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Abstract

The inflammatory tissue microenvironment that promotes
the development of breast cancer is not fully understood. Here
we report a role for elevated IL30 in supporting the breast cancer
cell viability and invasive migration. IL30 was absent in normal
mammary ducts, ductules, and acini of histologically normal
breast and scanty in the few stromal infiltrating leukocytes.
In contrast, IL30 was expressed frequently in breast cancer
specimens where it was associated with triple-negative and
HER2' molecular subtypes. In stromal leukocytes found in
primary tumors or tumor-draining lymph nodes, which includ-
ed mainly CD14" monocytes, CD68" macrophages, and
CD33%/CD11b" myeloid cells, IL30 levels increased with dis-
ease stage and correlated with recurrence. A negative correlation
was determined between IL30 expression by nodal stromal
leukocytes and overall survival. In vitro studies showed that

Introduction

Breast cancer is a leading cause of cancer death in women
worldwide (1). Its molecular signature has profound clinical
implications (2), but a critical role has also been established for
the microenvironment in disease progression (3). Microenviron-
mental signals and molecular alterations of cancer may condition
each other and have an impact on tumor behavior (3).
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human recombinant IL30 upregulated expression of a pro-
oncogenic program, including especially IL6 in both triple-
negative and HER2 © breast cancer cells. In triple-negative breast
cancer cells, IL30 boosted a broader program of proliferation,
invasive migration, and an inflammatory milieu associated with
KISS1-dependent metastasis. Silencing of STAT1/STAT3 signal-
ing hindered the regulation of the primary growth and progres-
sion factors in breast cancer cells. IL30 administration in vivo
fostered the growth of triple-negative breast cancer by promot-
ing proliferation and vascular dissemination of cancer cells and
the accumulation of intratumoral CD11b*/Gr1" myeloid cell
infiltrates. Overall, our results show how IL30 regulates breast
cancer cell viability, migration, and gene expression to promote
breast cancer growth and progression and its impact on patient
outcome. Cancer Res; 76(21); 6218-29. ©2016 AACR.

In an attempt to decipher messages released within the breast
cancer microenvironment, we ran into the endogenous expres-
sion of a newly discovered cytokine known as IL30.

Identified as p28, a polypeptide related to IL12A (IL12p35;
ref. 4), IL30 can bind Epstein-Barr virus-induced 3 (EBI3) to form
IL27, which has revealed antitumoral effects in several models
(5, 6), but it also acts as a self-standing cytokine with its own
functional properties (7). It has been shown to bind to, but not
signal via, the receptor (R) chain gp130, thereby antagonizing
signaling via the receptors for IL6 and IL27, resulting in anti-
inflammatory effects (8), but also to signal via IL6R by recruiting
a gp130 homodimer, behaving similarly to IL6 and IL11 and
thus endowed with proinflammatory potential (9). The immu-
nologic functions of IL30 are thus complex and currently under
active investigation, whereas its role in cancer biology is mostly
unknown. As a matter of fact, IL30 has been ascribed with a
tumor-promoting potential. It was shown to suppress the anti-
tumor effects of IL27 in colon cancer and to reduce the survival of
colon cancer-bearing mice (10). Recently, we have provided
evidences that IL30 supports proliferation and gene expression
alteration in prostate cancer cells and that IL30 expression in the
prostate and draining lymph nodes from patients with prostate
cancer is associated with poorly differentiated, high-grade tumor
and metastatic stage of disease (11, 12).

To answer the question of whether IL30 has a role in breast
cancer, we investigated its expression in breast and axillary nodes
from patients with different molecular classes of breast cancers
and correlated molecular data with clinical-pathologic para-
meters. Results from in vitro and in vivo experiments shed a light
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on the mechanisms underlying the implication of IL30 in breast
cancer development and progression.

Materials and Methods

Ethics statement

Animal experiments were performed according to the Italian
Legislative Order January 27, 1992, n.116, and the EC Directive
86/609, OJL 358, December 1, 1987. Written informed consent
was obtained from patients. The study was performed in accor-
dance with the principles outlined in the Declaration of Helsinki
and approved by the Ethical Committee of the "G. d'Annunzio”
University and Local-Health-Authority of Chieti, Italy.

Patients and samples

Normal and malignant breast samples and axillary lymph
nodes came from 156 untreated women who underwent sur-
gery for breast cancer at the "SS. Annunziata Hospital", Chieti,
between June 1, 2000 and November 31, 2011. Breast cancer
molecular subtypes were classified according to the St. Gallen
International Expert Consensus as follows: luminal A [estrogen
receptor (ER) " and/or progesterone receptor (PR)* and Ki-67 <
20%]; luminal B (ER' and/or PR*, which can be further
distinguished in Ki-67 > 20%, or HER2" tumors); HER2" (ER~,
PR™, and HER2%); triple-negative (ER-, PR, and HER2").
Patients' clinical-pathological characteristics are shown in Table
1. Details on sample collection and processing are provided in the
Supplementary Methods.

Cell culture, flow cytometry, and MTT assay

MDA-MB-231, SK-BR-3, MDA-MB-361, and T47D cells were
from the ATCC, which performed their characterizations by short
tandem repeats profile analysis. The cells were passaged for fewer
than 6 months after resuscitation. MDA-MB-231 and SK-BR-3
were cultured in RPMI-1640, 10% FCS. MDA-MB-361 and T47D
were cultured in DMEM low glucose, 10% FCS. hrIL30 (IL27p28,
Abnova) was used at 200 ng/mL, following titration experiments
using 10 to 200 ng/mL. IL30R expression, apoptosis, and prolif-
eration in human (h) breast cancer (BRCA) cells were assessed as
described in the Supplementary Methods.

