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Abstract

Metastasis is the primary cause of treatment failures and mortality in most cancers. Triple-negative breast cancer (TNBC)
is refractory to treatment and rapidly progresses to disseminated disease. We utilized an orthotopic mouse model that
molecularly and phenotypically resembles human TNBC to study the effects of exogenous, daily tissue inhibitor of
metalloproteinase-2 (TIMP-2) treatment on tumor growth and metastasis. Our results demonstrated that TIMP-2 treatment
maximally suppressed primary tumor growth by ~36-50% and pulmonary metastasis by >92%. Immunostaining assays
confirmed disruption of the epithelial to mesenchymal transition (EMT) and promotion of vascular integrity in primary
tumor tissues. Immunostaining and RNA sequencing analysis of lung tissue lysates from tumor-bearing mice identified
significant changes associated with metastatic colony formation. Specifically, TIMP-2 treatment disrupts periostin
localization and critical cell-signaling pathways, including canonical Wnt signaling involved in EMT, as well as PI3K
signaling, which modulates proliferative and metastatic behavior through p27 phosphorylation/localization. In conclusion,
our study provides evidence in support of a role for TIMP-2 in suppression of triple-negative breast cancer growth and
metastasis through modulation of the epithelial to mesenchymal transition, vascular normalization, and signaling
pathways associated with metastatic outgrowth. Our findings suggest that TIMP-2, a constituent of the extracellular matrix
in normal tissues, may have both direct and systemic antitumor and metastasis suppressor effects, suggesting potential
utility in the clinical management of breast cancer progression.

Introduction

foci are influenced by multiple interactions within the local
tumor microenvironment [TME], including development of a

The major cause of cancer-related deaths is dissemination of 1°
tumor cells and establishment of therapeutically resistant le-

sions at distant sites. Metastasis formation has long been viewed
as a result of systemic changes at specific secondary sites that
are the results of 1° tumor influences. This is the original ‘seed
and soil’ hypothesis of Paget that was further refined by Fidler in
defining the role of ‘organotropism’ during the metastatic cas-
cade (1,2). The formation, survival, and expansion of metastatic

vasculature, alteration in the composition and structure of the
stroma, as well as conditioning of immune cell populations, each
providing a framework for potential targeted therapies (3-5).
These changes are the result of tumor cell reprogramming of
stromal cells in normal tissues to generate a local environment
that promotes successful metastatic outgrowth, known as the
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Abbreviations
ECM extracellular matrix
EM expectation-maximization
EMEM Eagle’s minimal essential media
EMT epithelial-to-mesenchymal transition
FBS fetal bovine serum
GSA gene specific analysis
HBSS Hanks Balanced Salt Solution
MMPs matrix metalloproteases
PCA Principle component analysis
TIMPs tissue inhibitors of

metalloproteinases

TNBCs Triple-negative breast cancers

premetastatic/metastatic niche (PMN) (6,7). Recent studies have
focused on identifying specific tumor-induced changes in the
extracellular matrix (ECM) and immune cell modulation of the
TME at these secondary sites of tumor formation.

Early studies demonstrated tumor cell invasion requiring
proteolytic degradation of the ECM as a prerequisite for metas-
tasis formation and implicated matrix metalloproteases [MMPs],
a large family of metzincin proteinases (8,9). The proteolytic
activity of the MMPs is tightly regulated by natural inhibitors
known as the tissue inhibitors of metalloproteinases (TIMPs),
a family of four proteins that plays a role in regulating ECM
remodeling and cellular functions in both normal and disease
states (10-12). TIMPs suppress tumor cell migration and invasion
in vitro, which led to the development of synthetic, nonselective
MMP inhibitors. However, failure of the synthetic compounds in
early patient trials curtailed much of the initial enthusiasm for
clinical application of all MMP inhibitors (13). TIMP-2 is a plasma
protein that is widely expressed in the stromal compartment
of normal tissues, and in the context of cancer has been shown
to possess novel functions, some MMP-independent, including
inhibition of tumor growth and angiogenesis, reducing vascular
permeability, suppression of tumor cell migration and invasion,
as well as inhibition of the epithelial-to-mesenchymal transi-
tion [EMT] (14-18). These findings suggest potential clinical
utility of TIMP-2 in the development of novel cancer therapies.

