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NFAT transcription factors are key regulators of gene expression in immune cells. In addi-
tion, NFAT1-induced genes play diverse roles in mediating the progression of various solid
tumors. Here we show that NFAT1 induces the expression of the IL8 gene by binding to its
promoter and leading to IL8 secretion. Thapsigargin stimulation of breast cancer cells in-
duces IL8 expression in an NFAT-dependent manner. Moreover, we show that NFAT1-
mediated IL8 production promotes the migration of primary human neutrophils in vitro
and also promotes neutrophil infiltration in tumor xenografts. Furthermore, expression
of active NFAT1 effectively suppresses the growth of nascent and established tumors by
a non cell-autonomous mechanism. Evaluation of breast tumor tissue reveals that while
the levels of NFAT1 are similar in tumor cells and normal breast epithelium, cells in the tu-
mor stroma express higher levels of NFAT1 compared to normal stroma. Elevated levels of
NFAT1 also correlate with increased neutrophil infiltrate in breast tumors. These data point
to a mechanism by which NFAT1 orchestrates the communication between breast cancer
cells and host neutrophils during breast cancer progression.
© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.

1. Introduction

cells, express NFAT (Mancini and Toker, 2009; Muller and Rao,
2010). The subcellular localization and transcriptional activ-

Nuclear Factor of Activated T cells (NFAT) transcription fac-
tors orchestrate key functions in the immune system and
also play multiple roles in tumor progression. Although NFATs
have been extensively studied in T lymphocytes, all immune
cells, including B cells and dendritic cells, as well as epithelial

ities of NFAT1-4 isoforms are tightly regulated by calcium
flux, the calcium/calmodulin-dependent phosphatase calci-
neurin, and maintenance and export kinases (Muller and
Rao, 2010). Ligand-mediated activation of cell surface recep-
tors leads to an increase in cytoplasmic calcium through the

* Corresponding author. Department of Pathology and Cancer Center, Beth Israel Deaconess Medical Center, 330 Brookline Avenue,

Boston, MA 02215, USA. Tel.: +1 617 735 2482.
E-mail address: atoker@bidmec.harvard.edu (A. Toker).

! Current address: Alligator Bioscience AB, Medicon Village, Lund, Sweden.

http://dx.doi.org/10.1016/j.molonc.2015.02.004

1574-7891/© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.


mailto:atoker@bidmc.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molonc.2015.02.004&domain=pdf
www.sciencedirect.com/science/journal/15747891
http://www.elsevier.com/locate/molonc
http://dx.doi.org/10.1016/j.molonc.2015.02.004
http://dx.doi.org/10.1016/j.molonc.2015.02.004
http://dx.doi.org/10.1016/j.molonc.2015.02.004
http://dx.doi.org/10.1016/j.molonc.2015.02.004

MOLECULAR ONCOLOGY 9 (2015) 1140-1154

1141

endoplasmic reticulum and calcium-release activated cal-
cium (CRAC) channels on the plasma membrane, thereby acti-
vating calcineurin. Calcineurin dephosphorylates critical
residues on NFATs leading to nuclear translocation. Mainte-
nance and export kinases such as glycogen synthase kinase-
3, casein kinase 1 and the dual specificity tyrosine
phosphorylation-regulated kinases rephosphorylate nuclear
NFATs thus relocalizing them to the cytoplasm for another
round of activation (Muller and Rao, 2010).

In addition to immune cells, both epithelial cells and
various types of solid tumors express one or more NFATSs
that modulate signaling pathways and phenotypes associated
with malignancy. For example, NFAT isoforms differentially
regulate cell growth and proliferation (Buchholz et al., 2006;
Flockhart et al., 2009; Koenig et al., 2010; Robbs et al., 2008).
Moreover, NFAT1 has been shown to promote the migration
and invasion of breast cancer cells. For example, Akt1 inhibits
the migration of breast cancer cells by regulating the turnover
of NFAT1 (Yoeli-Lerner et al., 2005). Moreover, the protein
products of several NFAT target genes that modulate the
migratory function of NFAT1 have been described, including
autotaxin, cyclooxygenase-2, and glypican-6 (Chen and
O’Connor, 2005; Yiu et al., 2011; Yiu and Toker, 2006). In addi-
tion, T-cell-expressed NFAT1 participates in tumor-induced
immunosuppression by regulating the expression of cyto-
kines that promote T cell anergy (Abe et al., 2012).

Tumors maintain dynamic communication with the sur-
rounding stromal cells and thereby create an immunologi-
cally permissive environment that also facilitates adequate
supply of nutrients and oxygen. NFATs contribute to cellular
processes that promote cancer progression, and some studies
have examined the function of NFAT in the context of tumor-
—stromal interactions. For example, calcineurin/NFAT modu-
late the tumor microenvironment by regulating VEGF
signaling and angiogenesis (Armesilla et al., 1999; Jinnin
et al., 2008; Qin et al., 2006; Ryeom et al., 2008). VEGF activates
NFAT, which promotes angiogenesis through the expression
of tissue factor (Armesilla et al., 1999). Furthermore, NFAT
drives the expression of VEGFR1 (Jinnin et al., 2008). Similarly,
the Down syndrome critical region 1 gene DSCR1 encodes a
regulator of calcineurin, whose splice variants differentially
regulate angiogenesis through NFAT (Qin et al., 2006;
Ryeom et al., 2008). NFAT2 has also been shown to promote
growth by cell-autonomous and non-cell-
autonomous mechanisms by promoting cell cycle progres-
sion, invasive capacity, and expression of mitogenic cyto-
kines (Oikawa et al., 2013; Robbs et al., 2008; Tripathi et al.,
2013). These reports highlight the intimate connection be-
tween NFAT and phenotypes that govern tumor initiation
and progression.