STAT1 and STAT3 knockdown

Silencing of STAT1 and STAT3, in MDA-MB-231 cells, was
performed using the FlexiTube GeneSolution (Qiagen). Two
siRNAs, for each transcription factor, with the highest knock-
down efficiency, were selected, as reported in the Supplemen-
tary Methods.

Migration and invasion assays
CytoSelect Cell Migration and Invasion Assay Kit (Cell Bio-
labs) was used as described in the Supplementary Methods.

Real-time RT-PCR and PCR arrays

The real-time RT-PCR was carried out on human breast
tissues and on IL30-treated and untreated hBRCA cell lines, as
described in the Supplementary Methods.

Western blotting

Western blotting was performed to assess STATI and STAT3
knockdown in MDA-MB-231 cells, as described in the Supple-
mentary Methods.

www.aacrjournals.org
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Mouse studies

The optimal conditions for in vivo studies were assessed as
described in the Supplementary Methods. Two groups of 8
animals were subcutaneously injected unilaterally with 1.5 x
10° MDA-MB-231 cells in the fourth abdominal fat pad. One
group was treated subcutaneously with biweekly doses of hrIL30
(1 ug dose/mouse), starting 2 days after tumor cell inoculation.
The control group was treated with PBS according to the same
schedule. The mice were sacrificed at day 19, when signs of poor
health became evident. Tumor masses were removed and mea-
sured and then formalin-fixed or snap-frozen for histopathologic
analyses.

Immunohistochemistry

Immunohistochemical analysis was performed as described
in the Supplementary Methods, using the antibodies listed in the
Supplementary Table S1. Double and triple immunohistochem-
istry was performed as reported (11). Proliferation index, micro-
vessel, and immune cell counts were assessed at 400x ina 0.180-
um? field. At least 3 samples (3 sections per sample) and
6 to 8 randomly chosen fields per section were evaluated. Results
are expressed as mean + SD of positive cells per field (or Ki-67-
positive cells per number of total cells) evaluated on paraffin-
embedded (Ki-67, CD11b/Gr1) or frozen (CD31, Ly6G, Mac-1,
Asialo GM1) sections by immunohistochemistry.

Morphometric analyses

IL30 expression by primary tumours (T) or lymph node metas-
tases was evaluated according to the following criteria: (i) the
widening of the staining expressed as the percentage of tumor or
metastasis stained thatis, <50%, >50% < 70%, and >70% and (ii)
the strength of the staining defined as absent (-), slight (%),
distinct (+), or strong (+-+).

Thus, IL30 immunostaining was defined as positive, weakly
positive, or negative, as specified in the Supplementary Methods.

Tumor (T)-infiltrating leukocytes (ILK) or lymph node
(LN)-ILK expression of IL30 was evaluated using the following
score on the basis of (i) the percentage of leukocyte expressing the
cytokine, that is, <50%, > 50% < 70% and > 70% and (ii) the

Table 1. Characteristics and outcomes of the sample

Overall sample

Baseline characteristics (N = 156)
Mean age (SD), y 59.0 (1.5)
Histotypes, %
Ductal carcinoma 39.7
Lobular carcinoma 16.7
Others 43.6
Molecular classes, %
HER2" 17.9
Luminal A 314
Luminal B 359
Triple-negative 14.7
HER2 expression, % 32.0
Stage, %
IA 37.8
IIA or IIB 28.2
1A or IlIB or 1IIC 34.0
Lymph node metastases, % 51.9
Outcomes
Mean follow-up duration (SD), y 6.8 (2.5)
Cancer relapse, % 35.9
Death, % 26.9
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strength of the cytokine staining, which was defined as absent (-),
scarce (+), distinct (+), or strong (++).

Thus, IL30 expression by T-ILK or LN-ILK was defined as
strong, distinct, or scanty, as specified in the Supplementary
Methods

The immunostained sections were examined by 2 patho-
logists with very good agreement (x = 0.82, 0.75, and 0.79
for evaluations of IL30 staining in T, T-ILK, or LN-ILK,
respectively).

Statistical analysis

The levels of IL30 expression were determined: (i) in tumor
cells of breast cancers; (ii) in T-ILK; and (iii) in LN-ILK. We
evaluated the potential association between each of the 3 mea-
sures of IL30 expression with all the other baseline variables using
Fisher exact test for categorical variables and ¢ test for continuous
ones. The potential association between IL30 levels and cancer
recurrence or death during the follow-up was investigated as
described in the Supplementary Methods.

A Normal breast

AT X SRt

. G 7 4 ke
r}ﬂ-‘ e i \‘; s _'[.:-'-' :
1130 %.€5 %

;?;::I:l:{ﬁ"lest'is L
s lno \-’3

.F X
[IL30CDE8_

B Breast draining LN
A

Metastatic breast Ca d

i

oA e
IL30CD33

Figure 1.

Tumor volumes were reported in mm? versus time. Differences
in tumor volume, proliferation index, microvessel density, and
counts of immune cells between tumors from hrIL30- and PBS-
treated mice were assessed by Student t test, and data were
reported as mean + SD. The SPSS software, version 11.0 (IBM)
was employed, with P < 0.05 as the significance cutoff.