Triple-negative breast cancers [TNBCs] are a diverse group
of biologically aggressive tumors lacking estrogen and proges-
terone receptors (ER and PR, respectively), as well as the human
epidermal growth factor receptor 2 (HER2). TNBC therapies re-
main limited and ineffective due to the lack of specific targets
and rapid progression (19). Therefore, continued development of
novel therapies remains imperative and will require systemic
therapies for successful treatment of metastatic disease in
TNBC patients.

In the current study, we examine the impact of TIMP-2 ad-
ministration, both in vitro and in vivo on TNBC growth and
metastasis. Utilizing an orthotopic mouse model that was ex-
tensively characterized to demonstrate phenotypic and mo-
lecular resemblance to the human disease (20), we show that
TIMP-2 treatment TIMP-2 treatment restrains 1° TNBC tumor
growth, suppresses EMT and pulmonary metastasis, as well
as enhances vascular normalization in vivo. In addition, we
examine pulmonary metastasis for p27 and periostin [POSTN]
expression, as well as adjacent uninvolved lung tissues by RNA-
sequencing analysis for changes in gene expression associated
with the metastatic colonization. These results are the first dem-
onstration that TIMP-2 treatment enhanced tumor cell nuclear
localization of p27, reduced POSTN expression, and suppressed
cell signaling pathways frequently activated in formation of the

breast cancer metastasis. Together, these data provide evidence
for the potential utility of TIMP-2 in the clinical management of
TNBC progression and metastasis.

Materials and methods

Cell line authentication

The murine JygMC(A) cell line was originally isolated from a spontan-
eous, metastatic mammary carcinoma arising in a Chinese feral mouse
(Mus musculus Sub-Jyg), obtained by our laboratories from the University
of Tokyo, Japan (gift of Dr Shogo Ehata, December 2011) under standard
NIH Materials Transfer Agreement. The JygMC(A) cell line was expanded
through passage (<3; DMEM + 10% FBS) upon receipt to generate frozen
stocks (-80°C) of the original cells. JygMC(A) cells were extensively tested,
characterized, and authenticated in our laboratories by whole genome
transcriptome microarray analysis utilizing murine specific platforms (STR
analysis is not performed on murine cell lines due to limited data bases),
to definitively demonstrate that JygMC(A) cells are murine mammary car-
cinoma with a triple-negative phenotype, as we have previously reported
(20,21). JygMC(A) cells were certified pathogen free (Molecular Testing of
Biologic Material; MTBM #1046-1 January 2012) and suitable for use in nu/
nu (nude) mouse studies by the Animal Health Diagnostic Laboratory, NCI-
Frederick. In the current study, frozen stocks of the original JygMC(A) cul-
tures and reauthenticated using methods described above. The 4T1 cell
line was obtained from American Type Culture Collection Repository and
certified pathogen free (MTBM testing).

Preparation of TIMP-2 for in vivo use

Recombinant TIMP-2 (TIMP-2) with 6X His-epitope tag was expressed,
purified, and tested negative for Endotoxin in the MTBM assay (Animal
Health Diagnostic Laboratory, NCI-Frederick) (22). TIMP-2 preps showed
>98% purity. Protein concentration was determined by A, , bicinchoninic
acid (BCA) assay, and sandwich ELISA assays. Lyophilized TIMP-2 powder
was reconstituted in Hanks Balanced Salt Solution (HBSS), sterile filtered
(0.22 pm), and stored at -80°C until use.

In vitro assay of TNBC cell growth, invasion, and
gene expression

For the analysis of tumor cell growth and invasion, we assessed spheroid
outgrowth into 3D matrix (Cultrex basement membrane extract, Trevigen).
Briefly, JygMC(A) or 4T1 cells were seeded at 2500 cells per well of a 96-well
ultralow attachment, round bottomed plate in Eagle’s minimal essential
media (EMEM) containing 10% fetal bovine serum (FBS) and allowed to
form spheroids over 6 days. Spheroids were placed on top of a bed 50 pl
polymerized 3D matrix and covered with 50 pl EMEM 2% FBS supplemented
with 0.4 mg/ml 3D matrix. Additionally, 4T1 cells were supplemented with
10 ng/ml TGFp to maintain spheroid integrity. Spheroids were imaged at
x4 magnification on day 0 and day 4 (n = 8 individual wells). Increase in
spheroid size was quantified using the Adobe Photoshop measure func-
tion to quantify individual pixels (see Supplementary Figure 1A, available
at Carcinogenesis Online).

