nodules in the lungs in (G) and (J). Data represent the
mean * SD for the numbers of metastatic nodules detected in all lobes of the lungs in each group (n = 5). Ctrl CRISPR group includes two mice
injected with p18™:;Gata3 ™/ ~-Ctrl CRISPR cells and three mice injected with p18™Brca1™’~-Ctrl CRISPR cells. Fra1 CRISPR group includes two
mice injected with p18™;Gata3"/~-Fra1 CRISPR cells and three mice injected with p18™;Brcal™/~-Fra1 CRISPR cells. Statistical significance was

determined by a two-tailed, unpaired T test.

EMT markers. To determine whether our mouse genetic analysis
models human breast cancers, we queried the expression of
GATA3 and AP-1 in breast cancer patient sample sets. We found
that expressions of GATA3, FOS, and FOSL1 were highly correlated
with intrinsic subtypes (Fig. 7A). Specifically, the mRNA levels of
GATA3 and FOS were low, whereas the mRNA levels of FOSL1
were high in the ER-negative, basal-like subtype. In the ER-positive
luminal A subtype, the mRNA levels of GATA3 and FOS were high
and the mRNA levels of FOSL1 were low (Figs. 7A, S6C, D). Pearson
correlation analysis revealed a statistically significant inverse
correlation between GATA3 with FOSLT mRNA levels. Although
not as strong as the correlation between GATA3 and FOSLI1, a
positive correlation between GATA3 and FOS mRNA levels was
also detected in human breast cancers (Figs. 7B, S6B). These
findings are consistent with our observations in mouse models.

Kaplan-Meier analysis of distant metastasis-free survival (DMFS)
revealed that the expression of GATA3, FOS, and FOSL1 genes was
significantly predictive of patient outcome. High FOSL1 expression
predicted a poor patient outcome, and low GATA3 or FOS expression
also predicted poor patient outcomes (Fig. 7C). This shows that
human basal-like tumors are characterized by low GATA3, low FOS
and high FOSL1. We then determined whether the expression of
these genes was able to predict DMFS for patients with different
subtypes of breast cancer and patients with or without lymph node
metastasis. We noticed that a low level of GATA3 and FOS mRNA
predicted poor outcomes for patients with luminal A or B and basal-
like subtype breast cancers, and high FOSL1 expression also
predicted a poor outcome for patients with luminal A subtype
breast cancers (Fig. S7A). We failed to detect a significance of FOSL1
mMRNA in the prediction of survival for basal-like patients, which may
be partially explained by the upregulation or activation of FOSL1 or
FRA1 at both transcriptional and post-transcriptional levels in the
development and progression of basal-like breast cancer [15, 35].
Therefore, upregulation of FOSL1T mRNA alone may not be sufficient
to predict survival for basal-like breast cancer. Interestingly, we
observed that high FOS expression predicted a poor outcome for
patients with HER2+ subtype breast cancer, which requires further
investigation and interpretation (Fig. S7A). In consistent with above
findings, we also found that low GATA3 mRNA predicted poor DMFS
for patients with or without lymph node metastasis and that high
FOSL1 predicted a poor outcome for patients with no lymph node
metastasis. However, we failed to detect a significant association
between FOSL1 mRNA and prediction of survival for patients with
lymph node metastasis (Fig. S7B).

To test whether these observations are consistent at the protein
level, we took advantage of our previously published resource of
43 invasive breast cancers with no metastasis [36]. We performed
immunostaining analysis of 8 ER+ and 10 ER— primary human
breast cancers. We found that FRA1 was readily detected in ER—
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and GATA3 weak or non-detectable tumor cells, but hardly
detectable in ER+ and GATA3+ tumor cells (Figs. 7D, S6A, S8).
Conversely, c-FOS was readily detected in ER+ and GATA3+
tumor cells, but hardly detectable or weakly expressed in ER— and
GATA3 weak or non-detectable tumor cells (Figs. 7D, S6A, S8).
Further analysis revealed that FRA1 and c-FOS detected by
immunostaining were inversely and positively correlated with
GATAS3, respectively (Figs. 7E, S6A). Together, these clinical
findings are consistent with our results in mice, suggesting an
opportunity to use murine systems to further explore how GATA3
regulates FRA1 and c-FOS to control human breast biology as well
as cancer development and progression.

We then carefully examined 10 breast cancers without metastasis
and 5 paired breast cancers with lymph node metastasis. IHC analysis
revealed that 9 out of 10 breast cancers without metastasis
predominantly expressed FRAT in the cell membrane and cytoplasm,
which was consistent with the findings derived from IF analysis
(Figs. 7D, G, and S9A). Notably, 4 out of 5 breast cancers with lymph
node metastasis displayed a predominant nuclear staining, which
was significantly different from the expression pattern of FRA1 in
cancers without metastasis (Figs. 7F, G, H, and S9A, B). Again, the
expression of FRAT in these cancers was also negatively correlated
with that of GATA3 (Figs. 7H and S9B). These results suggest that,
unlike FRA1 in breast cancers without metastasis, FRA1 in most
breast cancers with metastasis is likely activated and that the
activation of FRA1 is, at least, partially, induced by GATA3 deficiency.
In addition, we also observed high FRA1 expression in lymph node
metastasis derived from breast cancers (Figs. 71 and S9C). Together,
these findings are in line with our discovery in mice that loss of
Gata3 activates Fral, promoting mammary tumor metastasis.

