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ABSTRACT The chemokine Cxcl10 has been associated with poor prognosis in breast
cancer, but the mechanism is not well understood. Our previous study has shown that
CXCL10 was repressed by the ING4 tumor suppressor, suggesting a potential inverse
functional relationship. We thus investigated a role for Cxcl10 in the context of ING4 defi-
ciencies in breast cancer. We first analyzed public gene expression data sets and found that
patients with CXCL10-high/ING4-low expressing tumors had significantly reduced disease-
free survival in breast cancer. In vitro, Cxcl10 induced migration of ING4-deleted breast can-
cer cells but not of ING4-intact cells. Using inhibitors, we found that Cxcl10-induced migra-
tion of ING4-deleted cells required Cxcr3, Egfr, and the Gbg subunits downstream of Cxcr3
but not Gai. Immunofluorescent imaging showed that Cxcl10 induced early transient coloc-
alization between Cxcr3 and Egfr in both ING4-intact and ING4-deleted cells, which recurred
only in ING4-deleted cells. A peptide agent that binds to the internal juxtamembrane
domain of Egfr inhibited Cxcr3/Egfr colocalization and cell migration. Taken together,
these results presented a novel mechanism of Cxcl10 that elicits migration of ING4-deleted
cells, in part by inducing a physical or proximal association between Cxcr3 and Egfr and
signaling downstream via Gbg. These results further indicated that ING4 plays a critical role
in the regulation of Cxcl10 signaling that enables breast cancer progression.

KEYWORDS CXCL10 chemokine, ING4 tumor suppressor, CXCR3 G protein-coupled
receptor, Egfr, breast cancer, cell migration

C-X-C motif chemokine ligand 10 (Cxcl10), also known as Interferon gamma induced
protein 10 kDa (IP-10), is a member of the chemokine family secreted by various cell

types, including monocytes, T cells, endothelial cells, keratinocytes, and fibroblasts, during
normal immune and inflammatory response (1). The main function of Cxcl10 is to mediate
chemotactic migration of immune cells expressing the Cxcr3 receptor to the site of inflam-
mation in a concentration gradient-dependent manner (1). Cxcr3 belongs to the large group
of the G protein-coupled receptor (GPCR) proteins characterized by their seven transmem-
brane domains and interaction with the heterotrimeric Gabg subunits for downstream signal-
ing (2). Cxcl10-effector immune cells include CD8 cytotoxic T lymphocytes (CTL), CD4 T helper
1 (Th1) cells, and natural killer (NK) cells, whose major function is cytotoxic cell killing (1, 3, 4).
As such, excessive Cxcl10 has been implicated in tissue damage related to chronic inflamma-
tory and autoimmune diseases, including rheumatoid arthritis, colitis, and diabetes (5–9).

Cancer cells also express Cxcl10 and/or Cxcr3 (4, 10). Tumor expression of Cxcl10 was ini-
tially characterized as a good prognostic indicator correlated with tumor infiltrating lympho-
cytes (TILs) and therapy response in several cancers, including ovarian, colon, and esophageal
cancer (11–16). These observations were concordant with the normal function of Cxcl10 that
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elicits immune-mediated cell killing so that Cxcl10 has been utilized as an indicator of robust
immune response to therapy in clinical trials (17, 18) and Cxcl10-based cancer therapy has
been proposed (19). Antiproliferative effects of Cxcl10 on cells in vitro have also been reported,
supportive of the anticancer role of Cxcl10 (20, 21). Paradoxically, high expression of Cxcl10
has been correlated with aggressive disease and poor patient survival in several cancers,
including breast cancer, pancreatic cancer, and melanoma, suggesting that Cxcl10 may pro-
mote cancer progression in some settings (22–25). Consistent with this idea, Cxcl10 increased
cell proliferation, migration, and invasion in cell models (26–29). Moreover, Cxcr3 receptor
expression in tumors and/or immune cells was shown to be required for tumor metastasis in
mouse models (30–35). Collectively, these studies have shown that Cxcl10/Cxcr3 can exert
dual opposing effects of tumor killing versus tumor promoting, involving both immune and
tumor cells. However, the molecular contexts that allow the switch between the opposing
roles of Cxcl10/Cxcr3 are not well understood.

Inhibitor of Growth 4 (ING4) is a tumor suppressor deficient in up to 34% of all breast
tumors and correlated with lymph node positivity and poor patient survival (36, 37). ING4 is
a member of the plant homeodomain (PHD) containing family that interacts with histone
acetylation complexes and regulates gene expression (38–40). We and others have shown
that ING4 inhibits NF-kB, a key transcription factor that induces hundreds of genes critical in
immune response (36, 41, 42). CXCL10 was one of the NF-kB target genes repressed by
ING4 in breast cancer cells (36), suggesting that ING4 deficiencies may result in upregulation
of CXCL10. To date, no functional relationship between ING4 and Cxcl10 has been reported.
In this study, we investigated the effects of Cxcl10 in the context of ING4 deficiencies, which
led to the identification of a novel cross talk mechanism between the Cxcr3 and Egfr recep-
tors that mediated Cxcl10-induced migration of ING4-deficient breast cancer cells.

RESULTS
High CXCL10 and low ING4 expression are associated with reduced disease-free

survival in breast cancer. Low protein or mRNA expression of ING4 has been correlated
with aggressive tumors and poor patient survival in breast cancer (36, 37). Cxcl10 protein
expression has been associated with poor prognosis in breast cancer (22), but CXCL10 gene
expression related to patient outcome has not been evaluated elsewhere. To assess potential
genetic interactions between ING4 and CXCL10, we analyzed two public gene expression data
sets of breast tumors: GDS806 and METABRIC. The GDS806 data set contained gene expres-
sion profiles of selective hormone receptor-positive primary tumors (n = 60) (49), whereas the
METABRIC (Molecular Taxonomy of Breast Cancer International Consortium) data set con-
tained the integrative multiple genomics data of a large cohort of clinically annotated
primary tumors (n = 1903) collected from multiple tumor banks, representing all molecular
subtypes (50, 51).

We first performed Kaplan Meier survival analyses of ING4 or CXCL10 individually
using the mean expression values as the cutoff. The results showed that patients with
low ING4 expressing tumors had poor disease-free survival in GDS806 (HR = 2.3, 95% CI 1.09
to 4.85, P = 0.049 [Fig. 1A]) and in METABRIC (HR 1.16, 95% CI 1.01 to 1.33, P = 0.043 [Table 1]),
consistent with the previous reports (36, 37). Kaplan Meier analyses for CXCL10 expression
showed that patients with tumors expressing high levels of CXCL10 had significantly increased
rates of recurrence in GDS806 (HR 2.23, 95% CI 1.05 to 4.73, P = 0.033 [Fig. 1A]) and in
METABRIC (HR 1.24, 95% CI 1.08 to 1.43, P = 0.003 [Table 1]). These results were concordant
with the previous study showing that Cxcl10 protein expression was associated with poor
patient outcomes in breast cancer (22). These results suggested that low ING4 expression or
high CXCL10 expression may contribute to breast cancer progression independently. We also
evaluated CXCR3 (the Cxcl10 receptor), CXCL9, CXCL11 (two other Cxcr3 ligands), or EGFR (epi-
dermal growth factor receptor) for a correlation with patient survival. The results showed that
these gene expression levels were not associated with patient survival in the GDS806 data set
(Fig. 1C) or in the METABRIC data set (Table 1), highlighting a unique relationship between
ING4 or CXCL10 expression and aggressive breast cancer.