Previous studies have demonstrated that NFAT1 is a key
regulator of breast cancer cell migration through the specific
induction of genes that enhance these phenotypes (Chen
and O’Connor, 2005; Yiu and Toker, 2006). Here we have inves-
tigated the mechanism by which NFAT1 modulates communi-
cation between tumor and host cells in breast cancer. We
show that NFAT1 promotes the transcriptional induction of
IL8 and that this stimulates neutrophil migration, leading to
increased intratumoral neutrophil infiltration in breast cancer
xenograft tumors.

tumor

2. Results

2.1. NFAT1 regulates the expression of IL8 in MDA-MB-
231 breast cancer cells

NFAT1 contributes to cell-autonomous processes such as
migration, but its role in tumor—stromal interactions is not
completely understood. To evaluate NFAT1-mediated tran-
scriptional induction of soluble factors that contribute to
tumor—stromal interactions, MDA-MB-231 human breast can-
cer cells were infected with inducible NFAT1 shRNA and
mRNA collected 72 h after induction with doxycycline. Using
quantitative RT-PCR, mRNA copy numbers of selected
secreted factors known to play important roles in the tumor
microenvironment were determined (Supplementary Table
1). The analysis reveals that certain genes are not expressed
in MDA-MB-231 cells (mRNA copy number per cell <1; not
shown); others are expressed at a low to moderate (1-10
mRNA copy number per cell) or high levels (>10 mRNA copy
number per cell). Interestingly, a reproducible decrease in
IL8 mRNA is observed upon NFAT1 silencing. To validate the
RT-PCR analysis, two distinct NFAT1 shRNA sequences were
used, and we show that their induction attenuates IL8
mRNA (Figure 1A) and protein expression (Figure 1B) in
MDA-MB-231 cells. A concomitant decrease in secreted IL8
upon NFAT1 silencing is also observed as measured by ELISA
(Figure 1C). These data indicate that NFAT1 promotes IL8
expression.

2.2.  NFAT1 activity and ER stress induce IL8
transcription

We next evaluated the mechanism by which NFAT1 regulates
IL8 expression. To this end, we used a constitutively active
mutant of NFAT1 containing multiple serine to alanine muta-
tions on the regulatory domain, exposing the nuclear localiza-
tion sequence and rendering NFAT1 unresponsive to kinases
that regulate its nuclear export. Expression of a doxycycline-
inducible, constitutively active NFAT1 mutant significantly in-
creases IL8 mRNA (Figure 2A). This induction is accompanied
by an increase in secreted IL8 protein in both MDA-MB-231
(Figure 2B and C) as well as in non-tumorigenic MCF10A and
Ras-transformed  MCF10A-Ras cells  (Supplementary
Figure S1).

Previous studies have demonstrated a role for ER stress in
the induction of IL8 (Bobrovnikova-Marjon et al., 2004; Marjon
et al,, 2004; Yu et al.,, 2001). Consistent with the notion that
NFAT1 mediates IL8 induction, stimulation of cells with the
ER stress-inducing agent thapsigargin markedly enhances IL8
mRNA (Figure 2D) and secreted IL8 (Figure 2E), and this is atten-
uated by NFAT1 shRNA. Thapsigargin-stimulated IL8 expres-
sion is observed also in MDA-MB-468 and HCC70 triple
negative breast cancer (TNBC) cell lines (Figure 2F). However,
the non-TNBC lines MCF7, SKBR3 and T47D do not display a
similar phenotype (Supplementary Figure S2A), suggesting
that ER stress-mediated, NFAT-dependent IL8 induction may
be particularly pronounced in this breast cancer molecular
subtype. IL8 induction in TNBC lines is NFAT-mediated, since
it is markedly decreased by the calcineurin inhibitor
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Figure 1 — Silencing NFAT1 decreases IL8 expression. A, RT-qPCR of IL8 mRNA expression in MDA-MB-231 cells in response to the silencing
of NFAT1 by shRNA sequences #1 and #2 (doxycycline 300 ng/ml, 72 h). B—C, MDA-MB-231 cells transduced with NFAT1 shRNA 1 and
shRNA 2 and treated with doxycycline (300 ng/ml, 72 h), and IL8 expression assessed by immunoblotting (B) and ELISA (C; CM: conditioned
media). Statistical significance was determined by Student’s unpaired t-test (n = 3). *p < 0.05; *p < 0.01; **p < 0.001. All results are

representative of at least 3 independent experiments.

cyclosporin A (Figure 2F). In both TNBC and non-TNBC cell
lines, thapsigargin promotes an increase in NFAT1 electropho-
retic mobility shift, indicative of dephosphorylation and acti-
vation (Figure 2G, Supplementary Figure S2B). In addition, the
ER stress markers C/EBP-homologous protein (CHOP) and 78-
kDa glucose-regulated protein (GRP78) are upregulated in
response to thapsigargin treatment in breast cancer cell lines
irrespective of TN status (Supplementary Figure S2C). There-
fore, NFAT1 contributes to ER stress-induced expression of IL8.

2.3. NFAT1 binds to the proximal IL8 promoter to
enhance gene expression

Sequence analysis of the IL8 promoter reveals an evolution-
arily conserved sequence conforming to the minimal NFAT-
binding element (TGGAAT; Figure 3A). A 1.4-kb fragment con-
taining the NFAT consensus motif upstream of the IL8 pro-
moter translational start site was cloned into a luciferase
reporter plasmid. Co-expression of active NFAT1 strongly in-
duces the expression of the wild-type IL8 reporter
(Figure 3B). Point mutations in the NFAT1 consensus sequence
abrogate the increase in luciferase activity induced by NFAT1
expression, indicating that this conserved motif on the IL8
promoter harbors an NFAT1-binding site (Figure 3B). To deter-
mine binding of endogenous NFAT1 to the IL8 promoter, we
performed chromatin immunoprecipitation using primers
spanning the putative NFAT1 consensus sequence, or primers
spanning a 150-bp part of the IL8 coding region. NFAT1 oc-
cupies the IL8 promoter under basal conditions, and this is

increased following thapsigargin treatment, and blocked in
the presence of cyclosporin A (Figure 3C). Together, these
data demonstrate that IL8 is an endogenous target of NFAT1
in MDA-MB-231 breast cancer cells.