DISCUSSION

In the present study, we have demonstrated that heterozygous
germline deletion of Gata3 up-regulates Fral, downregulates c-
Fos, activates EMT, and enhances mammary tumor initiating and
metastatic potential. Depletion of Gata3 in luminal tumor cells also
up- and downregulates Fral and c-Fos, respectively, leading to the
activation of EMT and promotion of tumorigenesis. Consistently,
reconstitution of Gata3 in Gata3- or Brcal-deficient human and
mouse mammary tumor cells restores the expression of c-Fos
and suppresses Fral in inhibiting EMT, motility, invasion, and
tumorigenesis. We discovered that GATA3 binds to the FOSL1
locus to repress its transcription and, notably, to the FOS locus to
activate its transcription. Deletion of Fra1, but not reconstitution of
c-Fos, in Gata3-deficient tumor cells inhibits EMT suppressing
tumorigenesis and metastasis. This suggests that in GATA3-
deficient tumor cells, the acquisition of mesenchymal traits by
the activation of Fral is dominant over the loss of epithelial
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tumor cell were infected with pEZ-Lv201 (Empty) and pEZ-Lv201-c-Fos (c-Fos), selected with puromycin, and analyzed by gRT-PCR (A) and
western blot (B). The asterisk (*) denotes a statistical significance from empty and c-Fos samples determined by a two-tailed, paired T test.
C, D p18™;Gata3 ™~ tumor cell infected with pEZ-Lv201 (Empty) and pEZ-Lv201-c-Fos (c-Fos) were transplanted into the left (Empty) and right
(c-Fos) MFPs of female NCG mice. Gross appearance (C) and weight (D) of the tumors generated were determined. Data in (D) represent the
mean = SD of four tumors in each group. The asterisks (*) denote a statistical significance from c-Fos and Empty tumors determined by a two-

tailed, paired T test. E Tumor generated from (C) was analyzed by IHC.

features by the deficiency of c-Fos, in activating EMT and driving
CSC function. Consistent with the findings derived from mouse
models, we found that in human breast cancers, GATA3
expression is negatively correlated with FRAT and positively
correlated with c-FOS. Specifically, GATA3 and ¢-FOS are low, and
FRAT is high in basal-like subtype, whereas GATA3 and c-FOS are
high and FRA1 is low in luminal A subtype. Together, our results
indicate that in mammary tumor cells GATA3 directly activates the
transcription of FOS to maintain their luminal and epithelial
features while concurrently repressing the transcription of FOSL1
to suppress aberrant mesenchymal differentiation, i.e., inhibiting
EMT. We also demonstrated that FRA1 is required for the
activation of EMT during GATA3 deficient tumor initiation and
metastasis.

SPRINGER NATURE

It has been demonstrated that c-FOS is preferentially expressed in
mammary epithelial cell lines and non-CSCs, whereas FRA1 is
specifically detected in CSCs and mammary epithelial cells that have
undergone EMT. c-FOS binds to and activates genes encoding
E-cadherin and Crumb3, two key epithelial proteins, to maintain
epithelial features of non-CSCs. FRA1 transactivates most, if not all,
EMT-TFs and interacts with several intrinsic and extrinsic pathways
to sustain or promote mesenchymal traits and drive CSC-like
function [32, 33, 35]. During the activation of EMT program, there is a
switch from the use of c-FOS to FRA1 as the preferred component of
AP-1 transcription factor complexes [35]. These findings suggest that
loss of c-FOS-maintained epithelial features may collaborate with the
acquisition of FRA1-induced mesenchymal traits to activate EMT and
drive CSC function. Although it has been reported that a few
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transcription factors including Myc, p53, AP-1, SNAIL, and TWIST
trans-activate FOSL1 [32, 33], it remains unknown whether a
transcription factor trans-represses FOSL1 and whether the tran-
scription factor concurrently transactivates FOS in the regulation of
EMT during tumorigenesis. The function of GATA3 in suppressing
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EMT and metastasis in breast cancers has been well studied in cell
line models [26, 27, 41, 42] in which overexpression of GATA3
inhibits the expression of some of the EMT-TFs and enhances the
expression of E-cad. However, due to the proliferative defects or
apoptosis induced by loss of Gata3 in mammary epithelial and
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Fig. 7 Correlation analysis of FRA1 and c-FOS with GATA3 in human breast cancers. A Analysis of gene expression in GOBO breast cancer
database according to molecular subtype. LumA, luminal A; LumB, luminal B. p <0.00001 represent statistical significance from different
subtypes. B Correlation analysis of the expression of GATA3 and FOSL1 or FOS for TCGA and bcGenExMiner v4.8 breast cancer patients.
C Kaplan-Meier plots of the distant metastasis-free survival (DMFS) of breast cancer patients. Patient groups were separated based on GATA3,
FOSL1, or FOS mRNA level. D Representative IF analysis of human breast cancer samples with antibodies against GATA3, FRA1, and c-FOS.
E Summary of the immunostaining analysis for human breast cancer samples. *, “High” expression represents the samples positively stained
with an antibody in more than 2% cells (i.e., scores equal to or higher than “+" in Fig. S6A). “Low” expression represents the samples negative
or positively stained with an antibody in less than 2% cells (i.e., scores less than “+/—" in Fig. S6A). ¥, a significance from GATA3 high and
GATA3 low tumors by a two-tailed Fisher’s exact test. Br Ca, Breast Cancer. F Summary of the immunostaining analysis for human breast
cancers with or without lymph node metastasis. “Nuclear” represents that more than half of the FRA1 positive tumor cells displayed
predominant nuclear FRA1 staining, and “Cytoplasm and Membrane” represents that more than half of the FRA1 positive tumor cells stained
with anti-FRA1 predominantly in cytoplasm and membrane. The asterisk (*) denotes a significance from breast cancers with metastasis and
breast cancers without metastasis by two-tailed Fisher's exact test. G-I Representative IHC analysis of human breast cancers without
metastasis (G), breast cancers with lymph node metastasis (H), and lymph node metastasis from breast cancers (l). Sections in (H) were two