Next, we evaluated whether ING4 and CXCL10 gene expressions together influenced
patient survival by using quartile stratification of tumors expressing ING4-high/CXCL10-high,
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ING4-high/CXCL10-low, ING4-low/CXCL10-high, or ING4-low/CXCL10-low. The results showed
that ING4-low/CXCL10-high tumor patients had significantly reduced disease-free survival
with a striking 3.84 times the rate of recurrence compared to ING4-high/CXCL10-low tumor
patients in GDS806 (HR 3.84, 95% CI 1.52 to 9.69, P = 0.010 [Fig. 1B]). METABRIC data analysis
also showed significantly reduced survival of ING4-low/CXCL10-high tumor patients compared
to ING4-high/CXCL10-low tumor patients (HR 1.35, 95% CI 1.13 to 1.62, P = 0.001 [Table 2]).
The hazard ratios increased for the two gene combination analyses compared to the ones for
the ING4 or CXCL10 single gene analyses in both GDS806 and METABRIC data sets, suggest-
ing that Cxcl10 may exacerbate the aggressiveness of ING4-deficient tumors or vice versa.

The association between ING4-low/CXCL10-high expression and patient survival was
not significant when tumors were stratified by the molecular subtypes of breast cancer
as annotated in the METABRIC data set (Table 2). These results suggested that the
effects of Cxcl10 on ING4-deficient tumors may not be specific to a molecular subtype(s)
(see Discussion). However, we observed that ING4-low/CXCL10-high tumors were significantly
more prevalent in hormone receptor-negative tumors, compared to hormone receptor-posi-
tive tumors: HER2-positive (47.7%), basal (43.2%), and claudin-low (50.3%) subtypes, versus the
normal (18.6%), luminal A (16.4%), and luminal B (30.5%) subtypes (red bars in Fig. 2A).
Conversely, ING4-high/CXCL10-low tumors were more prevalent in hormone receptor-positive
tumors (blue bars in Fig. 2A). We also analyzed the TCGA (The Cancer Genome Atlas,
n = 1,090) data set and found that significantly higher percentages of hormone receptor-
negative breast tumors were ING4-low/CXCL10-high (Fig. 2B). These results suggested

TABLE 1 Kaplan-Meier survival analyses of the METABRIC data set (n = 1,903) for ING4, CXCL10, CXCR3,
CXCL9, CXCL11, and EGFR, using the mean gene expression values to stratify patientsa

Expression [n (%)] Disease-free survival Overall survival

Gene Low High HR 95% CI P HR 95% CI P
ING4 1,006 (53) 897 (47) 1.16 1.00–1.33 0.043 1.16 1.03–1.30 0.014
CXCL10 971 (51) 932 (49) 1.24 1.08–1.43 0.003 1.13 1.00–1.27 0.045
CXCR3 1,126 (59) 777 (40) 1.10 0.95–1.27 0.176 0.96 0.85–1.08 0.506
CXCL9 1,018 (53) 885 (47) 1.17 1.02–1.35 0.026b 1.03 0.91–1.16 0.632b

CXCL11 1,258 (66) 645 (34) 1.11 0.96–1.29 0.155 0.99 0.88–1.13 0.920
EGFR 1,269 (67) 634 (33) 1.12 0.96–1.30 0.137 0.94 0.83–1.07 0.338
aHR, hazard ratio low to high expression; CI, confidence interval. P values were determined by the log rank (Mantel-Cox) test; P,
0.05 was considered significant.

bCXCL9 showed a significant difference in disease-free survival but not in overall survival.

FIG 1 Low ING4 expression and high CXCL10 expression correlate with reduced disease-free survival in breast cancer. Kaplan-Meier
(KM) analyses of the GDS806 (n = 60) breast tumor gene expression data set. Mean gene expression values were used to stratify tumors.
(A and B) Hazard ratio (HR) was determined comparing ING4-low to ING4-high and CXCL10-high to CXCL10-low (A) and ING4-low/CXCL10-
high to ING4-high/CXCL10-low curves (B). (C) KM analyses for CXCL9, CXCL11, CXCR3, and EGFR expression. CI, confidence interval; P
values were determined by the log rank test and P , 0.05 was considered significant.
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that ING4-low/CXCL10-high expression may contribute to the genesis and/or aggressiveness
of hormone receptor-negative breast cancers (see Discussion).

Cxcl10 induces migration of ING4-deleted, but not of ING4-intact, breast cancer
cells. As the breast cancer data set analyses showed that ING4-low/CXCL10-high tumors were
more prevalent in hormone receptor-negative breast tumors (Fig. 2), we investigated whether
Cxcl10 affected cancer phenotypes of ING4-deficient cells using two triple negative breast can-
cer (TNBC) cell lines. We engineered the ING4 gene deletion in MDA-MB-231 and MDA-MB-
468 cells utilizing a CRISPR/CAS9 system (43, 44). Four different guide RNA (gRNA) sequences
were selected to generate ING4-targeting constructs in the v2 CRISPR/CAS9 vector, namely,
v2h1, v2h2, v2h3, and v2h4 (see Materials and Methods) (Fig. 3A). We confirmed the ING4 de-
letion using Western blot, which showed 87 to 95% reduction of the ING4 protein in v2h1,
v2h2, and v2h3 cells, compared to the vector control, v2 (Fig. 3A). V2h4 was excluded from fur-
ther analysis as ING4 expression was reduced by a nominal 2-fold (Fig. 3A). Variable efficiencies
and off-target effects of gRNAs as well as the heterogeneity of gRNA-mediated gene deletions

TABLE 2 Kaplan-Meier disease-free survival analyses of the METABRIC data set for ING4-low/
CXCL10-high versus ING4-high/CXCL10-low expression in each molecular subtype of breast
cancer as annotated in the data set, using the mean gene expression values to stratify
patientsa

No. (%)

Subtype ING4-low CXCL10-high ING4-high CXCL10-low HR 95% CI P
All 569 (51.6) 534 (48.4) 1.35 1.125–1.621 0.001
Normal 26 (34.7) 49 (65.3) 1.23 0.64122.369 0.532
Luminal A 111 (30.7) 251 (69.3) 1.42 0.98322.036 0.058
Luminal B 141 (49.6) 143 (50.4) 1.05 0.746–1.484 0.771
HER2 105 (69.5) 46 (30.5) 1.15 0.714–1.855 0.568
Basal 86 (79.6) 22 (20.4) 1.24 0.69822.190 0.476
Claudin-low 100 (83.3) 20 (16.7) 1.00 0.52421.901 0.996
aHR, hazard ratio low to high expression; CI, confidence interval. P values were determined by the log rank
(Mantel-Cox) test; P, 0.05 was considered significant.