For the in vitro assessment of protein expression following TIMP-2
treatment, JygMC(A) or 4T1 cells were seeded in 96-well plates at 2500
cells per well, incubated for 24 h, and serum starved in EMEM overnight.
Serum-starved cells were then cultured in EMEM 0.1% FBS for 72 h with/
without 1 pg/ml TIMP-2. Cell lysates were harvested using 10 pl/well
radioimmunoprecipitation (RIPA) buffer containing 1% protease/phos-
phatase inhibitor cocktail and pooled for immunoblot analysis.

TIMP-2 treatment effect on TNBC growth and
metastasis

The in vivo effects of TIMP-2 on TNBC growth and metastasis were studied
using the orthotopic JygMC(A) model that develops spontaneous lung me-
tastases (20). Briefly, athymic, female nu/nu (nude) mice (6-9 weeks of age)
were obtained from NCI at Frederick, Maryland, and procedures were ap-
proved by the NCI Animal Care and Use Committee (AAALAC accredited
institution; Protocols #1-067 and LP-003). JygMC(A) cells (20 ul of 5 x 10*
cells/mouse) were injected into fourth inguinal mammary fat pads on day
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zero. On day 10 or 11 mice were randomized based on tumor size and daily
i.p. TIMP-2 or vehicle control (HBSS) injections were initiated. Primary (1°)
tumor size was assessed using tri-weekly caliper measurement to calcu-
late tumor volumes (Vol.) plotted as mean tumor volume (mm? + SEM)
for each group, as previously reported (20). Growth inhibition of 1° tumor
growth was calculated using [growth inhibition = 1-(Vol. . /Vol. . )
x 100], where Vol..,, ., and Vol. are the mean tumor volumes for each
experimental group observed. Growth inhibition values were calculated
on day 31 for Exp #1-3. In later experiments, surgical resections of the
primary tumors were performed on day 32 as indicated and TIMP-2 treat-
ment continued for an additional 7 days, until day 39 (see Figure 2A). At
the termination of the experiment on day 52, mice were euthanized, and
the lungs were excised en bloc for assessment of metastasis.

control

Immunostaining

Immunohistochemistry and immunofluorescence studies
Immunohistochemistry (IHC) and immunofluorescence (IF) were per-
formed on formalin-fixed, paraffin-embedded tissue sections (FFPE) using
standard laboratory practices for tissue processing, embedding, section,
and staining. Primary antibodies are listed in Supplementary Table 1,
available at Carcinogenesis Online. Immunohistochemical results were as-
sessed using an index (SI) modified from the Allred scoring system (23).

Image analysis

Image]/FIJI software was used to quantify type IV collagen [Col-IV] staining
intensity of confocal images. Vessels were segmented by outlining CD31*
cells, then dilated by five microns to create region of interest. The mean
fluorescence intensity of Col-IV within this border region of interest was
quantified, and P-values were calculated using a two-tailed Mann-Whitney
U-test. Colocalization of p27 and DAPI-labeled nuclei was calculated using
Zen Black software (Zeiss) using intensity thresholds determined from
single-stained controls. The Mander’s coefficient was used to denote the
overlap of p27 with DAPI-labeled nuclei. POSTN staining was assessed by
generating geometric statistics for both area and major/minor axis ratio
using the Kolmogorov-Smirnov two-sample test (Peacock Test) and quan-
tified by the Mann-Whitney U two-tailed test.

Vascular permeability assay

To examine vascular permeability in primary TNBC tumors, mice (n = 3/
experimental group) were injected intravenously with rhodamine
B-conjugated dextran (70 kDa, Thermo Scientific D1841) using 0.1 mg/g
body weight, euthanized three hours post injection, resected 1° tumors
were fixed in 4% paraformaldehyde overnight at 4°C, before sinking in
15-30% sucrose gradient, then frozen in OCT and stored at -80°C prior
to sectioning, as described (24). Confocal imaging (LSM710, Zeiss) of ex-
travasated rhodamine B-conjugated dextran was quantified using Image
] Software.