2.4. Cancer cell-derived IL8 promotes the migration of
neutrophils

Since MDA-MB-231 cells do not express the IL8 receptors
CXCR1 and CXCR2 (Supplementary Figure S3), it is unlikely
that IL8 functions in a cell-autonomous manner to modulate
autocrine phenotypes in this cell line. Neutrophils, in turn, ex-
press both CXCR1 and CXCR2 and thus may relay IL8-
stimulated responses (Knall et al., 1997). Neutrophils also
facilitate angiogenesis, suppress antitumor immune re-
sponses and promote mutagenesis through the generation
of reactive oxygen species (Dumitru et al., 2013). We therefore
evaluated whether NFAT1-stimulated IL8 expression modu-
lates neutrophil signaling and migration.

Both recombinant human IL8 and MDA-MB-231-secreted
IL8 stimulate the activation of pS6K1, pAkt and pERK1/2
signaling pathways in isolated primary human neutrophils
(Figure 4A). Pretreatment of neutrophils with an IL8-
neutralizing antibody significantly decreases the activation
of pS6K1, whereas pAkt and pErk1/2 are less affected. Consis-
tent with this, both recombinant IL8 and tumor cell-derived
IL8 promote neutrophil Transwell migration and this induc-
tion is blocked when cells are pre-treated with the specific
S6K1 inhibitor PF-4708671 (Figure 4B). Next, conditioned
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Figure 2 — NFAT1 promotes the expression of IL8. A, MDA-MB-231 cells transduced with active NFAT1 (doxycycline 200 ng/ml, 48 h) and IL8
mRNA measured by RT-qPCR, normalized to 18S. B—C, MDA-MB-231 cells transduced with active NFAT1 (doxycycline 100 or 400 ng/ml,
72 h), and IL8 expression determined by immunoblot (B; lys: lysate; CM: conditioned media; *denotes an unspecific band) and ELISA (C; n = 3).
D—E, MDA-MB-231 cells transduced with NFAT1 shRNA #2 or vector control, and treated with vehicle or thapsigargin for 24 h, and IL8
expression assed by RT-qPCR (D) or immunoblotting (E; CM: conditioned media). F, indicated triple-negative cell lines were pre-treated with
cyclosporin A (CsA, 1 uM, 1 h) or vehicle, and then treated with thapsigargin (thapsi, 50 nM) for 24 h, after which conditioned media was filtered
and used for ELISA to measure IL8. G, the indicated cells lines were pre-treated with cyclosporin A (CsA, 1 pM, 24 h) or vehicle and thapsigargin
(thapsi, 200 nM, 24 h), and lysates immunoblotted with the indicated antibodies. Statistical significance was determined by Student’s unpaired t-
test. *p < 0.05; *p < 0.01; **p < 0.001. All results are representative of at least 3 independent experiments.
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and the IL8-luc 4Xmut reporter, in which crucial NFAT-binding bases have been mutated. B, 293T cells were transfected with the IL8-luc wt or
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was determined by Student’s unpaired t-test. “p < 0.05; *p < 0.01; **p < 0.001. All results are representative of at least 2 independent

experiments.

media was collected from MDA-MB-231 cells engineered to ex-
press inducible active NFAT1 combined with constitutively
expressed IL8 shRNA, revealing potent suppression of
secreted IL8 protein (Figure 4C). Conditioned media collected
from untreated breast cancer cells modestly increases migra-
tion of neutrophils (Figure 4D). Neutrophil migration is further
increased, when cancer cells are induced to express active
NFAT1, whereas concomitant silencing IL8 abrogates this ef-
fect. In addition, the production of extracellular reactive oxy-
gen species (ROS) is more pronounced in neutrophils treated
with conditioned media collected from MDA-MB-231 cells
overexpressing active NFAT1 than in neutrophils exposed to
conditioned media from wild-type MDA-MB-231 cells or re-
combinant IL8 only (Figure 4E). Collectively, these data sup-
port a model whereby NFAT1 activity in cancer cells
promotes neutrophil activation and where tumor cell-
derived IL8 is both necessary and sufficient to promote
neutrophil migration.

2.5.  NFAT1 promotes intratumoral neutrophil
infiltration in an IL8-dependent manner

To determine whether NFAT1-induced IL8 stimulates neutro-
phil infiltration in vivo, we generated orthotopic breast cancer
xenografts. A significant decrease in tumor mass and volume

of MDA-MB-231 xenografts harboring tetracycline-inducible
active NFAT1 is observed when compared to control xeno-
grafts (Figure 5A and B). Similarly, MDA-MB-231 xenografts
harboring IL8 shRNA also show a decrease in tumor mass
and volume, albeit to a lesser extent than observed with
NFAT1 expression. While NFAT1-expressing xenografts
remain small throughout the course of the experiment, com-
bination of active NFAT1 and IL8 shRNA does not yield any
resectable tumors at 12 weeks post-inoculation (Figure 5B).
To determine whether NFAT1 functions in a similar manner
in established tumors, we treated established xenograft tu-
mors with doxycycline to induce NFAT1 expression 9 weeks
after inoculation. Remarkably, expression of active NFAT1 in
established tumors results in regression in 15 days
(Figure 5C), further supporting a tumor-suppressive role for
NFAT1.

Immunohistochemical and immunofluorescence analysis
of the resulting xenografts grown for 12 weeks in Figure 5A
confirms the expression of NFAT1 with a concomitant in-
crease in IL8 staining in NFAT1-overexpressing tumors
(Figure 5D). We next stained paraffin sections of xenograft tu-
mors against myeloperoxidase to detect intratumoral neutro-
phil infiltration. While a moderate number of neutrophils are
present in control xenografts, tumors expressing active
NFAT1 display an increase in neutrophil infiltration. By
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Figure 4 — NFAT1-induced IL8 expression promotes migration of human neutrophils. A, Primary human neutrophils were treated either with
recombinant human IL8 (rhIL8; 10 ng/ml, 20 min) or with serum-free conditioned media collected from either untreated MDA-MB-231 cells (231
CM) or cells in which the overexpression of NFAT1 was induced (231 NFAT1 CA CM; doxycycline 200 ng/ml, 48 h). Where indicated IL8-
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significance was determined by Student’s unpaired t-test. *p < 0.05, “p < 0.01; **p < 0.001. All results are representative of at least 3
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Figure 5 — NFAT1 promotes IL8 production, neutrophil infiltration and suppresses xenograft tumor growth. A—B, 0.3 X 10° MDA-MB-231 cells
containing inducible active NFAT1 plasmid either with or without constitutively expressed IL8 shRNA were inoculated into the mammary fat
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weekly for 12 weeks starting two weeks after inoculation, and tumors weighed at end point. No tumors were detected at end point of the experiment

in the group expressing active NFAT1 and IL8 shRNA. Statistical significance was determined by Student’s unpaired t-test. *,+,#p < 0.05;