FIG 2 ING4-low/CXCL10-high tumors are prevalent in hormone receptor-negative breast cancer. Percentage of
tumors with ING4-low/CXCL10-high or ING4-high/CXCL10-low expression in all tumors or in the molecular subtypes as
annotated in the data set METABRIC (n = 1,903) (A) or TCGA (n = 1,090) (B). Fisher’s exact probability test was used to
calculate statistical significance of the percent tumor distribution compared to the basal or TNBC subtype; P , 0.05 was
considered significant. LumA, luminal A; LumB, luminal B; TNBC, triple negative breast cancer; n.s, not significant; n.d*,
not determined because of the large sample size not appropriate for Fisher’s exact test.
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have been reported previously (52), thus we opted for working with the pools of each gRNA-
selected cells rather than clonal populations derived from single gRNA selection.

We evaluated whether ING4 deletion and/or exogenous Cxcl10 affected cell proliferation
using SRB colorimetric assays. The results showed no differences in the growth rates between
v2 and ING4-deleted v2h1, v2h2, or v2h3 cells (Fig. 3B). Cxcl10 added to the serum free media
or full serum media did not alter proliferation of v2, v2h1, v2h2, or v2h3, demonstrating that
ING4 deletion and/or exogenous Cxcl10 did not affect cell proliferation (Fig. 3B).

We next evaluated cell migration, a cancer cell phenotype associated with metastatic poten-
tial, using transwell migration assays with or without Cxcl10. The results showed that cell migra-
tion in the absence of Cxcl10 was comparable between v2 and ING4-deleted cells (v2h1, v2h2,
or v2h3) (Fig. 3C, open bars), indicating ING4 deletion did not affect basal level cell migration.
Cxcl10 did not increase migration of v2 cells, but significantly increased migration of v2h1 and
v2h2 cells by 2-fold and v2h3 by 1.5-fold in MDA-MB-231 (Fig. 3C, left panel, closed bars). Cxcl10
also increased migration of ING4-deleted MDA-MB-468 cells by 2-fold (Fig. 3C, center panel,
closed bars). These results demonstrated that Cxcl10 inducedmigration of ING4-deleted cells but
not of ING4-intact cells, suggesting a synthetic interaction between ING4-deletion and Cxcl10.

The Cxcr3 and Egfr receptors are required for Cxcl10-mediated cell migration.
We next examined whether Cxcr3, the cognate receptor for Cxcl10, was required for
Cxcl10-induced migration of ING4-deleted cells by using AMG-487, a competitive inhibitor of
Cxcl10 (53). The transwell migration assay results showed that AMG-487 inhibited Cxcl10-
induced migration of v2h1 cells (Fig. 4A, 3rd closed bars, amg), indicating that Cxcl10 binding
to the Cxcr3 receptor was essential in the cell migratory signal. Unexpectedly, erlotinib, an in-
hibitor for Egfr (54), also inhibited Cxcl10-induced migration of v2h1 in both MDA-MB-231 and
MDA-MB-468 cells (Fig. 4A, 4th closed bars, erl), suggesting that Egfr played a role in
Cxcl10-mediated cell migration.

The reason for the use of erlotinib was initially because we asked whether Egf-induced cell
migration was also affected in ING4-deleted cells, as Egf-induced migration has been well
described in the literature (55–57). Transwell migration assays showed that Egf induced

FIG 3 Cxc10 induces migration of ING4-deleted breast cancer cells. (A) Schematic diagram of the ING4 gene
(exons are denoted as rectangular boxes) and CRISPR/CAS9 gRNAs h1-h4 (red); Western blot for the ING4
protein in MDA-MB-231 v2 (vector control), v2h1, v2h2, v2h3, and v2h4 cells, using histone H3 as the loading
control; (B) MDA-MB-231 cell growth during 3 days in the full serum media (left panel) or in the presence or
absence of 10 ng/ml Cxcl10 in the full serum (FS) or serum-free (SF) media (right panel); (C) transwell migration
assays with MDA-MB-231 v2, v2h1, v2h2, v2h3 cells (left panel) and MDA-MB-468 v2, v2h1 cells (center panel)
in the absence or presence of 10 ng/ml Cxcl10 and Western blot for ING4 in MDA-MB-468 v2 and v2h1 cells,
using histone H3 as the loading control (right panel). Number of migrated cells per field was obtained by
averaging 6 to 8 field images of each membrane per experiment from at least 3 independent experiments.
Statistical significance was determined by an unpaired 2-tailed Student's t test. *, P , 0.0005; **, P = 0.005; ***,
P , 0.05; ****, P , 0.00005.
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migration of both v2 (ING4-intact) and v2h1 (ING4-deleted) cells by a comparable 2-fold in
both MDA-MB-231 and MDA-MB-468 (Fig. 4A, 5th closed bars), indicating that Egf-induced
cell migration was not affected by the ING4 deletion status. Erlotinib inhibited Egf-induced cell
migration as was expected (Fig. 4A, 6th bars, erl). AMG-487, a Cxcr3 antagonist, did not inhibit
Egf-induced cell migration (Fig. 3A, 7th bars, amg), indicating that Egf-induced cell migration
did not require Cxcr3. These results collectively indicated that unlike Egf-induced cell migra-
tion, Cxcl10-induced cell migration was specific to ING4-deleted cells and required both the
Cxcr3 and Egfr receptors. These results also suggested that Cxcl10 may mediate cell migratory
signaling via a potential cross talk between Cxcr3 and Egfr in the absence of ING4.

We evaluated the inhibitory dose of AMG-487 or erlotinib in MDA-MB-231 v2h1 cell
migration. The results showed that v2h1 cell migration was inhibited by AMG-487 in a dose-
dependent manner (Fig. 4B, closed bars, 0.01 to 10mM), consistent with the competitive in-
hibition of Cxcl10 binding to Cxcr3 (53). AMG-487 did not affect cell viability at the concen-
trations evaluated (Fig. 4B, second graph), indicating that cell migration inhibition was not
due to reduced cell viability. Cxcl10 and/or AMG-487 did not affect phosphorylated Egfr
(Y1068), total Egfr or Cxcr3 protein levels at 0.1 to 10mM concentration (Fig. 4B, Western
blot). Erlotinib inhibited v2h1 cell migration at a concentration of 0.1 mM or higher (Fig. 4C,
first graph) without affecting cell viability (Fig. 4C, second graph). Western blot showed