Results

IL30 expression by breast cancer and BRCA-ILK is associated
with triple-negative and HER2" tumors

To assess whether the breast cancer microenvironment
might be characterized by IL30 expression, we first performed
immunohistochemical analyses of breast tissues and axillary
lymph nodes from 156 untreated women who underwent
surgery for breast cancer (Table 1) and from control subjects,
by using a mADb specific against the p28 subunit of 1L27. IL30
was absent in normal mammary ducts, ductules, and acini of
histologically normal breast samples (from both patients with

Overall survival (probability)
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Expression of IL30 in breast tissue and draining lymph nodes. A, IL30 (brown) was almost absent in normal breast tissue, whereas it was expressed in
breast cancer (HER2" ductal carcinoma) by cancer cells (top middle) or by ILK (triple-negative ductal carcinoma; top right) and in their lymph node
metastasis by cancer cells (bottom middle) or ILK (bottom right), mainly identifiable as CD68" macrophages (red; bottom left) shown at x1,000,

in the inset (x400). H&E, hematoxylin and eosin. Scale bars, 30 um. B, IL30 expression was scanty in normal breast draining lymph nodes, scanty to
distinct in lymph nodes draining breast cancer stage IA, whereas it was strong in lymph nodes, with or without metastasis (MET), draining breast cancer stage
1A, Expression of IL30 (brown) in the lymph nodes draining metastatic breast cancer, colocalized with CD14™ cells (red; top right), and mainly with CD33"
cells (red; inset in the bottom left), most of which coexpressed CD1lb (blue), as shown in brick red (bottom right, x630; x400). Scale bars, 20 um
(bottom right); 30 um (the remaining panels). C, Kaplan-Meier estimates for all stages of patients with breast cancer (n = 156) classified by level

of IL30 expression in LN-ILK, "scanty” (n = 63), "distinct” (n = 53), and "strong" (n = 40).
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breast cancer and controls) and scanty in the few stromal ILK.
In contrast, IL30 expression was frequent (ranging from pos-
itive to weakly positive) in the neoplastic epithelia of the
majority (114 of 156; 73%) of breast cancers (Fig. 1A, Sup-
plementary Table S2) with confirmation at the transcriptional
level by real-time RT-PCR.

IL30 expression by the neoplastic epithelial component of the
primary tumors involved most of the tumors belonging to
the poorer prognosis molecular classes, specifically 89.3% of the
HER2" and 87.0% of triple-negative subtypes. In contrast, Fisher
exact test revealed that the luminal A subtype included a signif-
icantly lower percentage of IL30-positive breast cancers (61.2%).
Taken as a whole, the HER2" breast cancers (which include those
belonging to HER2™" class and the luminal B HER2" subtype)
include a significantly (P < 0.05) higher percentage of IL30-
positive tumors (84%) than the HER2™ breast cancers (67.9%;
Supplementary Table S2).

A distinct to strong IL30 expression in BRCA-ILK, mostly
represented by CD68" macrophages, CD14" monocytes, and
CD33" myeloid cells, involved 73 of 156, that is, 46.7%, of all
breast cancers (Fig. 1A, Supplementary Table S3), most of them
belonging to triple-negative or HER2™" subtypes. A significant
difference (P < 0.05) was disclosed in the percentage of tumors
endowed with a distinct to strong expression of IL30 by BRCA-ILK
between the triple-negative (65.2%) or HER2" (64.3%) breast
cancers and the luminal A subtype (30.6%). The vast majority
(69.4%) of breast cancers included in this molecular class was
characterized by a scanty leukocyte expression of IL30, which was
comparable to that observed in normal breast tissues (Supple-
mentary Table S3).

Interleukin-30 Involvement in Breast Cancer

IL30 expression by leukocytes infiltrating breast cancer and
draining lymph nodes correlates with the stage of disease

The proportion of breast cancers infiltrated by IL30-expres-
sing leukocytes increased with the stage of disease. IL30 expres-
sion increased significantly (P < 0.05) in stage II versus stage I
and in stage III versus stage I, which mostly included tumors
(67.8%, Supplementary Table S3) and draining nodes (62.7%,
Table 2) endowed with a scanty IL30 expression by infiltrating
leukocytes, which was comparable to that observed in normal
breast and control lymph node tissues. Moreover, in multivar-
iable analysis, a significant association was disclosed between
IL30 expression by both BRCA-ILK and LN-ILK and disease stage
(Supplementary Table S4). Interestingly, a distinct-to-strong
leukocyte expression of IL30, in both primary tumor and
draining lymph nodes, was significantly (P < 0.001) associated
with the presence of lymph node metastasis (Fig. 1A, Supple-
mentary Table S3, and Table 2). IL30 production, which mostly
colocalized with CD68" macrophages, CD14* monocytes, and
CD33"/CD11b" myeloid cells, was wider and stronger in the
lymphatic sinuses of lymph nodes draining metastatic breast
cancer, whether they harbor the metastasis or simply drain the
metastatic tumor, than in lymph nodes draining nonmetastatic
BRCA (of any stage) or in control nodes (Fig. 1B).