*p < 0.01; ***p < 0.001. C, NFAT1 expression was induced by doxycycline 9 weeks after tumor initiation, and tumor growth was monitored

for 15 days every other day. Bar graph shows mean percent change in tumor volume on day 15 compared to day 0. Statistical significance was

determined by Student’s unpaired t-test. ***

p < 0.001. D, Xenograft tumor sections were stained against NFAT1, HA, IL8, and myeloperoxidase

to monitor NFAT1 and IL8 expression and neutrophil infiltration, respectively.

contrast, silencing of IL8 in tumor cells decreases the myelo-
peroxidase signal in these tumors. Because the silencing of
NFAT1 does not affect tumor growth (Supplementary
Figure S4), and overexpression of active NFAT1 does not affect
the cell cycle profile of MDA-MB-231 cells (Supplementary
Figure S5), we propose that NFAT1-induced IL8 regulates tu-
mor progression primarily by a non cell-autonomous
mechanism.

2.6. NFAT1 expression correlates with neutrophil
infiltration in breast tumors

Finally, we evaluated epithelial and stromal NFAT1 expres-
sion in central tumor, tumor invasive front, and normal breast
using tissue microarrays constructed from archival clinical
breast cancer material. Examples of NFAT1 and MPO immuno-
histochemical staining in healthy tissue, tumor core and
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Figure 6 — NFAT1 expression correlates with neutrophil infiltration in breast tumor tissue microarrays. Tissue microarrays of matched invasive
breast cancer and normal breast tissue of 49 patients were stained with antibodies against NFAT1 and myeloperoxidase (MPO), and relative
expression levels were quantified computationally and reported as average IHC marker pixel intensity per cell. A, Representative examples of
average NFAT1 and MPO marker intensity are shown for normal tissue, tumor core and tumor periphery. B, Tumor invasive front displays higher
overall levels of NFAT1 than the central parts of the tumor or the normal breast. In contrast, there is no difference in overall NFAT1 expression
between central tumor region and normal breast. C, NFAT1 is expressed at higher levels in tumor invasive front epithelium than in the central
epithelium or normal breast epithelium. Stromal NFAT1 levels are higher both in the central and invasive front tumor stroma than in normal
breast stroma. Statistical significance was determined by Student’s T test. D, Intensity of NFAT1 staining correlates with strong myeloperoxidase
expression, indicating that NFAT1 expression may promote neutrophil infiltration into the breast tumors. Correlation was determined by
Spearman’s rank correlation coefficient (Spearman’s tho). E, Stroma in tumors that are negative for estrogen receptor (ER) displays higher levels of
MPO than stroma in tumors that are positive for estrogen receptor. Statistical significance was determined by Student’s T test. ER: estrogen

receptor; N: negative; P: positive.


http://dx.doi.org/10.1016/j.molonc.2015.02.004
http://dx.doi.org/10.1016/j.molonc.2015.02.004
http://dx.doi.org/10.1016/j.molonc.2015.02.004

1148

MOLECULAR ONCOLOGY 9 (2015) 11401154

tumor periphery are shown (Figure 6A). Computational ana-
lyses of THC staining shows overall increased expression of
NFAT1 in the tumor invasive front compared to the tumor
central region and normal breast (Figure 6B). The increased
overall NFAT1 expression in the tumor invasive front is due
to significantly increased NFAT1 levels in both the cancer
epithelium and associated stroma (Figure 6C). We also
analyzed neutrophil infiltration using myeloperoxidase stain-
ing and find that myeloperoxidase and NFAT1 levels correlate
positively (Figure 6D). We do not see a significant difference in
MPO levels in triple negative tumors compared to non-triple
negative tumors (p = 0.11; Supplementary Figure S6A) or
Her2-negative tumors compared to Her2-positive tumors
(p = 0.24; Supplementary Figure S6B). However, the tumors
negative for estrogen receptor do express significantly higher
levels of stromal MPO than tumors that are ER positive
(Figure 6E). In summary, our results suggest that NFAT1 may
promote intratumoral neutrophil recruitment in breast
cancer.

3. Materials and methods
3.1. Cell culture

HEK293T, MDA-MB-231, MDA-MB-435, and MDA-MB-468 cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Cellgro, Manassas, VA) and HCC70 cells in RPMI-
1640 (Cellgro) supplemented with 10% of fetal bovine serum
(HyClone, Waltham, MA) or tet-tested fetal bovine serum
(Clontech, Mountain View, CA).

3.2. Lentiviral silencing and cDNA overexpression

HA-NFAT1 CA was a gift from Anjana Rao (Addgene plasmid
#11792, pENTR11 CA NFAT1) and cloned into pcDNA3 using
HindlIIl and Xbal. For shRNA, oligonucleotides for NFAT1 and
IL8 shRNA were annealed and cloned into the pLKO lentiviral
expression system (Chin and Toker, 2010). For NFAT1 lentivi-
ral overexpression, constitutively active HA-NFAT1 was
cloned into the pTRIPZ vector using Agel and Clal. To produce
lentiviral particles, 293T cells were transfected with the above
vectors, VSVG, and psPAX? for 48 h, after which supernatants
were collected and passed through 0.45 pm filters.

shRNA oligo sequences were as follows:

NFAT1shRNAZ1: sense 5'-CCGGtccttaagccgeacgecttctCTCGA-
Gagaaggcgtgeggettaagga TTTTTG-3; anti-sense 5-AATTCA-
AAAAtccttaagecgcacgecttctCTCGAGagaaggegtgeggcttaagga-3'.