serial sections from a breast cancer with metastasis.

tumor cells [20, 28, 43], it remains elusive whether and how loss of
function of Gata3 regulates EMT in breast cancer development and
progression. Taking advantage of p18;Gata3 double mutant mouse
models, in which depletion of Gata3 converts p18 deficient luminal
tumors into BLBCs with EMT features and enrichment of CSC
characteristics [15, 16], we demonstrated that deficiency of Gata3
activates Fosl1 transcription and concurrently represses Fos
transcription in the activation of EMT, driving tumor initiation and
metastasis. Notably, deletion of Fral, like reconstitution of Gata3, in
Gata3 deficient tumor cells inhibits EMT, preventing tumorigenesis
and/or metastasis, whereas reconstitution of c-Fos in Gata3 deficient
cells fails to inhibits EMT during tumorigenesis. These data provide
genetic and biochemical evidence indicating that loss of function of
Gata3 in mammary tumor cells activates Fosll to promote
mesenchymal traits and CSC function and concurrently represses
Fos to lose epithelial features. Furthermore, our findings demon-
strate that the activation of Fosl1 is dominant over the repression of
Fos in GATA3 deficiency-induced EMT during tumorigenesis.

FOSL1 is regulated at both the transcriptional and post-
transcriptional levels [32, 33]. Phosphorylated FRA1 associates
with members of the JUN family of transcription factors to form
heterodimeric AP-1 complexes to transcriptionally regulate
target gene expression [32, 34, 35]. The activation of EMT and
the formation of CSCs from non-stem cells involve a shift from
EGFR to PDGFR signaling, resulting in the PKCa-dependent
activation of FRA1 [35]. In the previous studies, we and others
have shown that GATA3 recruits BRCA1 to its binding sites in the
promoters of FOXC1/2, TWIST, and TGF(R2 genes to repress their
transcription [36, 39, 44]. We uncovered that BRCA1 binds to the
GATA3 binding sites in the promoter of PDGFRP to repress its
transcription and that depletion of Brcal stimulates the
expression of PDGFRp activating the PDGFRB-PKCa-FRA1 path-
way to induce EMT and drive CSC function in breast cancer [38].
We also demonstrated that GATA3 functions downstream of
BRCA1 to suppress EMT in breast cancer [15]. Taking into
consideration our findings in this and previous studies that Brcal
deficiency stimulates Fra1 expression and reconstitution of Gata3
restores suppression of Fral in Brcal deficient tumor cell during
inhibition of EMT and tumorigenesis [38], we propose that the
BRCA1-GATA3 axis represses FOSL1 at both transcriptional and
post-transcriptional levels to doubly strengthen the inhibitory
effect of BRCA1 and GATAS3 in the regulation of FRA1 and FRA1-
mediated EMT. The BRCA1 and GATA3 complex, at the
transcription level, binds to FOSL1 locus repressing its expres-
sion. BRCA1 and GATA3, at post-transcriptional level, inhibit
PDGFRB-PKCa signaling pathway to block phosphorylation of
FRA1, abolishing its association with the JUN family of transcrip-
tion factors, thereby preventing the transactivation of target
gene expression. Accordingly, we propose that PDGFRB-PKCa-
FRA1 pathway is a potential therapeutic target for GATA3-
deficient BLBCs.