FIG 4 Cxcl10-induced migration of ING4-deleted cells is inhibited by a Cxcr3 antagonist or an Egfr inhibitor. (A)
Transwell migration assays of v2 (vector) and v2h1 (ING4 deletion) in the presence of 10 ng/ml Cxcl10 or
10 ng/ml Egf with or without 1 mM AMG-487 (Cxcr3 antagonist; amg) or 100 nM erlotinib (Egfr kinase inhibitor;
erl) in MDA-MB-231 (left panel) and MDA-MB-468 (right panel) cells. (-), vehicle; n.s, not significant; *, P ,
0.005; **, P , 0.00001. (B) Dose-dependent inhibition of Cxcl10-induced migration of MDA-MB-231 v2h1 cells
by AMG-487 (0.01, 0.1, 1, and 10 mM). *, P , 0.0001; IC50 assays with of AMG-487 (1 pM to 1 mM); 1 mM was
used from herein (arrow). Western blot showing that AMG-487 (10, 1, 0.1 mM) did not reduce phospho-Egfr
(Y1068), total Egfr, or Cxcr3, using a-tubulin as the loading control. (C) Dose-dependent inhibition of Cxcl10-
induced migration of MDA-MB-231 v2h1 cells by erlotinib (0.01, 0.1, 1, and 10 mM). *, P , 0.0001; **, P , 0.005; IC50
assays with erlotinib (1 pM to 1 mM); 100 nM was used from herein (arrow). Western blot showing that erlotinib
reduced Egfr phosphorylation (Y1068) in a dose-dependent manner (10 mM, 1 mM, and 0.1 mM).
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reduction of phosphorylated Egfr at the tyrosine residue 1068 by 90% at 10 mM, 75% at
1 mM, and 20% at 0.1 mM, normalized to tubulin and total Egfr (Fig. 4C, Western blot), con-
firming that erlotinib inhibited the Egfr kinase activity in a dose-dependent manner. These
results indicated that even 20% reduction in the Egfr kinase activity (at 0.1mM erlotinib) was
sufficient to inhibit Cxcl10-induced migration of ING4-deleted cells, supportive of the idea
that Egfr played a critical role in Cxcl10/Cxcr3 signaling (see Discussion).

Cxcl10 induces recurrent colocalization of Cxcr3 and Egfr in ING4-deleted MDA-
MB-231 cells.We next explored a potential mechanism for the Cxcr3/Egfr cross talk in Cxcl10
signaling. Studies have shown transactivation of Egfr by G protein-coupled receptors (GPCRs)
in cancers (58). In particular, another chemokine receptor, Cxcr7, was shown to associate with
Egfr, albeit in a ligand-independent manner (59). Thus, it was plausible that Cxcr3 could
directly interact with Egfr in Cxcl10-induced cell migration. To test this, we used immunofluo-
rescent staining for Cxcr3 and Egfr, labeled with red- and green-fluorescent secondary anti-
bodies, respectively, and determine receptor colocalization in the presence or absence of
Cxcl10 in ING4-intact versus ING4-deleted cells. The results showed that the two receptors
were not colocalized at steady state in the absence of Cxcl10 in ING4-intact (v2) or ING4-
deleted (v2h1) cells (Fig. 5A; a and e). When cells were treated with Cxcl10, Cxcr3 and Egfr
colocalized within 10 min (Fig. 5A; b and f, arrows) in both v2 and v2h1 cells. By 1 h after
Cxcl10 treatment, Cxcr3 and Egfr no longer colocalized (Fig. 5A; c and g), indicating that
Cxcl10-induced Cxcr3/Egfr association was rapid and transient. Strikingly, the two-receptor
colocalization recurred at 24 h after Cxcl10 treatment only in ING4-deleted v2h1 cells (Fig. 5A;
h) but did not in ING4-intact v2 cells (Fig. 5A; d). Higher magnification of the cell images
showed that Cxcr3 and Egfr may localize to the different areas of the cell membrane in
untreated samples (Fig. 5A; a-I). At 10 min in v2 and v2h1 cells (Fig. 5A; b-I and f-I) and at 24 h
in v2h1 cells (Fig. 5A; h-I) after Cxcl10 treatment, Cxcr3 and Egfr colocalized on tail-like protrud-
ing portions of the cell membrane. Whether these structures represent filopodia or other
membrane structures related to cell migration will require further investigation.

We quantified the pixel intensity of each fluorescence normalized to the pixel intensity of
DAPI per image and calculated the mean cell surface expression of Cxcr3 or Egfr. The results
showed no significant differences in the expression of Cxcr3 or Egfr between v2 and v2h1 cells
treated with or without Cxcl10 at different time points (Fig. 5B).

We determined Manders coefficients (46), a widely used colocalization measurement calcu-
lated as the fraction of overlapping fluorescence signals (yellow) in total single color fluores-
cence signals (red or green) per image (see Materials and Methods). The M1 coefficients, the
fraction of Cxcr3 colocalized with Egfr in total Cxcr3 signals (sum of yellow over sum of red),
are presented in a Dot Plot with each dot representing the M1 value per image (Fig. 5C). The
resulted showed that the mean M1 values increased significantly from 0 to 0.4 to 0.6, at 10
min after Cxcl10 treatment in both v2 and v2h1 cells and at 24 h after Cxcl10 treatment in
v2h1 cells only (Fig. 5C). These calculations substantiated the visual observations that the two
receptors colocalized at 10 min after Cxcl10 treatment in both ING4-intact and ING4-deleted
cells, which dissociated by 1 h despite the continuous presence of Cxcl10, and that the recep-
tor colocalization recurred in ING4-deleted cells, but not in ING4-intact cells, by 24 h after
Cxcl10 treatment (Fig. 5C).

Western blot analysis showed that v2 and v2h1 cells expressed comparable amounts of re-
ceptor proteins at the time points chosen for immunofluorescent staining (Fig. 5D), consistent
with the immunofluorescent pixel density quantification in Fig. 5B Autophosphorylation of
Egfr at the amino acid residue Y1068 did not vary after Cxcl10 treatment at any time points
(Fig. 5D). Of note, two alterative spliced isoforms of Cxcr3, Cxcr3B (larger band) and Cxcr3A
(smaller band) (3), were expressed and comparable between v2 versus v2h1 cells, indicating
that ING4 deletion or Cxcl10 treatment did not alter the Cxcr3 protein or isoform expression
(Fig. 5D). These results showed that no drastic changes in the receptor proteins occurred at
the receptor colocalization time points.

We also evaluated the recurrent receptor colocalization in v2h2 and v2h3 cells (ING4-
deleted cells using h2 and h3 CRISPR gRNA sequence constructs [Fig. 3A]). The results showed
the receptor colocalization (Fig. 5E) with significant increases in the M1 coefficients at 10 min
and at 24 h after Cxcl10 treatment in both v2h2 and v2h3 cells (Fig. 5F), as did in v2h1 cells.
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Taken together, we concluded that Cxcl10 induced early transient association between Cxcr3
and Egfr in MDA-MB-231 cells, which recurred at a later time only in ING4-deleted cells.