NFAT1 shRNA2: sense 5'-CCGGccgagtccaaagttgtgtttaCTC-
GAGtaaacacaactttggactcgg TTTTTG-3'; anti-sense 5—~AATTCA
AAAAccgagtccaaagttgtgtttaCTCGAGtaaacacaactttggactegg-3'.

IL8 shRNA: sense 5'-CCGGccgaactttaatttcaggaatCTCGA-
GattcctgaaattaaagttcggTTTTTG-3;  anti-sense  5-AATTCA
AAAAccgaactttaatttcaggaatCTCGAGattcctgaaattaaagttcgg-3'.

3.3. Cell treatments
Cells were treated with 200 nM thapsigargin (Santa Cruz Bio-

technologies, Dallas, TX) for 20 h. Where indicated, cells
were pretreated with 1 pM cyclosporine A (Sigma—Aldrich,

St. Louis, MO) for 1 h. After treatments, cells were harvested,
and conditioned media was collected and filtered through
0.45 pm filters.

Primary human neutrophils were isolated as described
(zhu et al., 2006). Isolated cells were resuspended in serum-
free RPMI and, where indicated, pretreated with IL8-
neutralizing antibody (0.3 pg/ml, R&D Systems, Minneapolis,
MN) or pS6K1 inhibitor PF-4708671 (5 pM; Calbiochem Milli-
pore, Billerica, MA) for 10 min prior to treatment with recom-
binant human IL8 (10 ng/ml; R&D Systems) or conditioned
serum-free media for 20 min before harvesting.

3.4. Quantitative real-time RT-PCR and multi-gene
transcriptional profiling (MGTP)

Total RNA was isolated using the RNeasy kit (Qiagen, Hilden,
Germany). Reverse transcription was performed using
random hexamers and SuperScript III (Life Technologies,
Carlsbad, CA) or Multiscribe reverse transcriptase (Applied
Biosystems, Carlsbad, CA). Quantitative real-time RT-PCR
was performed using SYBR Green PCR Master Mix (BioRad,
Hercules, CA) and the 7500 Fast Real-Time PCR Systems (Life
Technologies) or ABI Prism 7900 sequence detector (Applied
Biosystems). Quantification of mRNA expression was calcu-
lated by the ACT method with GAPDH or 18S as reference.
MGTP was used to determine mRNA copy numbers per cell
as previously described (Shih and Smith, 2005; Wada et al.,
2011). The number of mRNA copies per cell was calculated
by normalizing to 18S rRNA assuming an average of 10° 18S
rRNA copies per cell. Mean values from cDNA samples from
separate experiments were calculated to determine final
mean and SD.

Real-time quantitative PCR primer sequences were as
follows:

18S Forward 5'-TCGAGGCCCTGTAATTGGAA-3

18S Reverse 5'-CCCTCCAATGGATCCTCGTT-3’

GAPDH Forward 5'-GCAAATTCCATGGCACCGT-3'
GAPDH Reverse 5-TCGCCCCACTTGATTTTGGAGG-3’
NFAT1 Forward 5-CAGCTTCATTTCTGACACCTTCTC-3’
NFAT1 Reverse 5-GGGAATAATGAGCAGGGATGTTT-3
IL8 Forward 5-CTCTGTGGTATCCAAGAATCAGTGA-3’
IL8 Reverse 5'-TATTGCATCTGGCAACCCTACA-3’
CHOP Forward 5'-CTGCTTCTCTGGCTTGGCTG-3’
CHOP Reverse 5-GCTCTGGGAGGTGCTTGTGA-3
GRP78 Forward 5-GTTCTTGCCGTTCAAGGTGG-3’
GRP78 Reverse 5'-TGGTACAGTAACAACTGCATG-3’

3.5. Chromatin immunoprecipitation

Chromatin immunoprecipitation was according to a modified
version of a previously published protocol (Takahashi et al.,
2000). Briefly, 20 x 10° MDA-MB-231 cells were cross-linked
with formaldehyde and the reaction quenched with glycine.
Cells were washed and lysed with lysis buffer (1% SDS,
50 mM Tris—HCI pH8, 10 mM EDTA, Proteinase inhibitor cock-
tail, 50 nM calyculin), and the chromatin was fragmented by
sonication. For immunoprecipitation of DNA-bound protein
complexes, sonicated lysate was diluted in IP buffer (150 mM
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NaCl, 20 mM Tris—HCI pH 8, 1% Triton X-100, Proteinase inhib-
itor cocktail, 50 nM calyculin). Sonicated lysate was precleared
and incubated overnight at 4 °C with and without antibody
(anti-NFAT1 XP, Cell Signaling Technologies, Danvers, MA).
Blocked protein A/G beads (Amersham Biosciences, Pitts-
burgh, PA) were added to the lysate and the samples incu-
bated for 1 h at 4 °C. Beads were washed and Tris—EDTA
buffer and 0.5% SDS were added, and proteins were digested
by proteinase K for 2 h at 37 °C. Subsequently, RNase A was
added to digest RNA at 37 °C for 2 h. Cross-links were reversed
by overnight incubation at 65 °C. DNA was phenol:chloroform
extracted and ethanol-precipitated. DNA samples were used
as templates in quantitative real-time RT-PCR. Mean values
of technical triplicates from separate experiments were calcu-
lated to determine final means and SD.

ChIP RT-qPCR primer sequences were as follows:

Actin promoter Forward 5'-CAGTGCCTAGGTCACCCACT-3;
Actin promoter Reverse 5-AGAAGTCGCAGGACCACACT-3'.

IL8 promoter Forward 5'-AAGTGTGATGACTCAGGTTTGC-
3'; IL8 promoter Reverse 5-GAAGCTTGTGTGCTCTGCTG-3'.

IL8 reading frame Forward 5-CAGCCAAAACTCCA-
CAGTCA-3';IL8 reading frame Reverse 5'-TTTCCATACAATCA-
GAAACAGTAAAAAA-3.