SPRINGER NATURE

Though AP-1 family proteins have long been recognized as
oncoproteins [34], it is poorly understood whether c-FOS controls
tumor cell fate and how c-FOS is regulated in the activation of
EMT during mammary tumorigenesis. c-FOS has been reported to
be mainly expressed in epithelial cells. It activates the transcription
of CDH1 (encoding E-cadherin) and plays a critical role in
maintaining the state of the epithelial cells [35]. In this study,
we found that in both human and mouse breast cancers GATA3
and c-FOS are preferentially expressed in luminal-type mammary
tumor cells, and are very low or absent in BLBCs. Depletion of
Gata3 downregulates c-Fos, activates EMT and enhances tumor-
initiating potential. Reconstitution of Gata3 in Gata3 deficient
tumor cells restores c-Fos expression inhibiting EMT and
tumorigenesis. However, reconstitution of c-Fos fails to restore
epithelial features in Gata3 deficient tumor cells. These results
suggest that depletion of Gata3 suppresses the expression of c-
Fos, which is, at least partially responsible for the loss of luminal
and/or epithelial cell features of the tumor cells, but reconstitution
of c-Fos is not sufficient to restore luminal and/or epithelial traits
of Gata3 deficient tumor cells that have undergone EMT. Notably,
we discovered that reconstitution of c-Fos in Gata3-deficient
tumor cells promotes EMT and tumor cell growth. Given the
finding that c-FOS also transactivates FOSL1 expression [32, 40]
and functions as an oncogene to promote tumor cell growth [34],
it is not surprising that overexpression of c-FOS promotes EMT and
accelerates tumor development and progression.

MATERIALS AND METHODS

Cell culture, overexpression and knockdown, and
tumorsphere formation assay

MCF-7, T47D, MDA-MB231, MCF10A, HMLE (ATCC), SUM149 (Dr. Sendurai
Mani, University of Texas, Houston, TX), and HCC1937 (Dr. Jennifer Hu,
University of Miami, Miami, FL) cells were tested and authenticated
[14, 45, 46]. The cells were cultured per ATCC recommendations. Primary
murine  mammary tumor cells (MMTV-PyMT, p18m‘;Gata3+/’ and
p18m‘;Brca1+/f) were isolated, screened, and cultured as previously
described [15, 16]. For knockdown of Gata3 in MMTV-PYMT tumor cells,
cells were infected with psi-LVRU6GP-control, psi-LVRU6GP-Gata3-a, or psi-
LVRU6GP-Gata3-c (GeneCopoeia, Guangzhou, China), then selected with
puromycin, as previously described [16]. For knockdown of GATA3 in
human tumor cells, cells were infected with pGIPZ-empty, pGIPZ-shGATA3-
E9, and pGIPZ-shGATA3-B12 as previously described [16]. For stable
expression of Gata3 or GATA3 in murine mammary tumor cells
(p18™Gata3™~ and p18™:Brcal™’”) or human breast cancer cells
(MDA-MB231), cells were infected with plvx-Flag and plvx-Flag-Gata3, or
pBabe-pure-empty and pBabe-pure-GATA3, then selected with hygro-
mycin or puromycin. For stable expression of c-Fos, p18™;Gata3™’~ tumor
cells were infected with pEZ-Lv201-empty and pEZ-Lv201-FOS, then
selected with puromycin. For tumorsphere formation assay, mammary
tumor cells were plated onto ultra-low attachment plates, in serum-free
DMEM-F12, as previously described [36, 39]. Primary tumorspheres formed
were collected and counted after 10 days of culture.
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Mice, histopathology, and immunostaining

The generation of p18™ (p18~~ and p18™7), p18™Gata3™~
(p18~~;Gata3™~ and p18*/";Gata3'"), and p18™Brcal™’~ (p18~;Brca1™’
~ and p18*/~;Brcal™") mice has been previously described [15, 16]. MMTV-
PyMT and NCG were purchased from GemPharmatech (Nanjing, China), and
NSG mice were purchased from Jackson Laboratory (Maine, USA). The
Institutional Animal Care and Use Committee at the University of Miami and
Shenzhen University approved all animal procedures. Animals were housed in
a specific pathogen-free environment. The investigators were not blinded to
genotype allocation during experiments and outcome assessment. No
randomization method was used as mice were segregated into groups based
on genotype. Histopathology, immunohistochemistry (IHC), and immuno-
fluorescence staining (IF) were performed as previously described [14, 20, 36].
The primary antibodies used were GATA3, FRA1, c-FOS, SNAIL, TWIST,
E-cadherin (E-cad), Ki67, Fibronectin (Fn), Vimentin (Vim) (Cell Signaling).
Immunocomplexes were detected using the Vectastain ABC alkaline
phosphatase kit according to the manufacturer's instructions (Vector
Laboratories), or using FITC- or rhodamine-conjugated secondary antibodies
(Jackson Immunoresearch).