Expression of IL30 in breast cancer draining lymph nodes is
associated with disease recurrence and correlates with
mortality at the multivariate analysis

Univariate analyses revealed that high level (ranging from
distinct to strong) of IL30 expression by LN-ILK was significant-
ly (P < 0.001) associated with disease recurrence, as 80.4%

Table 2. Characteristics and outcomes by levels of IL30 expression in leukocytes infiltrating lymph nodes

IL30 expression

Scanty (n = 63) Distinct (n = 53) Strong (n = 40) Distinct or strong (n = 93) P?
Mean age (SD), y 55.8 (9.7) 62.0 (12.4) 60.2 (11.8) 61.2 (12.1) 0.004
Histotypes, %
Ductal carcinoma 40.3 30.7 29.0 59.7
Lobular carcinoma 42.3 46.2 n5 57.7
Others 39.7 324 27.9 60.3
Molecular classes, %
Luminal A 46.9 32.7 20.4 531
Luminal B 411 30.4 28.6 58.9
HER2* 35.7 321 321 64.3
Triple-negative 30.4 47.8 21.7 69.6
HER2 expression, %
HER2™ 453 311 23.6 54.7
HER2" 30.0 40.0 30.0 70.0
Stage, %
IA 62.7 322 5.1 373
IIA or IIB 36.4 29.6 341 63.6 <0.05°
IIIA or 1IIB or IlIC 18.9 39.6 415 811 <0.05°
Lymph node metastases, % <0.001
No 62.7 29.3 8.0 37.3
Yes 19.8 383 42.0 80.3
Outcomes
Mean follow-up duration (SD), y 7.4 (2.1 6.2 (2.4) 6.6 (2.9) 6.4 (2.6)
Cancer recurrence, % <0.001
No 52.0 32.0 16.0 48.0
Yes 19.6 375 42.9 80.4
Death, % <0.001
No 491 333 17.5 50.9
Yes 16.7 35.7 47.6 83.3

NOTE: Nonsignificant P values have not been reported.
@Fisher exact test for categorical variables; t test for continuous ones.
bVersus Stage IA.
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(45 of 56) of relapsing patients had high levels of IL30 expression
in their cancer draining axillary lymph nodes. Furthermore,
83.3% (35 of 42) of patients who died from cancer had elevated
IL30 expression levels in their cancer draining lymph nodes.
In Kaplan-Meier survival curves, the overall survival prob-
ability gradually decreased when IL30 expression by LN-ILK
progressed from scanty, distinct to strong (Fig. 1C). The difference
between the overall time of survival of patients with scanty versus
distinct or strong IL30 expression by LN-ILK was significant at
log-rank test (P < 0.001). The Cox proportional hazard model,
adjusted for age, histotype, molecular class, HER2 expression,
stage, and lymph node metastasis, showed a significant associa-
tion between a strong IL30 expression by LN-ILK and breast
cancer-related mortality [adjusted HR, 2.52; 95% confidence
interval (CI), 1.03-6.13; Table 3].

Triple-negative and HER2 " breast cancer cell lines express
IL30R and IL30 treatment regulates their expression of breast
cancer-associated genes

To investigate the effects of IL30 on breast cancer cells,
we first tested by flow cytometry the expression of gp130
and IL6Ro, the two IL30 receptor chains, in cell lines repre-
sentative of the major breast cancer subtypes. MDA-MB-231
(triple-negative), SK-BR-3 (HER2"), MDA-MB-361 (luminal B
HER2%), T47D (luminal A) cells expressed both receptor
chains, although at different levels (Fig. 2A). MDA-MB-231
cells were 86% gp130" and 98% IL6Ro;*, SK-BR-3 cells were

90% gp130" and 99% IL6Ro", MDA-MB-361 cells were 24%
gp130*" and 99% IL6Ra", T47D cells were 65% gp130" and
99% IL6Ra.". Because of their highest expression of both IL30R
chains, we then selected MDA-MB-231 (triple-negative) and
SK-BR-3 (HER2™") cell lines for subsequent in vitro experiments.

MDA-MB-231 and SK-BR-3 cells were cultured in the presence
or absence of hrIL30, at different time points, and tested for
proliferation and apoptosis. IL30 was ineffective on tumor cell
survival but increased proliferation particularly in MDA-MB-231
cells, which revealed a significant (P < 0.05) proliferative response,
by MTT assay, starting from 48-hour treatment with 200 ng/mL of
cytokine (Fig. 2B). We then assessed the ability of IL30 to regulate,
inboth cell lines, the expression of breast cancer-associated genes.
Breast cancer PCR-Array (Fig. 2C) revealed that hrIL30 signifi-
cantly upregulated, in both MDA-MB-231 and SK-BR-3 cells, the
proto-oncogenes MYC (3.64 and 5.49 times) and MUC1 (3.32
and 4.98 times), along with genes coding for growth factors such
as EGF (7.29 and 4.97 times) and VEGF-A (8.46 and 5.72 times),
and the proinflammatory cytokine IL6 (19.23 and 5.57 times),
but it also upregulated some tumor suppressor genes, namely
CDKN1A/p21 (12.84 and 3.16 times, respectively; ref. 13),
CDKN1C/p57 (3.85 and 5.97 times; ref. 14), and CDH13
(4.72 and 3.72 times; ref. 15). Other genes were differently
regulated by IL30 in the 2 cell lines. In particular, ADAM?23, APC,
CCNA1, CDKN2A, CTINNB1, GSTP1, ID1, KRT18, MAPKS,
MKI67, MMP9, NME1, XBP1, RB1, SLC39A6, and PTEN were
upregulated only in SK-BR-3 cells, whereas in MDA-MB-231 cells,

Table 3. Crude and adjusted HR of breast cancer recurrence and related death by each variable in Cox proportional hazard models