3.6. Immunoblotting

Immunoblotting was carried out as described (Chin and Toker,
2010). Cells were lysed in lysis buffer (150 mM NacCl, 50 mM
Tris—HCI [pH 7.4], 2 mM EDTA, 1% Triton X-100, Proteinase in-
hibitor cocktail, 50 nM calyculin) and centrifuged (15,000 x g,
10 min, 4 °C). Proteins were resolved by SDS-PAGE and trans-
ferred electrophoretically to nitrocellulose membranes (Bio-
Rad). Membranes were blocked with 5% milk and incubated
with primary antibodies against NFAT1, p-pS6K1, p-S6K1, p-
Erk1/2, Erk1/2, p-AktSer473, and pan-Akt (Cell Signaling Tech-
nologies); IL8 (Santa Cruz Biotechnologies); actin (Sigma); p85
(produced in-house (Kapeller et al., 1995)); and HA (purified
from 12CAS hybridoma). Membranes were washed, incubated
with horseradish peroxidase-conjugated secondary antibody,
and developed with enhanced chemiluminescence substrate
(Millipore, Billerica, MA).

3.7. ELISA

Equal numbers of cells were plated and media were collected
48—72 h after plating. IL8 in the media was determined using
the Duoset ELISA kit (BD Biosciences, San Jose, CA), and the re-
sults were analyzed according to manufacturer’s instructions.

3.8. Luciferase reporter assay

1.4-kb fragment of the IL8 proximal promoter was amplified
from genomic DNA and ligated into the pGL2 basic vector.
To generate pGL2-IL84Xmut-luc mutant construct, four point
mutations were introduced to the putative NFAT1 binding
site. pGL2-IL8wt-luc or pGL2-IL84Xmut-luc were transfected
together with beta-galactosidase and NFAT1 plasmids. 48 h af-
ter transfection cells were harvested and lysed, after which
luciferase and beta-galactosidase activities were detected by
the Luciferase Assay system (Promega, Madison, WI) and the

Tropix® Galacto-Star assay system (Applied Biosystems, Fos-
ter City, CA). Luminescence was detected by BioTek Synergy
2 luminometer (BioTek, Winooski, VT).

3.9.  Transwell migration

Primary human neutrophils were isolated as previously
described (Zhu et al., 2006) from buffy coats prepared from
whole blood of healthy volunteers (protocol IBC-P00000090).
Starved cells were pre-activated by N-formyl-Met-Leu-Phe
(Nova Biochem, Darmstadt, Germany) for 10 min, washed,
and treated with inhibitors or IL8-neutralizing antibody for
10 min where indicated. 1.5 x 10° cells resuspended in
serum-free medium containing 0.1% BSA were added to
3 pm-pore Transwell migration chambers (BD Biosciences,
Franklin Lakes, NJ). Conditioned medium collected from
MDA-MB-231 cells or serum-free DMEM with indicated treat-
ments was added to the lower chambers. After a 1hr incuba-
tion at 37 °C, non-migrated cells were removed from the
filters and the migrated cells were fixed, stained using the
Hema-3 staining set (Fisher Scientific, Pittsburgh, PA), and
counted.

3.10. Detection of extracellular ROS production

Primary human neutrophils were isolated from buffy coats
and red blood cells were lysed. Isolated polymorphonuclear
cells were diluted to 10° cells/ml into Hank’s balanced salt so-
lution containing calcium, magnesium and 0.2% BSA. Extra-
cellular ROS production was measured using isoluminol
(VWR Scientific, Radnor, PA) and type XII horseradish peroxi-
dase (Sigma). Kinetic measurement of luminescent signal was
performed using TriStar spectrometer (Berthold Technologies,
Bad Wildbad, Germany). Before measurements, neutrophils
were subjected to serum-free DMEM, recombinant human
IL8 in serum-free DMEM (final concentration 1 ng/ml), or
conditioned media collected from MDA-MB-231 cells that
overexpress active NFAT1 in a doxycycline-inducible fashion
(final dilution 100x). Results were recorded as arbitrary units
and the readings were normalized to negative control.

Conditioned media for neutrophil stimulations were
collected from MDA-MB-231 cells 24 h after culture in
serum-free DMEM, either with or without doxycycline
(200 ng/ml, 48 h), and filtered through 0.45 pm filters.

3.11. Mouse xenografts

For orthotopic injection of tumor cells into 7-week-old female
athymic nude mice (Taconic, Hudson, NY), 3 x 10° cells from
stably infected MDA-MB-231 pools were resuspended 1:1 in
Matrigel (BD Biosciences) and injected into the fourth mouse
mammary fat pad. 0.8 mg/ml doxycycline was provided in
the drinking water where indicated. Tumors were measured
weekly or as indicated, and tumor volume was assessed using
the formula 0.5(length x width?). At the end of the experi-
ment, mice were euthanized by CO,. All studies were conduct-
ed following the Institutional Animal Care and Use Committee
guidelines of Beth Israel Deaconess Medical Center.
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3.12. Tissue microarray construction

Paraffin tissue blocks of invasive ductal carcinoma resection
specimens from 49 patients were obtained from the archives
of the Department of Pathology at the Beth Israel Deaconess
Medical Center under an institutionally approved IRB protocol
for discarded de-identified tissues. Paraffin blocks containing
representative tumor areas and separate blocks containing
normal breast tissue were identified on the corresponding
hematoxylin/eosin-stained sections, and digital images of
the selected blocks were created. Areas of interest were iden-
tified and marked on the digital image using the Pannoramic
Viewer, 3D-Histech (Budapest, Hungary). The source block
was cored, and 1.5-mm cores were transferred to the recipient
TMA master block, 3D-Histech. Two representative cores of
tumor (central and invasive front) and two cores of the normal
breast tissue (normal terminal duct lobular unit and normal
stroma) were arrayed for each of 49 specimens, except for
one specimen that had no available normal breast tissue.