CRISPR-mediated Fral knockout, transplantation, and
analysis of tumor initiation and metastasis

For CRISPR-mediated Fral knockout in p18™;Gata3*/~ primary tumor cells,
Fral Double Nickase and control Double Nickase plasmids (Santa Cruz) were
transfected into p18™;Gata3™/~ primary tumor cells, respectively, following
the manufacturer’s protocol. Three days after selection with puromycin, GFP-
positive cells were FACS sorted for further analysis, as previously described
[39]. For mammary fat pad (MFP) transplantation, tumor cells were suspended
in a 50% solution of Matrigel (BD) and then inoculated into the left and right
inguinal MFPs of 4-6-week-old female NCG or NSG mice, respectively, in a
pairwise manner, as previously described [15, 16]. For analysis of tumor-
initiating potential, p18™ and p18™;Gata3"/~ mammary tumor cells were
inoculated into the MFPs of NSG mice with subcutaneous implantation of
estrogen pellets. Eight or sixteen weeks after transplantation, mice with tumor
larger than 15 mm? were counted. For analysis of tumor metastatic potential,
10° p18™:Gata3™’~ or p18™;Brcal™’~ tumor cells were injected via the tail
vein into NCG mice. Four weeks after tail vein injection, the lungs were
surgically removed, fixed, and assessed using hematoxylin (H.E) staining. The
number of metastatic nodules in the lungs was quantified as we previously
described [39]. Briefly, fixed lung tissues of all five lobes were sagittally
sectioned at 200-um intervals. At least three sections for each lobe were
prepared and stained with H.E. The metastatic nodules in each lobe of lung
tissue were confirmed by H.E. staining, counted under a microscope, and
averaged. The number of nodules in all lobes was then calculated.

Western blot and qRT-PCR

Tissue and cell lysates were prepared as previously reported [36]. Primary
antibodies used were as follows: GATA3, FRA1, c-FOS, HSP90, E-cad, Fn,
Vim (Cell Signaling), B-actin, GAPDH (Biosharp). For gRT-PCR, total RNA was
extracted with Trizol reagent according to the manufacturer’s protocol,
and cDNA were synthesized using Hifair Il 1°* Strand SuperMix (YEASEN,
Shanghai, China). Real-time PCR was performed as previously reported
[15, 16]. Primers used are listed in Table S1.

Cell migration and invasion assay

Cell migration and invasion assays were carried out using Transwell
chambers with 8-um pore membrane (Corning) and Invasion chambers
(Corning), respectively, according to the manufacture’s instruction. Briefly,
2% 10* MDA-MB-231 cells infected with pBabe-puro-empty (Empty) and
pBabe-puro-GATA3 (GATA3) and serum-starved for 24 h were seeded into
the upper chamber in 2% FBS-containing medium. 20% FBS-containing
medium was added into the lower chamber. 24 or 48 h later, the medium
and the cells remaining on the upper surface of the membrane were
removed with cotton swabs. The cells on the lower surface of the
membrane were fixed and stained with 0.1% crystal violet. The cells in five
randomly chosen microscopic fields were counted and averaged.

Chromatin-immunoprecipitation (CHIP) assay

ChIP assays were performed as previously described [39]. Briefly, T47D cells
were treated with 1.5% formaldehyde and sonicated. Anti-GATA3 antibody
(Cell Signaling) or control mouse IgG was used to precipitate chromatin
associated with GATA3. Q-PCR was performed to determine the relative
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abundance of target DNA. Specific primers for the analysis of GATA3
binding to FOSL1 or FOS are listed in Table S1.

Dual-luciferase reporter assay

The human FOSL1 promoter region —1138 bp to —724 bp that covers P1
primers used for ChIP analysis and contains three GATA3 binding sites with
consensus sequences, GATAA, at —944, —924, and —826 was inserted into
the pGL3-basic (Promega), as pGL3-FOSL1. The human FOS promoter
region —2286 bp to —679 bp that covers P1, P2, and P3 primers used for
ChIP analysis and contains four GATA3 binding sites with consensus
sequences, GATAA, at —930 and —1062, GATAG at —1646, and TGATTA at
—2236 was inserted into the pGL3-basic (Promega), as pGL3-FOS. For
promoter-luciferase reporter assay, we infected MDA-MB231 cells with
pLvx-Flag (Empty) and pLvx-Flag-GATA3 (GATA3) and established empty-
and GATA3-expressing stable cells, which were then transfected with
Renilla vector (internal control), pGL3-basic, pGL3-FOSL1, or pGL3-FOS.
48h after transfection, cell lysates were collected and subjected to
luciferase assay using the Dual-Luciferase Reporter Assay System
(Promega). Two independent transfection experiments were conducted,
and each luciferase assay was performed in triplicates. Normalized data
was calculated as the ratio of the firefly/Renilla luciferase activities.

Human tumor samples and meta-analysis of gene expression
datasets

Formalin-fixed paraffin-embedded (FFPE) human breast cancer samples
lacking patient-identifying information were obtained from the Tissue Bank
Core Facility at the University of Miami and the Department of Pathology at
Shenzhen University. Samples used for this study consisted of non-treated
invasive breast carcinomas with known ER status, as previously reported
[36, 38], as well as breast carcinoma along with paired lymph node
metastasis. The GOBO breast cancer database (http:/co.bmc.luse/gobo/
gsa.pl) was analyzed to compare gene expression versus five molecular
subtypes of breast cancer. Breast Cancer Gene-Expression Miner v4.8
database (bcGenExMiner v4.8; http://bcgenex.ico.unicancer.fr/BC-GEM/GEM-
Accueil.php?js=1) was analyzed to compare gene expression versus ER
positive and negative subtypes of breast cancer. The correlation of
expression of GATA3 mRNA with FOSL1 and FOS mRNA was analyzed with
TCGA [23] and bcGenExMiner v4.8 human breast cancer datasets. Prognostic
values of GATA3, FOSL1, and FOS expression were assessed by displaying
the distant metastasis-free survival (DMSF) using the Kaplan-Meier plotter
integrative data analysis tool (www.kmplot.com).