Cancer recurrence Death
Crude HR Adjusted HR® Crude HR Adjusted HR?
(95% Cl) (95% Cl) P? (95% Cl) (95% Cl) P?
Age, 1-year increase 1.02 (0.99-1.05) 1.02 (1.00-01.05) 0.046 1.03 (0.99-1.06) 1.02 (0.99-1.05) 0.2
Histotypes, %
Ductal carcinoma 1 (ref. cat.) 1 (ref. cat.)
Lobular carcinoma 1.06 (0.52-2.18) 1.23 (0.55-2.71)
Others 0.66 (0.36-1.21) 0.76 (0.38-1.53)
Molecular classes, %
Luminal A 1.07 (0.48-2.37) 118 (1.45-3.05)
Luminal B 0.91 (0.41-1.99) 0.90 (0.35-2.33)
HER2™ 1 (ref. cat.) 1 (ref. cat.)
Triple negative 0.83 (0.30-2.36) 118 (0.38-3.67)
HER2 expression 1.17 (0.67-2.04) 1.25 (0.65-2.38)
Stage, 1-stage increase 2.74 (1.87-4.01) 2.83 (1.92-4.19) <0.001 3.78 (2.29-6.24) 3.69 (2.23-6.11) <0.001
Lymph node metastases 5.68 (2.77-1.7) 10.1 (3.61-28.4)
IL30 expression in breast cancer cells (primary tumor)
Negative 1 (ref. cat.) 1 (ref. cat) - 1 (ref. cat.) 1 (ref. cat.) -
Weakly positive 0.78 (0.41-1.47) 0.91 (0.48-1.73) 0.8 0.66 (0.33-1.36) 0.92 (0.45-1.89) 0.8
Positive 0.67 (0.32-1.39) 0.64 (0.31-1.32) 0.2 0.61 (0.27-1.38) 0.74 (0.33-1.67) 0.5
Weakly positive or positive vs. negative 0.74 (0.41-1.33) 0.79 (0.44-1.43) 0.4 0.64 (0.33-1.24) 0.85 (0.44-1.64) 0.6
IL30 expression in BRCA-ILK
Scanty 1 (ref. cat.) 1 (ref. cat.) - 1 (ref. cat.) 1 (ref. cat.) -
Distinct 1.64 (0.92-1.92) 1.31(0.73-2.34) 0.4 1.97 (1.01-3.83) 1.86 (0.94-3.69) 0.08
Strong 172 (0.79-3.75) 0.95 (0.43-2.10) 0.9 2.37 (0.98-5.75) 1.60 (0.65-3.88) 0.3
Distinct or strong vs. scanty 1.66 (0.97-2.83) 1.19 (0.68-2.06) 0.6 2.07 (11-3.84) 1.77 (0.94-3.34) 0.08
IL30 expression in LN-ILK
Scanty 1 (ref. cat.) 1 (ref. cat.) - 1 (ref. cat.) 1 (ref. cat.) -
Distinct 2.61 (1.24-5.47) 1.51 (0.69-3.30) 0.3 3.46 (1.40-8.54) 2.00 (0.79-5.07) 0.14
Strong 4.07 (1.99-8.35) 1.90 (0.88-4.10) 0.1 5.47 (2.31-13.0) 2.52 (1.03-6.13) 0.042
Distinct or strong vs. scanty 3.25 (1.67-6.32) 1.70 (0.83-3.46) 0.15 4.40 (1.95-9.95) 2.27 (0.98-5.27) 0.06

Abbreviation: Ref. cat., reference category.

2Cox proportional hazard analysis including 156 observations. With the exception of age and IL30, which were forced to entry, and lymph node metastasis, which was
excluded because of multicollinearity with stage, only the covariates that were significant at univariate analyses were included. Six different models were fit, each
including 1 of the 6 IL30 variables (IL30 expression in T, either using dummy variables or dichotomized; IL30 expression in T-ILK, either using dummy variables or
dichotomized; IL30 expression in LN-ILK, either using dummy variables or dichotomized), with all other covariates remaining stable.
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the hrIL30 treatment boosted expression of the oncogene that
increases ERBB2 phosphorylation, namely GRB7 (4.5 times;
ref. 16), but also of CSF1 (9.49 times) and, most of all,
PTGS2/COX2 (14.46 times), which belongs to the set of genes
that characterize and mediates breast cancer metastasis to the lung
(17). A set of tumor suppressor genes, which includes PTEN (4.29
times; ref. 18), RARB (7.56 times; ref. 19), RASSF1 (4.46 times;

Interleukin-30 Involvement in Breast Cancer

ref. 20), SLIT2 (5.26 times; ref. 21), and particularly TP73 (10.09
times; ref. 22) were consistently downmodulated.

Locally administered hrIL30 boosts the expression of breast

cancer-associated genes and promotes tumor growth in vivo
To assess whether and how IL30 may condition in vivo

breast cancer microenvironment, MDA-MB-231 cells, which
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unlike SK-BR-3 cells, displayed tumorigenic capability in
several strains of mice, were orthotopically injected in NSG
mice and locally treated with hrIL30 or PBS (controls). Nine-
teen days after their implantation, MDA-MB-231 cells gave rise
to tumors, which were significantly wider in mice treated with
hrIL30 than in the controls [Fig. 2D; P = 0.0003, mean tumor
volume (mtv) in IL30-treated mice vs. controls: 169.8 vs.
105.4 mm®] and were characterized by an increased cancer
cell proliferation index (hrIL30-treated tumors: 68.4% =+ 9.0%
versus PBS-treated tumors: 43.0% =+ 8.5%; P < 0,05) and an
evident upregulation of CSF1, EGF, VEGF-A, most of all IL6
and PTGS2/COX2, along with a downregulation of PTEN and
TP73 (Fig. 2E and F).

hrIL30 regulates angiogenesis-related genes, favors abnormal
vascular budding, and promotes endovascular tumor cell
aggregates