3.13. Immunohistochemistry and immunofluorescence

IHC staining was performed on tissue microarray sections and
formalin-fixed, paraffin-embedded xenografts. Sections were
blocked and incubated with anti-NFAT1 (Cell Signaling Tech-
nology), anti-IL8 (R&D) and anti-Myeloperoxidase (Abcam) an-
tibodies. Slides were washed and incubated with biotinylated
donkey anti-rabbit secondary antibody or biotinylated donkey
anti-goat secondary antibody (Jackson Immuno Research),
and enhanced with Elite Vectashield ABC kit (Vector Lab).
The slides were developed in diaminobenzidine metal
enhanced kit (Vector lab) and counterstained with hematoxy-
lin. After dehydration steps, the slides were mounted with
Permount. IHC images were taken using Zeiss Axiolmager
M1 microscope, AxioCamHR camera, 20x/0.8 Plan-
Apochromat objective, and AxioVision software.

For immunofluorescence, xenograft tumor sections were
treated with sodium borohydride to reduce autofluorescence,
washed, blocked and incubated with Rabbit anti-HA (Rock-
land). Slides were then washed and incubated with Alexa
549 conjugated donkey anti-Rabbit secondary antibody for
90 min at room temperature. Samples were then washed
and mounted with Prolong Gold anti-fade mounting media
with DAPI. Confocal images were taken using a Zeiss
LSM510 Meta confocal system using Zeiss LSM510 image
acquisition software. The images were taken using a 20x/0.8
Plan-Apochromat objective and a 40x/1.3 Oil Plan-
Apochromat objective.

3.14. Tissue microarray image analysis

Computational image analysis of NFAT1 and myeloperoxidase
staining of the tissue microarray samples were performed
with Definiens Tissue Studio image analysis software (Defin-
iens AG, Munich, Germany). For both stains, epithelial and
stromal classifiers were trained to provide tissue-region spe-
cific expression measurements. Expression was measured as
average IHC marker pixel intensity per cell. To analyze the sta-
tistical significance of differences in marker expression be-
tween tissue regions, Student’s T-test was used. Correlation

between NFAT1 and myeloperoxidase expression was deter-
mined by calculating Spearman’s rank correlation coefficient
(Spearman’s rho).

4. Discussion

Although originally identified as key modulators of the im-
mune response in humans, the NFAT transcription factors
have also been recognized as regulators of cancer progression
(Mancini and Toker, 2009). In this context, the calcium-
responsive NFAT isoforms have been shown to modulate mul-
tiple phenotypes associated with malignancy both in vitro and
in mouse models. NFATs enhance the invasive migration of
breast cancer cells through the induction of genes whose
products catalyze the synthesis of soluble secreted motogenic
factors, such as lysophosphatidic acid and prostaglandins
(Chen and O’Connor, 2005; Yiu and Toker, 2006). Similarly,
NFATs may promote or inhibit the proliferation of cancer cells
through multiple redundant mechanisms (Baumgart et al.,
2012; Perotti et al., 2012; Robbs et al., 2008). Moreover, endo-
thelial calcineurin/NFAT signaling controls tumor angiogen-
esis through the expression of VEGF (Baek et al, 2009;
Ryeom et al., 2008). Thus, NFAT-induced genes function in
both cell-autonomous and paracrine mechanisms to modu-
late cancer progression at multiple levels.

The present study adds to our understanding of the com-
plex mechanisms by which NFATs regulate cancer pheno-
types by demonstrating that IL8 is an NFAT-induced gene in
breast cancer. We provide evidence for a model of NFAT-
mediated, endoplasmic reticulum stress-induced expression
of IL8 in breast cancer cells, particularly in triple negative
breast cancer cell lines. Cancer cell-derived IL8 promotes the
migration and intratumoral infiltration of neutrophils in a
non cell-autonomous manner, which counteracts the overall
tumor-suppressing effect of active NFAT1. In addition, cancer
cell-expressed NFAT1 generates soluble factors that potently
induce ROS production and thus neutrophil activation. Ana-
lyses of tissue microarrays from primary breast tumors and
matched normal tissue reveals that while the overall levels
of NFAT1 are similar in malignant and normal tissue, tumor-
associated stromal cells express elevated levels of NFAT1
compared to normal stroma. In tissue microarrays collected
from 49 patients, stromal myeloperoxidase expression is
higher in tumors negative for estrogen receptor compared to
tumors that are estrogen receptor-positive. Moreover, NFAT1
levels in these patient samples correlate with myeloperoxi-
dase expression, pointing to a link between NFAT1 activity
and neutrophil infiltration in breast cancer.

Several studies have elucidated the transcriptional control
of IL8 induction in cancer, demonstrating the involvement of
the NF-«kB pathway, nuclear hormone receptor activity and
the JAK2/STATS pathway (Bobrovnikova-Marjon et al., 2004;
Britschgi et al., 2012; Kanda and Watanabe, 2001; Karashima
et al., 2003; Patel et al,, 2000). The finding that IL8 is an
NFAT1 target gene is also consistent with previous reports
that have revealed upregulation of IL8 in response to PGE,,
stimulation mediated by calcineurin/NFAT in endometrial
adenocarcinoma (Sales et al., 2009) and the binding of tran-
scriptional enhancers close to a putative AP1-NFAT binding
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motif in the IL8 promoter in colonic epithelial cells in response
to PGE,, (Srivastava et al., 2012). Our data show that NFAT1
binds to the IL8 promoter and drives the transcription of IL8
constitutively and during ER stress. Thapsigargin-induced
IL8 secretion is not restricted to MDA-MB-231 cells, but occurs
also in other triple-negative breast cancer cell lines, while the
levels of IL8 remain significantly lower in non-triple negative
cell lines despite similar activation of NFAT1. In agreement
with these findings, ER stress as well as hypoxia, low pH,
oxidative stress, and nutrient deprivation all promote the
expression of IL8 (Bobrovnikova-Marjon et al, 2004,
Lakshminarayanan et al., 1998; Marjon et al., 2004; Shi et al.,
1999; Yu et al.,, 2001). We find that while thapsigargin treat-
ment activates NFAT1 and upregulates ER stress markers in
all the studied cell lines, IL8 is only efficiently induced in
triple-negative cell lines. This suggests that the differential in-
duction of IL8 is not due to disparate stress responses or NFAT
regulation, but more likely results from distinct epigenetic
landscapes, pre-existing cofactors and favorable chromatin
architecture on the IL8 gene. The NFAT binding site on the
IL8 promoter overlaps with a putative NF-kB site and has
been shown to bind recombinant NFAT1 (Jin et al.,, 2003).
This raises the intriguing possibility of crosstalk between the
NFAT1 and NF-«B transcriptional networks in the regulation
of the IL8 gene.