Statistical analysis

All data are presented as the mean+SD for at least three repeated
individual experiments for each group. Sample sizes and normalization
methods are indicated in each figure legend. Statistical analyses were
performed as described in each figure legend using GraphPad PRISM
6.02 software. Quantitative results were analyzed by the two-tailed Fisher
exact test or two-tailed Student'’s t test. p < 0.05 was considered statistically
significant.

DATA AVAILABILITY
All data generated or analyzed during this study are included in this published article
and its supplementary information files.

REFERENCES

1. Lobo NA, Shimono Y, Qian D, Clarke MF. The biology of cancer stem cells. Annu
Rev Cell Dev Biol. 2007;23:675-99.

2. Li X, Lewis MT, Huang J, Gutierrez C, Osborne CK, Wu MF, et al. Intrinsic resistance
of tumorigenic breast cancer cells to chemotherapy. J Natl Cancer Inst.
2008;100:672-9.

3. Mani SA, Yang J, Brooks M, Schwaninger G, Zhou A, Miura N, et al. Mesenchyme
Forkhead 1 (FOXC2) plays a key role in metastasis and is associated with
aggressive basal-like breast cancers. Proc Natl Acad Sci USA. 2007;104:10069-74.

4. Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY, et al. The epithelial-
mesenchymal transition generates cells with properties of stem cells. Cell
2008;133:704-15.

5. Wright MH, Robles Al, Herschkowitz JI, Hollingshead MG, Anver MR, Perou CM,
et al. Molecular analysis reveals heterogeneity of mouse mammary tumors
conditionally mutant for Brcal. Mol Cancer. 2008;7:29.

SPRINGER NATURE

13


http://co.bmc.lu.se/gobo/gsa.pl
http://co.bmc.lu.se/gobo/gsa.pl
http://bcgenex.ico.unicancer.fr/BC-GEM/GEM-Accueil.php?js=1
http://bcgenex.ico.unicancer.fr/BC-GEM/GEM-Accueil.php?js=1
http://www.kmplot.com

X. Liu et al.

14

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition. J Clin

Invest. 2009;119:1420-8.

. Althuis MD, Fergenbaum JH, Garcia-Closas M, Brinton LA, Madigan MP, Sherman

ME. Etiology of hormone receptor-defined breast cancer: a systematic review of
the literature. Cancer Epidemiol Biomark Prev. 2004;13:1558-68.

. Kim MJ, Ro JY, Ahn SH, Kim HH, Kim SB, Gong G. Clinicopathologic significance of

the basal-like subtype of breast cancer: a comparison with hormone receptor and
Her2/neu-overexpressing phenotypes. Hum Pathol. 2006;37:1217-26.

. Livasy CA, Karaca G, Nanda R, Tretiakova MS, Olopade Ol, Moore DT, et al. Phe-

notypic evaluation of the basal-like subtype of invasive breast carcinoma. Mod
Pathol. 2006;19:264-71.

. Fedele M, Cerchia L, Chiappetta G. The epithelial-to-mesenchymal transition in

breast cancer: focus on basal-like carcinomas. Cancers 2017;9:134.

. Lim E, Vaillant F, Wu D, Forrest NC, Pal B, Hart AH, et al. Aberrant luminal pro-

genitors as the candidate target population for basal tumor development in
BRCA1 mutation carriers. Nat Med. 2009;15:907-13.

. Proia TA, Keller PJ, Gupta PB, Klebba I, Jones AD, Sedic M, et al. Genetic predis-

position directs breast cancer phenotype by dictating progenitor cell fate. Cell
Stem Cell. 2011;8:149-63.

. Molyneux G, Geyer FC, Magnay FA, McCarthy A, Kendrick H, Natrajan R, et al.

BRCA1 basal-like breast cancers originate from luminal epithelial progenitors and
not from basal stem cells. Cell Stem Cell. 2010;7:403-17.

. Bai F, Smith MD, Chan HL, Pei XH. Germline mutation of Brcal alters the fate of

mammary luminal cells and causes luminal-to-basal mammary tumor transfor-
mation. Oncogene 2013;32:2715-25.

. Bai F, Zhang LH, Liu X, Wang C, Zheng C, Sun J, et al. GATA3 functions down-

stream of BRCA1 to
2021;11:8218-33.

suppress EMT in breast cancer. Theranostics

. Bai F, Zheng C, Liu X, Chan HL, Liu S, Ma J, et al. Loss of function of GATA3

induces basal-like mammary tumors. Theranostics 2022;12:720-33.