Recurrent colocalization of Cxcr3/Egfr in ING4-deleted MDA-MB-468 cells. We next
examined whether Cxcl10-induced Cxcr3/Egfr colocalization also occurred in MDA-MB-
468 v2 and v2h1 cells. Immunostaining showed that the membrane compartmentalization
of Cxcr3 and Egfr was more pronounced in MDA-MB-468 cells compared to MDA-MB-231
cells; Egfr was predominantly localized to the membrane portions bordering neighboring cells,
whereas Cxcr3 was localized to the membrane portions not in contact with the neighboring
cells in untreated cells (Fig. 6A; a, f, and f inset). As was in MDA-MB-231 cells, the receptor
colocalization was observed at 10 min after Cxcl10 treatment in both v2 and v2h1 cells (Fig.
6A; b and g), which disappeared by 1 h after Cxcl10 treatment (Fig. 6A; c and h) in MDA-MB-
468 cells. However, we did not observe the recurrent colocalization of Cxcr3/Egfr at 24 h after
Cxcl10 treatment in MDA-MB-468 v2h1 cells (Fig. 6A; d and i). We postulated that MDA-MB-
468 cells may have a delayed timeline for Cxcr3/Egfr colocalization recurrence as these cells
grew much slower with a doubling time of 41 h (60), compared to MDA-MB-231 cells with a
considerably shorter doubling time of 27 h (61). We extended the time point and observed
the recurrent colocalization of Cxcr3/Egfr at 48 h after Cxcl10 treatment only in ING4-deleted
MDA-MB-468 cells (Fig. 6A; e versus j). The cell surface expression of Cxcr3 or Egfr reflected in
the pixel intensity measurements did not vary significantly between the time points of Cxcl10
treatment (Fig. 6B). Manders M1 coefficient calculations showed a significant increase in coloc-
alization at 10 min in both v2 and v2h1 cells, while the receptor colocalization recurred at 48 h

FIG 5a
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after Cxcl10 treatment only in v2h1 cells (Fig. 6C). These results do not suggest that the Cxcr3/
Egfr colocalization is related to the cell cycle, but hint at temporal variations of the recurrent
receptor colocalization in different cell lines. Future mapping of the detailed colocalization
timeline may provide insight. Nevertheless, the recurrent colocalization of Cxcr3/Egfr in MDA-
MB-468 v2h1 cells provided supporting evidence that Cxcl10-induced Cxcr3/Egfr colocalization
recurred specifically in ING4-deficient breast cancer cells.

Cxcl10-induced Cxcr3/Egfr colocalization requires Cxcl10 binding to Cxcr3 and
the juxtamembrane domain of Egfr but not the Egfr kinase activity. As Cxcl10-
induced migration of ING4-deleted cells was inhibited by AMG-487 or erlotinib (Fig. 3), we
investigated whether these inhibitors affected Cxcl10-induced Cxcr3/Egfr colocalization.
Immunofluorescent staining of cells treated with Cxcl10 in the presence of inhibitors
showed that Cxcl10-induced receptor colocalization was inhibited by AMG-487 (Fig. 7A;
and c and g), but not by erlotinib (Fig. 7A; d and h) at 10 min in both v2 and v2h1.
Manders coefficient calculations confirmed the significant inhibition of the receptor coloc-
alization by AMG-487 (Fig. 7B). As AMG-487 is a competitive inhibitor of Cxcl10 (53), these
results suggested that a Cxcl10 binding-induced conformation change(s) of Cxcr3 may be criti-
cal for Cxcr3/Egfr association and cell migration. In contrast, erlotinib, an Egfr kinase inhibitor,
had no effect on Cxcl10-induced Cxcr3/Egfr colocalization, indicating that the Egfr kinase activ-
ity was not required for the receptor association, but required for cell migration.

FIG 5 Cxcl10 induces early transient colocalization of Cxcr3 and Egfr, which recurs only in ING4-deleted
MDA-MB-231 cells. (A) Immunofluorescent staining of v2 (vector [a to d]) and v2h1 (ING4 deletion [f to h])
cells treated with 10 ng/ml Cxcl10 for 0, 10 min, 1 h, and 24 h. Higher magnification images selected from
panels a, b, f, g, and h, are shown (a-I, b-I, f-I, g-I, h-I). Cxcr3 (red), Egfr (green), and 49,6-diamidino-2-
phenylindole (DAPI, blue); arrows indicate colocalization (yellow); scale bars represent 40 mm (a to h) and
10 mm (a-I, b-I, f-I, g-I, and h-I). (B) Quantification of the pixel intensity for Cxcr3 (top panel) and Egfr
(bottom panel) relative to DAPI. (C) Quantification of Cxcr3/Egfr colocalization using Manders M1 coefficient
calculations presented in a dot plot. Each dot represents the M1 value of an image. A minimum 8 images
per condition were obtained per experiment and each experiment was repeated at least 3 times. Error bars
represent the standard deviation of the mean M1 value. P values were determined by an unpaired
Student's t test; n.s, not significant. (D) Western blot of Cxcl10-treated cells for ING4, pEgfr, Egfr, and Cxcr3,
using a-tubulin as the loading control. (E) Immunofluorescent staining of v2h2 (ING4 deletion with CRISPR
gRNA h2 [Fig. 2A]) and v2h3 (ING4 deletion using CRISPR gRNA h3 [Fig. 2A]) MDA-MB-231 cells treated with
10 ng/ml Cxcl10 for 0, 10 min, 1 h, and 24 h; Cxcr3 (red), Egfr (green), and DAPI (blue); arrows indicate
colocalization (yellow); scale bars represent 40 mm. (F) Quantification of Cxcr3/Egfr colocalization using
Manders M1 coefficient calculations compared to the M1 values of v2 and v2h1 immunostaining in a box
plot with the median values. The error bars denote maximum and minimum M1 values. Statistical
significance was determined by an unpaired Student's t test; P , 0.01 was considered significant.
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To evaluate whether another mode of Egfr inhibition would disrupt the Cxcl10-induced
Cxcr3/Egfr cross talk, we used SAH-EJ1, a peptide agent that mimics the juxtamembrane do-
main of Egfr, thereby inhibiting Egfr (62). The results showed that SAH-EJ1 inhibited Cxcl10-
induced Cxcr3/Egfr colocalization (Fig. 7C; f), while the SAH-control peptide had no effect (Fig.
7C; e). Manders M1 coefficient calculations confirmed that AMG-487 and SAH-EJ1 significantly
inhibited Cxcr3/Egfr colocalization, compared to Cxcl10-treated and SAH-control peptide
treated cells, respectively, whereas there was no difference in colocalization between Cxcl10-
treated cells and Cxcl10/erlotinib-treated cells (Fig. 7D). These results indicated that the juxta-
membrane domain of Egfr played a major role in Cxcl10-induced two-receptor association,
potentially with SAH-EJ1 exerting a steric and/or conformational hindrance.

SAH-EJ1 inhibited Cxcl10-induced cell migration in a dose dependent manner (Fig. 7E,
dark gray bars at 1 mM and 10 mM) without affecting cell viability (Fig. 7E, right graph).
The inhibition of cell migration by 1 mM SAH-EJ1 was comparable to the inhibition by
1 mM AMG-487 or 100 nM erlotinib (Fig. 7F). Western blotting showed that the Cxcr3 or
Egfr protein amounts were comparable between cells treated with or without the inhibi-
tors, indicating that the inhibitors did not affect protein expression or degradation
(Fig. 7G). Erlotinib at 100 nM decreased amounts of phosphorylated Egfr at Y1068 by 20 to
40% (Fig. 7G) as was shown in Fig. 4C.