Despite the ability of hrIL30 to upregulate IL6 and VEGF-A
production by breast cancer cells, the number of intratumoral
microvessels remained substantially unchanged in the treated
tumors when compared with controls (9.7 + 3.6 vessels per field
in hrIL30-treated tumors vs. 7.0 & 2.8 in control tumors). Their
features, however, were quite aberrant. They were mainly formed
by ectatic endothelial branches, backed by a faint laminin net-
work, and frequently clogged by wide tumor cell emboli (Fig. 3A).
This observation led us to assess whether IL30 may affect
the tumor vascular architecture by modulating tumor cell expres-
sion of angiogenesis-associated genes. Angiogenesis PCR-Array
revealed a substantial upregulation of PECAM1, by 47.35 times,
in hrlL30-treated breast cancer cells when compared with
controls.

hrIL30 upregulation of IL6 (by 12.7 times) and VEGF-A (by
4.98 times), already revealed by breast cancer PCR-Array, was
confirmed by angiogenesis gene expression analyses, whereas a
variety of additional genes were upregulated including ANG (5.32
times), LEP (11.82 times), and TYMP (10.89 times). Specific
antiangiogenesis genes were also upregulated, such as CXCL10/
IP10 (19.73 times) and COL18A (4.44 times). Together with
PECAM1, however, the most tightly upregulated genes were those
coding for CXCL1 (112.47 times), IL1B (83.14 times), and IL8
(57.82 times). Expression of FGF1 and S1PR was slightly down-
modulated by 3.99 and 3.51 times, respectively (Fig. 3B).

Immunohistochemical analyses of tumors from hrIL30-treated
mice confirmed the ability of IL30 to induce PECAM1 expression
on cancer cells (Fig. 3C) and boost their production of CXCL1,
IL1B, and IL8. hrIL30 conditioned tumors were mildly enriched in
CD11b*/CD18" macrophages, Ly6G neutrophils, and asialo
GM17" natural killer (NK) cells, and consistently (P < 0,05)
infiltrated by myeloid CD11b"/Gr1™" cells in comparison with
controls (Fig. 3D-F).

Interleukin-30 Involvement in Breast Cancer

STAT1/STATS3 silencing hinders hrIL30-induced expression of
critical tumor growth and progression factors in triple-negative
hBRCA cells

Because the gp130 engagement activates the Janus family
kinases and leads to the recruitment and phosphorylation of
STAT1/3, we assessed phospho-STAT1 and phospho-STAT3 in
hrIL30-treated versus control tumors and found they were
both upregulated following treatment (Fig. 4A). We then
knocked down, with specific siRNA, these transcription factors
in MDA-MB-231 cells (Fig. 4B) to investigate their involve-
ment in IL30-dependent boosting of the main tumor growth/
progression mediators. Silencing of STAT3 substantially (P <
0.05) hampered hrIL30-dependent expression of CXCL1 (low-
ered by 3.19 times) and CSF1 (by 3.14 times) and abolished
IL1B, IL6, IL8, PTGS2/COX2, and MYC upregulation, whereas
STAT1 knockdown heavily hindered IL8 (by 8.40 times) and
PTGS2/COX2 (by 3.65 times) upregulation in MDA-MB-231
cells (Fig. 4C).

IL30 promotes breast cancer cell migration and invasiveness
and regulates matrix metalloproteases expression, stemness,
and metastasis-associated genes

Because the endogenous expression of IL30 by LN-ILK,
independently of whether lymph nodes were sites of metasta-
sis, was closely associated with the development of lymph node
metastasis, we next investigated the ability of IL30 to affect
breast cancer cell migration and invasiveness, two processes
required for metastasis. MDA-MB-231 cells displayed an
increased (P < 0.05) migration capability toward the cytokine
conditioned media when compared with media alone and also
revealed an increased invasion across the Matrigel-coated
inserts (Fig. 4D and E).

Assessment of proteolytic enzymes in hrIL30-treated
MDA-MB-231 cells, by angiogenesis PCR-Array, revealed a
significant increase in the expression of MMP14 by 5.39 times,
whereas the expression of ADAM23, CST6, CTSD, MMP2,
MMPY, PLAU, and PYCARD remained substantially unchanged.
We next extended our analyses to additional sets of genes
critically involved in cancer cell invasiveness and motility,
namely, metastasis suppressors (KISS1, PEBPI1/RKIP, KAIl/
CD82, MAP2K4, MAP2K7, NDRGI; ref. 23), pluripotency and
epithelial-to-mesenchymal transition (EMT) genes (SNAII,
SNAI2, ZEB1, ZEB2, TWIST1, TWIST2, N-CADH, E-CADH;
ref. 24). hrIL30 treatment of MDA-MB-231 cells resulted in a
significant downregulation of KISS1 (by 5.03 times, at tran-
scriptional level), which were confirmed in vivo by immunos-
taining (Fig. 4F). The expression of EMT transcription factors
remained substantially unchanged, whereas within the pluri-
potency genes (NOTCH1, OCT4A, SHH, KLF4, BMI1, CD44vo6,
YAP1, WWTR1), expression of SONIC HEDGEHOG (SHH) was

Figure 3.