. Kouros-Mehr H, Slorach EM, Sternlicht MD, Werb Z. GATA-3 maintains the

differentiation of the luminal cell fate

2006;127:1041-55.

in the mammary gland. Cell

. Asselin-Labat ML, Sutherland KD, Barker H, Thomas R, Shackleton M, Forrest NC,

et al. Gata-3 is an essential regulator of mammary-gland morphogenesis and
luminal-cell differentiation. Nat Cell Biol. 2007;9:201-9.

. Visvader JE, Stingl J. Mammary stem cells and the differentiation hierarchy:

current status and perspectives. Genes Dev. 2014;28:1143-58.

Pei XH, Bai F, Smith MD, Usary J, Fan C, Pai SY, et al. CDK inhibitor p18(INK4c) is a
downstream target of GATA3 and restrains mammary luminal progenitor cell
proliferation and tumorigenesis. Cancer Cell. 2009;15:389-401.

Stone A, Zotenko E, Locke WJ, Korbie D, Millar EK, Pidsley R, et al. DNA methy-
lation of oestrogen-regulated enhancers defines endocrine sensitivity in breast
cancer. Nat Commun. 2015;6:7758.

Abdel-Hafiz HA. Epigenetic mechanisms of tamoxifen resistance in luminal breast
cancer. Diseases 2017;5:16.

Koboldt DC, Fulton RS, McLellan MD, Schmidt H, Kalicki-Veizer J, McMichael JF,
et al. Comprehensive molecular portraits of human breast tumours. Nature
2012;487:330-7.

Yoon NK, Maresh EL, Shen D, Elshimali Y, Apple S, Horvath S, et al. Higher levels of
GATA3 predict better survival in women with breast cancer. Hum Pathol.
2010;41:1794-801.

Asch-Kendrick R, Cimino-Mathews A. The role of GATA3 in breast carcinomas: a
review. Hum Pathol. 2016;48:37-47.

Chou J, Lin JH, Brenot A, Kim JW, Provot S, Werb Z. GATA3 suppresses metastasis
and modulates the tumour microenvironment by regulating microRNA-29b
expression. Nat Cell Biol. 2013;15:201-13.

Yan W, Cao QJ, Arenas RB, Bentley B, Shao R. GATA3 inhibits breast cancer
metastasis through the reversal of epithelial-mesenchymal transition. J Biol
Chem. 2010;285:14042-51.

Kouros-Mehr H, Bechis SK, Slorach EM, Littlepage LE, Egeblad M, Ewald AJ, et al.
GATA-3 links tumor differentiation and dissemination in a luminal breast cancer
model. Cancer Cell. 2008;13:141-52.

Asselin-Labat ML, Sutherland KD, Vaillant F, Gyorki DE, Wu D, Holroyd S, et al.
Gata-3 negatively regulates the tumor-initiating capacity of mammary luminal
progenitor cells and targets the putative tumor suppressor caspase-14. Mol Cell
Biol. 2011;31:4609-22.

Pandolfi PP, Roth ME, Karis A, Leonard MW, Dzierzak E, Grosveld FG, et al. Tar-
geted disruption of the GATA3 gene causes severe abnormalities in the nervous
system and in fetal liver haematopoiesis. Nat Genet. 1995;11:40-4.

Lim KC, Lakshmanan G, Crawford SE, Gu Y, Grosveld F, Engel JD. Gata3 loss leads
to embryonic lethality due to noradrenaline deficiency of the sympathetic ner-
vous system. Nat Genet. 2000;25:209-12.

Talotta F, Casalino L, Verde P. The nuclear oncoprotein Fra-1: a transcription
factor knocking on therapeutic applications’ door. Oncogene 2020;39:4491-506.

SPRINGER NATURE

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Dhillon AS, Tulchinsky E. FRA-1 as a driver of tumour heterogeneity: a nexus
between oncogenes and embryonic signalling pathways in cancer. Oncogene
2015;34:4421-8.

Milde-Langosch K. The Fos family of transcription factors and their role in
tumourigenesis. Eur J Cancer. 2005;41:2449-61.

. Tam WL, Lu H, Buikhuisen J, Soh BS, Lim E, Reinhardt F, et al. Protein kinase C

alpha is a central signaling node and therapeutic target for breast cancer stem
cells. Cancer Cell. 2013;24:347-64.

Bai F, Chan HL, Scott A, Smith MD, Fan C, Herschkowitz JI, et al. BRCA1 suppresses
epithelial-to-mesenchymal transition and stem cell dedifferentiation during
mammary and tumor development. Cancer Res. 2014;74:6161-72.

Liu S, Lam Chan H, Bai F, Ma J, Scott A, Robbins DJ, et al. Gata3 restrains B cell
proliferation and cooperates with p18INK4c to repress B cell lymphomagenesis.
Oncotarget. 2016;7:64007-20.

Bai F, Liu S, Liu X, Hollern DP, Scott A, Wang C, et al. PDGFRbeta is an essential
therapeutic target for BRCA1-deficient mammary tumors. Breast Cancer Res.
2021;23:10.

Bai F, Wang C, Liu X, Hollern D, Liu S, Fan C, et al. Loss of function of BRCA1
promotes EMT in mammary tumors through activation of TGFbetaR2 signaling
pathway. Cell Death Dis. 2022;13:195.