In summary, these results indicated that Cxcl10 binding to Cxcr3 and the juxtamem-
brane domain of Egfr played a critical role in the Cxcr3/Egfr receptor association and cell
migration. In contrast, the Egfr kinase activity was required for cell migration but not for

FIG 6 Cxcl10-induced colocalization of Cxcr3 and Egfr recurs in ING4-deleted cells in another triple negative breast cancer cell line, MDA-MB-468. (A)
Immunofluorescent staining of v2 (vector [a to e]) and v2h1 (ING4-deletion [f to j]) cells treated with 10 ng/ml Cxcl10 for 0, 10 min, 1 h, 24 h, and 48 h.
Red, Cxcr3; green, Egfr; blue, DAPI; arrows indicate colocalization (yellow); scale bars represent 40 mm (a to j) and 10 mm (insets). (B) Quantification of the
pixel intensity of Cxcr3 (left panel) and Egfr (right panel) relative to DAPI. (C) Box plot of the Manders M1 coefficient values representing Cxcr3/Egfr
colocalization. P values were determined using an unpaired Student's t test; P , 0.01 was considered significant; n.s, not significant.
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the receptor association, suggesting that Egfr kinase may act downstream of the Cxcr3/
Egfr colocalization for cell migration.

Gbcsubunits downstream of the Cxcr3 are required for Cxcl10-mediatedmigration of
ING4-deleted cells.We next investigated whether the heterotrimeric G subunits down-
stream of Cxcr3 affected Cxcl10-induced cell migration and/or Cxcr3/Egfr colocalization. Cxcr3

FIG 7 Cxcl10-induced Cxcr3/Egfr colocalization is inhibited by AMG-487 or SAH-EJ1 but not by erlotinib. (A) Immunostaining of MDA-MB-231 ING4-intact (v2
[a to d]) and ING4-deleted (v2h1 [e to h]) cells treated with (b to d and f to h) or without (a and e) Cxcl10 for 10 min in the presence of 1 mM AMG-487 (c, g)
or 100 nM erlotinib (d, h). Red, Cxcr3; green, Egfr; blue, DAPI; scale bars represent 40 mm; arrows indicate Cxcr3/Egfr colocalization resulting in yellow
fluorescent signals. (B) Manders M1 coefficients of the images in panel A. M1 values were calculated per image and collected at least 8 images per condition
and presented in a box plot with the median values and error bars representing the minimum and maximum values. *, P , 0.005; **, P , 0.05; n.s, not
significant. (C) Immunofluorescent staining of v2h1 (ING4 deletion) cells treated with (b to f) or without (a) 10 ng/ml Cxcl10 for 24 h in the presence of
inhibitors: 1 mM AMG-487 (c), 100 nM erlotinib (d), 1 mM SAH-cont (e), 1 mM SAH-EJ1 (f). Red, Cxcr3; green, Egfr; blue, DAPI; arrows indicate colocalization
(yellow); scale bars represent 40 mm. (D) Quantification of Cxcr3/Egfr colocalization using Manders M1 coefficient calculation. M1 values obtained from 10 to
12 images were presented in a box plot; (-), no treatment; SAH-cont, SAH-control peptide; P values were determined by an unpaired Student's t test and
P , 0.01 was considered significant; n.s, not significant. (E) Dose-dependent Cxcl10-induced migration by SAH-EJ1. In transwell migration assays, v2h1 cells
were treated with vehicle (-) or 10 ng/ml Cxcl10 in the presence of SAH-control peptide (0.01, 0.1, 1, 10 mM) or SAH-EJ1 (0.01, 0.1, 1, 10 mM). *, P , 1.0E–6 (F)
Inhibition of v2h1 cell migration by 1 mM SAH-EJ1 compared to the inhibition by 1 mM AMG-487 or 100 nM erlotinib. *, P , 0.001. (G) Western blot of v2h1
cells treated with Cxcl10 or Cxcl10/inhibitor for 24 h for pEgfr, Egfr, and Cxcr3, using a-tubulin as the loading control.
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is one of the GPCRs that signal through the heterotrimeric G-protein subunits, Gai and Gbg
(63, 64). We evaluated whether Gai and/or Gbg were required for Cxcl10/Cxcr3-mediated
migration and/or Cxcr3/Egfr colocalization by using inhibitors, pertussis toxin (Gai inhibitor)
and gallein (Gbg inhibitor) (65, 66). Transwell migration assays showed Cxcl10-induced migra-
tion was inhibited by gallein, but not by pertussis toxin (Fig. 8A), indicating Gbg as a down-
stream component of Cxcl10/Cxcr3 signaling for cell migration. Neither gallein nor pertussis
toxin inhibited Cxcl10-induced Cxcr3/Egfr colocalization (Fig. 7B, c to d). Manders coefficient cal-
culations confirmed no significant changes in Cxcr3/Egfr colocalization in cells treated with gal-
lein or pertussis toxin (Fig. 8B graph). These results suggested that Gbgmay be downstream of
the Cxcr3/Egfr receptor colocalization in the Cxcl10-induced migratory signal pathway.

Taken together, we present a working model of Cxcl10-induced migration of ING4-
deleted breast cancer cells (Fig. 9). In this model, (i) Cxcr3 and Egfr are not associated
with each other in the absence of Cxcl10, (ii) Cxcl10 binding to Cxcr3 induces a conforma-
tional change in Cxcr3, which allows Cxcr3 to associate with Egfr, (iii) the Cxcl10/Cxcr3/Egfr
complex activates Egfr kinase and the Gbg subunits simultaneously or sequentially to engage
a downstream component(s) that relays a “cell migratory” signal to the nucleus, (iv) ING4 in
the nucleus inhibits the signal, and (v) in the absence of ING4, the signal leads to recurrent
Cxcr3/Egfr colocalization/signaling that mediates cell migration (see Discussion).

DISCUSSION

In this study, we presented evidence for an inverse functional relationship between
the ING4 tumor suppressor and the Cxcl10 chemokine in breast cancer. In this setting,

FIG 8 Cxcl10/Cxcr3-mediated migration of ING4-deleted cells requires the heterotrimeric Gbg subunits, but
not Gai. (A) Transwell migration assays with MDA-MB-231 v2h1 (ING4 deletion) cells with or without 10 ng/
ml Cxcl10 in the presence of inhibitors: 1 mM AMG-487, 100 ng/ml pertussis toxin (PTX, a Gai inhibitor),
10 mM gallein (a Gbg inhibitor). (B) Immunofluorescent staining of MDA-MB-231 v2h1 cells treated with (a)
or without (b to d) 10 ng/ml Cxcl10 for 24 h in the presence of 100 ng/ml PTX (c) or 10 mM gallein (d).
Red, Cxcr3; green, Egfr; blue, DAPI; arrowheads indicate colocalization (yellow); scale bars represent 20 mm;
quantification of colocalization using Manders M1 coefficient calculation. M1 values obtained from a
minimum 10 images per condition are presented in a box plot; P , 0.01 determined by an unpaired
Student's t test was considered significant; (-), no treatment; n.s, not significant.

FIG 9 A working model of Cxcl10 signaling in ING4-deficient breast cancer cell migration.
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Cxcl10 may exert an oncogenic effect on ING4-deficient tumors, contributing to aggressive
breast cancer. Clinical relevance of ING4-low/CXCL10-high breast cancer was indicated by
our patient survival analyses using public gene expression data sets showing significant
association with poor patient outcomes.