Effects of hrIL30 treatments in breast cancer cells and xenograft. A, hematoxylin and eosin (H&E) and immunostainings revealed that microvessels
supplying hrlL30-treated tumors were ectatic and backed by a faint laminin and collagen (insets) network. Anti-mouse CD31 immunostaining in both
paraffin-embedded and frozen sections showed vessels clogged by tumor cell emboli (arrows; x400). Scale bars, 30 um. B, fold differences of individual
MRNAs between MDA-MB-231 cells cultured with or without 200 ng/mL hrlL30. Pooled results 4+ SD are from two experiments performed in duplicate. A
significant threshold of 3-fold change in gene expression corresponded to P < 0.001. C, expression of CXCL1, IL1B, IL8, and PECAMI (inset at x1,000) in
hrIL30-treated versus PBS-treated tumors (x400). Scale bars, 30 um. (Anti-hPECAMI staining; x630). Scale bars, 20 um. D, immune cell infiltrates in
hrIL30-treated versus PBS-treated tumors. Results are expressed as mean + SD of positive cells/field evaluated by immunohistochemistry. *, values
significantly (P < 0.05) different from corresponding values in control tumors. E, CD11b™/Gr1* and granulocyte infiltrates in hrlL30-treated versus PBS-treated
tumors (x400). Scale bars, 30 um. F, macrophage and NK cell infiltrates in hrlL30-treated versus PBS-treated tumors (x400). Scale bars, 30 um.
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consistently upregulated by hrIL30 treatment at the transcrip-
tional level, in vitro (10.09 times), and at the protein level,
in vivo, as revealed by immunohistochemical analyses of IL30-
treated versus control tumors (Fig. 4F).

Discussion

The awareness that the microenvironment is a critical determi-
nant of tumor behavior (1) urges the discovery of signaling
molecules upstream the inflammatory cascade driving cancer
behavior, clinical outcome, and response to therapy (2, 3).

We identify IL30 as a cytokine able to condition, in an autocrine
or paracrine manner, gene expression profile, at times the viabil-
ity, motility, and invasiveness of breast cancer cells and to generate
an inflammatory and prometastatic milieu supporting tumor
growth and progression.

Although IL30 expression by both breast cancer and infiltrating
immune cells is tightly associated with triple-negative and HER2*
subtypes, suggesting this cytokine as part of a worst prognosis
signature, strong IL30 production by LN-ILK is linked with
metastasization and advanced disease stage, independently of
the molecular subtype of breast cancer. These observations, which
support the previously proposed protumoral function of 1L30
(10-12), led us to gain further insight into the molecular and
cellular mechanisms involved.

Association of IL30 expression by monocytes, macrophages
and myeloid-derived suppressor cells in cancer draining lymph
nodes with disease recurrence at univariate analysis, and with
mortality at the multivariate analysis, candidates this cytokine as a
novel independent predictor of poor clinical outcome in breast
cancer and corroborates the prometastatic role of myeloid cells
(25). These cells, probably attracted by CSF1, IL8, and CXCL1,
which are considerably upregulated in cancer cells by IL30 stim-
ulation, may function as both target and source of IL30 and as a
main ally in orchestrating cancer cell migration and homing at
distant site.

In breast cancer, overexpression of CSF1 and its receptor
correlates with poor prognosis. CSF1 promotes breast cancer
malignancy and invasiveness and with the cooperation of EGF,
also upregulated in cancer cells by IL30, may lead to a prom-
inent myeloid cell infiltration (26, 27) in IL30 conditioned
tumors.

IL8, which increases more than 50 times in the IL30-treated
triple-negative breast cancer cells, stimulates migration, invasion,
intravasation, and favors metastasization (28). It has been recent-
ly identified as the single most important risk factor of poor
prognosis in the triple-negative breast cancers (29) and the most
upregulated within the genes included in the "invasion gene
signature.” Along with IL6, it is involved in the self-seeding of
breast cancer, which is relevant for tumor growth and breeding of
metastatic cell progenies (30). Boosted by IL30, with which it
shares both receptor chains (9), IL6 production by cancer cells
may act in an autocrine or paracrine manner to promote tumor
growth (30). Aberrantly elevated IL6 is associated with a poor
prognosis in breast cancer (31).

GRO1/CXCL1, which increases more than a 100-fold in IL30-
treated triple-negative breast cancer cells, is implicated in
invasion and infiltration. Its expression, along with that of
PTGS2/COX2, also strongly induced by IL30, is associated
in breast tumors with priming of breast cancer cells for seeding
of the lungs (17) and is predictive of poor prognosis. It has

6226 Cancer Res; 76(21) November 1, 2016

been recently reported to be central, through the recruitment
of tumor feeding myeloid cells, to the mechanism linking
chemoresistance to the resumption of tumor growth and devel-
opment of metastasis (32). The substantial production of
CXCL1 as well as that of IL6 and IL1B (33, 34) may account
for the prominent CD11b*/Gr1* myeloid cell infiltrate of
IL30-treated tumors, although a direct chemotactic effect
of IL30 cannot be ruled out at present.

Overexpression of IL1B has been described in solid tumors,
including breast cancer. Greatly upregulated by IL30, it is an
upstream cytokine, which initiates and propagates inflammation,
induces stabilization of ILSmRNA and regulates migration of
MDA-MB-231 cells (35).

Knockdown of STAT3 in these cells abolishes the ability of
IL30 to induce IL1B, IL6, IL8, PTGS2/COX2, and MYC expres-
sion and heavily hampers CXCL1 and CSF1 upregulation, thus
confirming these genes as STAT3 targets also in this system,
whereas STAT1 silencing hinders IL30-mediated upregulation
of IL8 and PTGS2/COX2 (36, 37). Thus, most of the protu-
moral effects of IL30 seem to be essentially mediated by STAT1/
3 phosphorylation and activation, which clearly increase in
IL30 conditioned tumor.

The close association between IL30 expression and lymph
node metastasization in patients with breast cancer, most
probably rests on both the ability of IL30 to directly favor
cancer cell migration and invasion, possibly by the upregula-
tion of MMP14 (38), and the prometastatic effects of the above-
described second-level cytokines and chemokines. In vitro and
in vivo downregulation of KISS1 in triple-negative breast cancer
cells can also take part in the IL30-driven prometastatic pro-
gram, although contrasting data on the metastasis suppression
function of KISS1-derived peptides/KISSIR axis have been
reported in breast cancer (39).