Studies of NFAT1 in tumor progression have yielded con-
tradictory results, likely reflecting the context dependency of
the NFAT1 transcriptome. Although the silencing of NFAT1 re-
tards the growth of melanoma xenografts (Braeuer et al,
2012), we do not detect significant reduction in tumor growth
upon NFAT1 silencing in MDA-MB-231 breast cancer xeno-
grafts. Instead, we find that overexpressed active NFAT1 sup-
presses tumor growth, consistent with previous reports
showing a similar phenotype in fibroblast-derived xenografts
(Robbs et al., 2008). However, since active NFAT1 does not alter
the cell cycle profile of MDA-MB-231 cells, but its expression
still effectively suppresses established tumors, we propose a
model in which tumor suppression occurs in a non-cell-
autonomous manner.

MDA-MB-231 cells do not express the IL8 receptors CXCR1
and CXCR2, yet the silencing of IL8 reduces tumor growth, sug-
gesting that this reduction occurs in a non cell-autonomous
manner. Although high levels of IL8 may counteract the
tumor-suppressing activity of NFAT1, this effect is insufficient
to negate the overall effect of active NFAT1, suggesting that
NFAT1-mediated tumor suppression is most likely due to
secreted factors other than IL8. In addition, silencing of
NFAT1 likely affects the expression of numerous target genes
whose products may overcome the net effect of IL8 reduction,
thereby masking any potential IL8-dependent phenotypes. We
propose that tumor cells harboring active NFAT1 initiate a
potent immunological antitumor response. Additional studies
are needed to characterize the spectrum of target genes
responsible for NFAT1-mediated tumor suppression.

Few studies have addressed the causal role of NFAT tran-
scription factors in mediating chemokine signaling. NFAT4 re-
cruits neutrophils through CXCL2 transcription during acute
pancreatitis (Awla et al., 2012). In addition, NFAT2 contributes
to a mitogenic tumor microenvironment by inducing multiple
chemokine genes (Tripathi et al., 2013). Because MDA-MB-231

cells do not express IL8 receptors, we assessed the recruit-
ment of CXCR1/2-expressing neutrophils. In agreement with
previous findings (Gomez-Cambronero et al., 2003; Henkels
et al,, 2011), we show that IL8 enhances neutrophil migration
and that tumor cell-expressed IL8 promotes intratumoral
neutrophil infiltration. Interestingly, studies have revealed a
connection between NFAT activation, neutrophil recruitment
and chemokine expression during sepsis (Zhang et al., 2014),
supporting the biological basis of our model. Combined
expression of active NFAT1 and silencing of IL8 has an addi-
tive effect in tumor suppression, indicative of a tumor-
promoting role for IL8. In this context, similar to tumor-
associated macrophages, neutrophils may display either N1-
like anti-tumor or N2-like pro-tumor properties, depending
on the nature and strength of environmental cues
(Fridlender and Albelda, 2012; Houghton, 2010). Our results
point to NFAT1-IL8-mediated neutrophil function favoring
the N2 over the N1 type, although more studies are needed
to reaffirm this hypothesis. In this context, a fully immuno-
competent model organism whose genome includes an IL8
ortholog could provide additional insight. Although human
IL8 binds to murine CXCR1 and CXCR2 (Sparmann and Bar-
Sagi, 2004), neither mouse nor rat express IL8 (van der Aa
etal., 2010; Zlotnik et al., 2006), and thus do not represent ideal
models for testing these hypotheses.

Thus far, suppression of the calcineurin/NFAT pathway
has been proposed as a potential therapeutic intervention in
colorectal cancer and metastatic melanoma (Flockhart et al,,
2009; Spreafico et al., 2013). Moreover, neutralizing antibodies
against IL8 or CXCR1/2 suppress tumor growth, angiogenesis,
and metastasis in melanoma and bladder cancer (Huangetal.,
2002; Mian et al., 2003; Sparmann and Bar-Sagi, 2004), and in
breast cancer, circulating neutrophils provide a first line of de-
fense against metastatic seeding (Granot et al., 2011).
Although expression of active NFAT1, in turn, promotes the
migration of breast cancer cells in vitro (Jauliac et al., 2002)
potentially increasing their metastatic potential, it is possible
that pronounced expression of IL8 might counteract metasta-
tic progression by attracting neutrophils in vivo.

Analysis of normal and malignant breast patient tissue
samples reveals similar expression levels of NFAT1 in tumor
cells and normal epithelium. However, total NFAT1 levels
are not necessarily indicative of NFAT1 activity. In contrast
to tumor epithelium, expression levels of NFAT1 are several-
fold higher in tumor-associated stromal cells than in normal
stroma. This supports previous observations of immune cell-
expressed NFAT1 as a potential regulator of tumorigenesis
(Abe et al., 2012). Moreover, NFAT1 expression correlates
with myeloperoxidase expression, supporting the model that
NFAT1-mediated signaling promotes neutrophil infiltration
in breast cancer. This may have implications on disease pro-
gression, as high neutrophil-to-lymphocyte ratio is associated
with high mortality in breast cancer patients (Azab et al.,
2012). While NFAT1 levels do not correlate with triple-
negativity, estrogen receptor or Her2 status in patient samples
(data not shown), tumors negative for estrogen receptor
display higher expression of myeloperoxidase and therefore
neutrophil infiltration than tumors positive for estrogen re-
ceptor. Future experiments on large data sets are warranted
to further elucidate the connection between hormone
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dependency, NFAT pathway and tumor—stromal interactions
in breast cancer. Taken together, our study highlights a role
for NFAT1 in tumor progression through modulation of the tu-
mor microenvironment.
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