Genomic data sets provide invaluable resources for correlation studies to evaluate
expression of a gene(s) across multiple tumors, but are variable depending on the
cohort size, tumor selection, clinical annotation, and technology platform among many
others. The gene expression data sets used in this study may illustrate such a diversity in the
data sets. The GDS806 data set consists of a selected small cohort of 60 hormone receptor-
positive primary tumors from patients who remained disease-free or relapsed during a 15-
year follow up. As the tumor samples between the disease-free and relapsed patient groups
were matched for clinical profiles and histopathologic tumor characteristics, GDS806 offered
a fine-tuned data set that could be used to compare gene expressions and patient survival
without adjusting for other compounding factors. METABRIC on the other hand, contains
the genomics data from a large cohort of;2,000 primary breast tumors collected from mul-
tiple tumor banks without preset criteria, representing population-based tumor subtype dis-
tributions. The large cohort size provided statistical power, but the correlation may be
blunted in part due to compounding variables. These may in part explain why the signifi-
cant association between ING4-low/CXCL10-high expression and poor patient survival found
in all tumors was not observed when tumors were separated by the molecular subtypes.
Although we suggested in the text that the genetic interaction between ING4 and CXCL10
may not be specific to any molecular subtype(s), it is also possible that the other factors
(e.g., tumor grade, patient age, or lymph node status) may have influenced the correlative
analysis outcomes within each molecular subtype group. Multivariate analyses and/or select-
ing a “matched” tumor cohort to ask a specific correlation between two genes may address
this possibility and are part of our ongoing investigation.

Intriguingly, ING4-low/CXCL10-high tumors were significantly more prevalent in the
molecular subtypes that were hormone receptor-negative tumors. The exact causal
relationship between ING4/CXCL10 expression and the hormone receptor status is unclear.
Since ING4 inhibits NF-kB (36, 41, 42, 67), ING4-deficient tumors are likely to have aberrantly
activated NF-kB in an inflammatory microenvironment, resulting in high expression of
CXCL10. This could explain the prevalence of ING4-low/CXCL10-high tumors in hormone re-
ceptor-negative breast cancers that are often associated with the inflammatory/immune
gene signatures (68). Elevated expression of Cxcl10 may in turn induce migration of ING4-
deficient tumor cells in an autocrine manner. Increased cell migration in vitro often indicates
aggressive cancer phenotype and increased metastatic potential. Although poor patient sur-
vival associated with ING4-low/CXCL10-high tumors is also consistent with the idea of high
metastatic potential, whether Cxcl10 directly promotes metastasis of ING4-deficient tumors
needs to be evaluated in vivo and is part of our ongoing investigation.

In the pursuit of Cxcl10 signaling in ING4-deficient cells, we uncovered a cross talk
between Cxcr3 and Egfr, which elicits many more mechanistic questions that are currently
unclear. Our study showed that Cxcl10-induced Cxcr3/Egfr colocalization was rapid and tran-
sient in both ING4-intact and ING4-deleted cells. How do these two receptors associate and
dissociate? Our current hypothesis is that Cxcl10 binding to Cxcr3 results in a conformational
change in the receptor Cxcr3, exposing a domain that can physically interact with Egfr. The
results that the Egfr juxtamembrane domain peptide agent inhibited the two-receptor asso-
ciation may support the idea of a direct interaction between the receptors. In this setting,
Cxcl10 ligand dissociating from Cxcr3 would rapidly reverse the two-receptor interactions.
Both ligand-bound Egfr and GPCRs have independently been shown to recycle via endocy-
tosis pathways where the ligands are removed from the receptor (2, 69). It is possible that
the Cxcr3/Egfr complex are endocytosed after Cxcl10-induced association and recycled with-
out Cxcl10 in the conformations not favorable for the receptor interaction. However, our
experiments were conducted in the continuous presence of Cxcl10 so that even if the
ligand/receptors dissociated upon recycling, Cxcl10 binding would have induced
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reassociation regardless of the ING4 deletion status. But this was not the case, suggesting
a different mechanism for receptor dissociation/reassociation.

The mechanism of Cxcl10/Cxcr3 signaling would be unquestionably more complex
than as presented in this study. The cross talk mechanism between other GPCRs and
Egfr has been reported with Grk, Src, or b-arrestin as the signaling intermediaries
between the receptors (58). Whether Cxcl10-induced Cxcr3/Egfr cross talk also requires
these “adaptor” molecules needs further investigation. Moreover, since the Egfr kinase
activity was also required for the Cxcr3/Egfr cross talk in migration of ING4-deficient
cells, it would be important to identify the Egfr kinase substrate(s) in this signaling
mechanism. The immediate substrate candidates may include Cxcr3 and/or Gbg. It is
also possible that Egfr phosphorylates the Ga subunit, thereby releasing Gbg from the
inactive Gabg complex. We are currently investigating these possibilites.

Previous studies have shown that Gbg plays a critical role in breast cancer cell migration
or metastasis mediated by GPCRs, including Cxcr4 and LPA receptors (70, 71). There are con-
sistent with our findings that Cxcl10/Cxcr3 signaling requires Gbg. However, the previous
studies showed that Ga was also required in the GPCR-induced cell migration, whereas
Cxcl10/Cxcr3-induced cell migration in our study was not affected by a Ga inhibitor.
These may attest to the diverse signaling pathway network of GPCRs with similarities
and differences in their signaling components. We have not tested whether other GPCRs
(Cxcl12/Cxcr4, for example) induce migration of ING4-deleted cells. These lines of future
investigation may provide insight into the role of ING4 in the regulation of GPCR signaling.
The mechanism of ING4 in the inhibition of Cxc10/Cxcr3 signaling is presently unclear.
Considering that ING4 is a transcriptional regulator, it is postulated that ING4 regulates
expression of a gene(s) critical in the signaling relay from Cxcl10/Cxcr3 to the cell migra-
tory machinery. We are currently pursuing RNAseq to identify relevant genes differentially
expressed in ING4-deleted cells.

Lastly, we have characterized the Cxcr3/Egfr cross talk in two triple-negative breast
cancer cell lines in this study. However, since ING4-low/CXCL10-high expression was asso-
ciated with poor patient outcomes in all tumor types, it is possible that Cxcl10/Cxcr3
interacts with other Egfr family members such as the Her2/neu receptor overexpressed in
the HER2 molecular subtype (72). We are currently investigating whether Cxcr3 and Her2
interact in the context of ING4-deficient cells. Likewise, a large percentage of glioma and
non-small cell lung carcinomas also express Egfr (73, 74). As ING4 is frequently deleted or
downregulated in these cancer types (42, 75, 76), it would be of interest to evaluate the
Cxcl10/Cxcr3/Egfr cross talk in the context of ING4-deficiencies, which may have a
broader implication with regard to diagnostic markers and therapy targets.

In summary, we have demonstrated that Cxcl10 contributes to aggressive breast
cancer in part by inducing migration in cancer cells specifically deficient in the ING4 tumor
suppressor. Cxcl10 signaling required Cxcl10 binding to Cxcr3, which induced the receptor
cross talk between Cxcr3 and Egfr, resulting in a signal relay via Gbg to mediate cell migra-
tion. These results present a novel signaling pathway of Cxcl10/Cxcr3/Egfr/Gbg regulated by
ING4 and suggest that targeting the Cxcl10/Cxcr3/Egfr/Gbg axis may have a potential thera-
peutic benefit in ING4-deficient breast cancer.