Schreiber M, Poirier C, Franchi A, Kurzbauer R, Guenet JL, Carle GF, et al. Structure
and chromosomal assignment of the mouse fra-1 gene, and its exclusion as a
candidate gene for oc (osteosclerosis). Oncogene 1997;15:1171-8.

Dydensborg AB, Rose AA, Wilson BJ, Grote D, Paquet M, Giguere V, et al. GATA3
inhibits breast cancer growth and pulmonary breast cancer metastasis. Onco-
gene 2009;28:2634-42.

Chou J, Provot S, Werb Z. GATA3 in development and cancer differentiation: cells
GATA have it! J Cell Physiol. 2010;222:42-9.

Hosokawa H, Tanaka T, Kato M, Shinoda K, Tohyama H, Hanazawa A, et al. Gata3/
Ruvbl2 complex regulates T helper 2 cell proliferation via repression of Cdkn2c
expression. Proc Natl Acad Sci USA. 2013;110:18626-31.

Tkocz D, Crawford NT, Buckley NE, Berry FB, Kennedy RD, Gorski JJ, et al. BRCA1
and GATA3 corepress FOXC1 to inhibit the pathogenesis of basal-like breast
cancers. Oncogene. 2011;31:3667-78.

Hollier BG, Tinnirello AA, Werden SJ, Evans KW, Taube JH, Sarkar TR, et al. FOXC2
expression links epithelial-mesenchymal transition and stem cell properties in
breast cancer. Cancer Res. 2013;73:1981-92.

Hill JW, Tansavatdi K, Lockett KL, Allen GO, Takita C, Pollack A, et al. Validation of
the cell cycle G(2) delay assay in assessing ionizing radiation sensitivity and
breast cancer risk. Cancer Manag Res. 2009;1:39-48.

ACKNOWLEDGEMENTS
We thank Drs. Beverly Koller, Chuxia Deng, I-Cheng Ho, and Lothar Hennighausen for
Brcal mutant, Gata3 mutant, and MMTV-cre mice, the DVR core facility at University
of Miami for animal husbandry.

AUTHOR CONTRIBUTIONS

XL, FB, and XHP designed the research studies. XL, FB, YW, CW, HLC, CZ, JF, and XHP
conducted experiments and analyzed data. WGZ provided technical and material
support. XL, FB, and XHP wrote the manuscript. FB and XHP provided financial
support, XHP supervised the project. All authors made comments on the manuscript.

FUNDING

This study was supported by Guangdong Provincial Science and Technology Program
(2019B030301009), National Natural Science Foundation of China (81972637), Shenzhen
Natural Science Foundation-The Stable Support Program (20220810144854005), Shenz-
hen Science and Technology Program (JCYJ20190808115603580, JCYJ2019080816
5803558, and JCYJ20210324094611032), Guangdong Basic and Applied Basic Research
Foundation (2021A1515011145 and 2023A1515010138).

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS STATEMENT
The Institutional Animal Care and Use Committee at the University of Miami and
Shenzhen University approved all animal procedures.

Cell Death and Disease (2023)14:370



ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-023-05888-9.

Correspondence and requests for materials should be addressed to Feng Bai or
Xin-Hai Pei.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Cell Death and Disease (2023)14:370

X. Liu et al.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

SPRINGER NATURE

15


https://doi.org/10.1038/s41419-023-05888-9
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Loss of function of GATA3 regulates FRA1 and c-FOS to activate EMT and promote mammary tumorigenesis and metastasis
	Introduction
	Results
	Haploid loss of Gata3 enhances Fra1 and reduces c-Fos expression leading to the activation of EMT and driving mammary tumor initiating and metastatic potential
	Depletion of Gata3 in luminal tumor cells results in upregulation of Fra1 and downregulation of c-Fos in the activation of EMT during tumorigenesis
	Reconstitution of Gata3 in Gata3- or Brca1-deficient tumor cells restores the expression of c-Fos and suppresses Fra1, inhibiting EMT and tumorigenesis
	GATA3�suppresses FRA1 and promotes c-FOS expression in inhibition of EMT and tumorigenesis of human breast cancer cells
	GATA3 binds to the FOSL1 and FOS loci to regulate their transcription
	Targeted deletion of Fra1 in Gata3-deficient tumor cells inhibits EMT, preventing tumorigenesis and metastasis
	Reconstitution of c-Fos in Gata3 deficient tumor cells fails to restore epithelial features during tumorigenesis
	The expression of GATA3 is correlated with that of FRA1 and c-FOS in human breast cancers

	Discussion
	Materials and methods
	Cell culture, overexpression and knockdown, and tumorsphere formation assay
	Mice, histopathology, and immunostaining
	CRISPR-mediated Fra1 knockout, transplantation, and analysis of tumor initiation and metastasis
	Western blot and qRT-PCR
	Cell migration and invasion assay
	Chromatin-immunoprecipitation (CHIP) assay
	Dual-luciferase reporter assay
	Human tumor samples and meta-analysis of gene expression datasets
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics statement
	ACKNOWLEDGMENTS
	ADDITIONAL INFORMATION