In both triple-negative and HER2™" cell lines, IL30 upregu-
lates the proto-oncogenes MYC and MUC1, which are involved
in multiple pathways that control cell growth, proliferation,
metabolism, and survival (40, 41) and also up-regulates tumor
suppressors like CDKN1A/p21 (13), CDKN1C/p57 (14), and
CDH13 (15), thus suggesting a delicate balance of cell death
and proliferation. However, the higher proliferative activity
observed in IL30 conditioned versus control tumors proves
that the multiple signaling pathways triggered by the cytokine
results, as a whole, in tumor growth and progression. In
addition, at least in the triple-negative tumor, IL30 substan-
tially upregulates SHH, which accelerates MDA-MB-231 cell
proliferation (42) and is fundamental in the maintenance of a
putative cancer stem cell compartment along with MYC, which
is also upregulated by IL30 (43, 44). Moreover, IL30 down-
modulates a set of critical tumor suppressors such as PTEN
(18), RARB (19), RASSF1 (20), SLIT2 (21), and particularly
TP73 (22), which lead to alterations in the cell-cycle regulation
and a defective apoptotic response.

Within the breast cancer genes whose expression is substan-
tially increased by IL30 treatment, leptin, an adipocyte-derived
adipokine, has been recently recognized to be fundamental in
linking obesity and cancer (45). MDA-MB-231 cells, as most
breast cancer cell lines, are endowed with the leptin receptor and
respond to leptin by upregulating p-STAT3, Bcl-x;, cyclin D1, and
proliferating cell nuclear antigen (PCNA), thus increasing their
proliferation (45). Leptin promotes mammary tumor growth
from the early stage, by supporting cancer stem cells from survival
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Figure 4.

Role of STAT1and STAT3 in hrIL30 induction of tumor growth/progression mediators in hBRCA cells. Migration and invasion ability and expression of stemness
and metastasis-associated genes in human breast cancer cells treated with hrIL30. A, immunohistochemistry showing phospho-STAT1 and phospho-STAT3
staining in hrIL30-treated versus PBS-treated tumors (x400). Scale bars, 30 um. B, silencing of STAT1 (94%) and STAT3 (80%) in MDA-MB-231 cells, assessed
by real-time RT-PCR, and confirmed at protein level by Western blotting. B-Actin was used as a loading control. *, P < 0.05 by Student ¢ test compared
with CTRL cells. C, fold differences of individual mRNAs between STAT1 siRNA- or STAT3 siRNA- or CTRL siRNA-transfected MDA-MB-231 cells cultured
with hrIL30 and CTRL siRNA-transfected MDA-MB-231 cells cultured without hrIL30. Results from the latter are comparable to those obtained from
untransfected cells. Pooled results + SD are from two experiments performed in duplicate. A significant threshold of 3-fold change in gene expression
corresponded to P < 0.001. *, P< 0.05 by Student ¢ test compared with CTRL siRNA-transfected MDA-MB-231 cells cultured with hrIL30. D, number of migrating
and invading MDA-MB-231 cells was significantly increased 48 hours after hrlL30 treatment. Experiments were performed in triplicate. Results were
expressed as mean + SD. ', P < 0.05 by Student ¢ test compared with control cells. E, differences of individual mRNAs between MDA-MB-231 cells cultured for
48 hours with or without 200 ng/mL hrIL30. Pooled results + SD from two experiments performed in duplicate. A significant threshold of 3-fold change
in gene expression corresponded to P < 0.001. F, KISS1 and SHH expression in hrlL30-treated versus PBS-treated tumors (x400). Scale bars, 30 um.
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to metastasization and by boosting cancer cells for proliferation,
migration, and invasion.

In addition, IL30 upregulates specific proangiogenesis med-
iators such as ANG, TYMP, VEGF-A, COL18A, and in a remark-
able way, the antiangiogenic chemokine CXCL10 (46). Sub-
version of this complex angioregulatory gene network results in
vivo in a prominent but not significantly increased vascularity in
IL30-treated tumors when compared with controls, from which
they substantially differ by the abnormally dilated vascular
branches endowed with a weakened collagen and laminin
backbone favoring this widespread vascular dilation. Ectatic
vessels are frequently clogged by tumor cell emboli, which may
result from the short-circuiting step of encircling vasculogenesis
rather than from the classic step of vascular invasion (47).
PECAM1 expression by IL30-treated cancer cells might select for
cancer clusters that easily engage endothelial cells in encircling
vasculogenesis (47). PECAM1 mediates tumor cell-tumor cell
homotypic adhesion as well as tumor cell-platelet-endothelial
cell interactions (48), which can shape intravascular tumor cell
aggregates within IL30-treated tumors and prepare for cancer
cell dissemination (49).

Although further studies are needed to fully understand the
multifaceted role of IL30 in human breast cancer biology, this
work reveals for the first time its implications in breast carci-
nogenesis showing that (i) directly and/or by subverting mul-
tiple oncogenes and tumor suppressor genes, IL30 favors cancer
cell proliferation, migration, and dissemination; (ii) it may
boost cancer cell expression of cytokines and chemokines,
which promote myeloid cell recruitment and tumor progres-
sion; (iii) TL30 is expressed in most breast cancers and asso-
ciated with triple-negative and HER2" subtypes; (iv) IL30
expression by BRCA-ILK and LN-ILK correlates with breast
cancer stage and, more importantly, high level of IL30 in breast
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