MATERIALS ANDMETHODS
Cell Lines and CRISPR/CAS9-mediated gene deletion. MDA-MB-231 and MDA-MB-468 breast can-

cer cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA) and cultured in
Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1�
MEM nonessential amino acids solution (Thermo Fisher Scientific, Waltham, MA). For the CRISPR/CAS9-medi-
ated ING4 gene deletion constructs, four guide RNA (gRNA) sequences targeting ING4 were selected using the
Zhang lab CAS9 target design tools and protocol (43, 44). The sequences were as follows: h1, 59-GATGGCTGC
GGGGATGTATT; h2, 59-CTGAGTATATGAGTAGTGCC; h3, 59-GAGCTCCGAGGAAAAATTGG; and h4, 59-GGCCCTTC
TCAAACAGATCC. Custom-made oligonucleotides (Thermo Fisher Scientific) were cloned into the lentiCRISPRv2
plasmid, referred as “v2” herein, purchased from Addgene (Watertown, MA), constructing v2h1, v2h2, v2h3,
and v2h4. Lentiviral particles were produced by cotransfecting v2 constructs with the viral packaging plasmids,
pVSVg and psPAX2, (Addgene), into HEK293 (F)T cells (ATCC) using Effectene transfection agent (Qiagen,
Germantown, MD). The media containing viral particles were filtered through 0.4 mm syringe filter (Fisher
Scientific, Pittsburg, PA) and used to infect cells in the presence of 1mg/ml Polybrene (Sigma-Aldrich, St. Louis,
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MO). Cells transduced with the viral particles were selected in the media containing 2 mg/ml puromycin
(Sigma-Aldrich) for 10 to 14 days.

Western blot antibodies. Cell lysate fractionation and Western blot were performed as previously
described (36). Antibodies were used against ING4 (BTIM-4 clone, 1:4 [36]; MABE1156, MilliporeSigma,
Burlington, MA), Cxcr3 (MAB-160, 1:1000, R&D Systems, Minneapolis, MN), Egfr (rabbit polyclonal number 2232,
1:1000, Cell Signaling Technology [CST], Danvers, MA), pEgfr (D7A5 rabbit monoclonal, 1:1000, CST), histone H3
(1:5000, CST), and a-tubulin (1:5000, Sigma-Aldrich). HRP-conjugated anti-mouse and anti-rabbit secondary
antibodies were used (1:5000, Thermo Fisher Scientific) and detected using Immobilon ECL Ultra Western HRP
Substrate reagents (MilliporeSigma). Western blot images were acquired and analyzed using the LI-COR
Odyssey Fc Imaging System and the LI-COR software Image Studio Lite (LI-COR Biosciences, Lincoln, NE).

Cell proliferation and migration assays. Cell proliferation assays were performed using sulforhod-
amine B (SRB) staining as described previously (45). Cell migration assays were performed using trans-
well inserts as described previously (36). In brief, 50,000 cells were placed in inserts containing a semi-
permeable membrane with 8 mm-sized pores (Fisher Scientific). Recombinant human Cxcl10 (R&D Systems)
or EGF (Invitrogen, Carlsbad, CA) was dissolved in PBS containing 0.1% bovine serum albumin (BSA, Sigma-
Aldrich). Inhibitors were dissolved in dimethyl sulfoxide (DMSO, Fisher Scientific): AMG-487 (R&D Systems),
erlotinib (Selleck Chemicals, Houston, TX), pertussis toxin (Tocris Bioscience, Bristol, UK), and gallein (Tocris
Bioscience). Cells on the membrane in the inset chamber were removed using a cotton swab and cells on
the bottom side of the membrane were fixed using 100% cold methanol (Fisher Scientific). Fixed cells were
stained with 49,6-diamidino-2-phenylindole (DAPI; Vector Labs, Burlingame, CA) and visualized under a fluo-
rescence microscope. Cell numbers were determined by averaging cell counts from a minimum of 6 field
images per membrane.

Immunofluorescent Staining. Cells were plated on 8-well culture slides (Corning Inc, Corning, NY)
in the full-serum media overnight and treated next day with various agents in the serum-free media. Treated
cells were then fixed with 4% paraformaldehyde (Ted Pella, Inc, Redding, CA) for 20 min, permeabilized with
PBS containing 0.2% Triton X-100 (Sigma-Aldrich) for 5 min, and blocked with 0.2% fish skin gelatin (Sigma-
Aldrich) in PBS for 10 min, followed by incubation with the primary antibodies for Cxcr3 (1:100; R&D Systems)
and/or Egfr (1:100, CST). Rhodamine red-conjugated anti-mouse (1:200) and FITC-conjugated anti-rabbit (1:100)
secondary antibodies purchased from Jackson ImmunoResearch Laboratories (West Grove, PA) were used.
Nuclei were stained with DAPI (Vector Labs) and cells were visualized using a confocal microscope, Zeiss LSM
880 (Zeiss, Oberkochen, Germany). Six to 10 field images were taken per condition at �40 magnification.
Confocal images were processed using the Zeiss Zen 3.1 microscope software and quantification of pixel inten-
sities were determined using the Image J software (https://imagej.nih.gov/ij/). The JaCoP Plugin (https://imagej
.nih.gov/ij/) was used to minimize the background labeling via the threshold selection function and calculate
the Manders coefficients per image (46). In brief, the Manders coefficient M1 and M2 calculations were formu-
lated by Manders et al. and are widely used to determine the fraction of one image channel’s signal that over-
laps with the signal from another channel, where:

M1 ¼

X
i
Ri;colocX
i
Ri

andM2 ¼

X
i
Gi;colocX
i
Gi

Ri,coloc and Gi,coloc represent the intensity of colocalized red and green pixels, respectively, while Ri and Gi are
the total pixel intensities of each channel (47). This method of cooccurrence detection was designed to over-
come the limitations of other colocalization detection methods such as the Pearson’s correlation coefficient,
which is a measure of covariance more appropriate for linear correlations and was shown more optimal for sin-
gle cell measurements rather than field image analysis (48).

Breast tumor gene expression data set and statistical analysis. The GDS806 gene expression data
set (49) was retrieved from Gene Expression Omnibus (www.ncbi.nih.gov). The METABRIC (50, 51) data
set was downloaded from cBioPortal for Cancer Genomics (www.cbioportal.org) and The Cancer
Genome Atlas (TCGA) data set was downloaded as described previously (15). The mean expression val-
ues of each gene were used as the cutoffs for comparing patient survival. Kaplan-Meier survival analyses
were performed using the GraphPad Prism 8 software (GraphPad Software, San Diego, CA). For patient
survival analyses, the log rank test was used; P , 0.05 was considered significant. Relationship between
tumor distributions and molecular subtypes was analyzed using Fisher’s Exact Probability test; P , 0.05
was considered significant. Dot plots and box and whisker plots were used to graph M1 coefficients for immu-
nofluorescent colocalization. For cell assays and immunofluorescent quantifications, an unpaired 2-tailed
Student's t test was used to determine statistical significance; P, 0.01 was considered significant.
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