RNA sequencing

To examine changes in gene expression associated with formation of pul-
monary metastasis, we performed RNA sequencing analysis on nontumor
containing, whole lung tissues (referred to as uninvolved lung) obtained
from 5 tumor bearing mice per experimental group. Snap frozen lungs were
thawed overnight in RNA later (ThermoFisher) at 4°C, and tumor-free lung
tissue samples were obtained using a dissecting microscope. Dissected,
tumor-free tissues from each lung sample were evenly divided for pro-
tein and RNA extraction. RNA extraction was performed in Trizol using
gentleMACS dissociator and M tubes (Miltenyi Biotech) with the manu-
facturers optimized settings for fresh tissue. RNA samples were cleaned
using a RNeasy mini kit (Qiagen), and RNA quality was determined using
TapeStation (Agilent) and Bioanalyzer 2100 (Agilent). RIN values (4.9-7.2)
indicated all samples were appropriate for RNA sequencing analysis that
was performed using a HiSeq 4000 (Illumina) and TruSeq Stranded Total
RNA Kit (Illumina) with paired-end sequencing and a 60 to 100 million
pass filter read with a base call quality of >92% bases with Q30 or higher.
Data normalization and analysis was performed using Partek Flow soft-
ware. Read contaminants and low-quality reads (Phred score <20) were re-
moved using Bowtie 2. Trimmed reads were aligned to the mouse (mm10)
genome using STAR and annotated to RefSeq transcripts using Partek’s
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expectation-maximization (EM) algorithm. Principle component analysis
(PCA) of normalized data was performed using Partek Genomics Suite®.
Pearson’s correlation cluster heatmaps were generated with R statis-
tical programming using the gplots package. Differential gene expression
(GSA) was performed with a fold change and false discovery rate cutoffs
of 1.5 and 0.5, respectively. Significant gene changes highlighted by GSA
were imported into Ingenuity Pathway Analysis for gene set enrichment
analysis.

Immunoblotting analysis

Total protein homogenates were prepared from tissue culture cell lys-
ates or tumor-free lung tissues in RIPA buffer containing 1% protease
and phosphatase inhibitors. Total protein was determined by BCA Protein
Assay (Thermo Scientific, USA), resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and electrophoretically transferred
onto nitrocellulose membranes. Immunoblotting was performed using
standard methods with B-actin or glyceraldehyde 3-phosphate dehydro-
genase as loading controls (SuperSignal West Pico Plus, ThermoFisher
Scientific). Protein bands were visualized using the ChemiDoc™ XRS+ im-
aging system and quantified by Image Lab Version 5.2.1 Software (BIO-
RAD, USA).

Results

Initial in vitro experiments

Utilizing the in vitro 3D-spheroid assay, we demonstrate that
TIMP-2 suppressed spheroid expansion over the course of the
four-day experiment in both TNBC cell lines tested, JygMC(A)
and 4T1 (Figure 1A, Supplementary Figure 1A, available at
Carcinogenesis Online). These findings are consistent with
previous reports that show TIMP-2 inhibits growth factor-
stimulated cell growth and invasion in a variety of primary
(endothelial, fibroblasts) and tumor cell assays (14,25-27).
Similarly, these studies have characterized TIMP-2 modula-
tion of the EMT associated with the invasive phenotype. This
prompted us to examine TIMP-2 effects on expression of tran-
scription factors that are critical to the changes in gene expres-
sion associated with the EMT. Interestingly, we observed that
TIMP-2 treatment of both TNBC cell lines, JygMC(A) and 4T1,
demonstrated a trend toward suppression of the mesenchymal
maker vimentin, as well as reduction in expression of the tran-
scription factors SLUG and zinc-finger E-box (ZEB1), compared
to untreated control cells under identical stimulated growth
conditions (Supplementary Figure 1B, available at Carcinogenesis
Online). This suggests that TNBC tumor cell growth and inva-
sion are modulated by exogenous TIMP-2 treatment and that
this effect may be mediated by suppression of the EMT drivers,
such as SLUG, SNAIL, and ZEB1.

Initial in vivo experiments

We conducted initial experiments (Exp#1-3) to establish the op-
timal TIMP-2 concentrations and perform statistical power ana-
lysis of cohort size (see Supplementary Materials, Statistical
considerations, available at Carcinogenesis Online). In Exp #1 and
Exp #2, Figure 1B, bilateral tumor implants on five mice per ex-
perimental group received TIMP-2 doses ranging from 50 to
200 pg/kg/day starting on day 10 post tumor cell inoculation.
These experiments demonstrated TIMP-2-dependent suppres-
sion of primary tumor growth. TIMP-2 doses of 50 and 200 pg/kg/
day showed maximal primary tumor growth inhibition of ~42-
50%, compared to vehicle controls (*P < 0.01), whereas treatment
with 400 pg/kg/day treatment did not show significant slowing of
tumor growth. However, no significant change in body weight was
observed in any of the treatment groups throughout the study
duration, Supplementary Figure 1C, available at Carcinogenesis
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Figure 1. Initial experiments established TIMP-2 in vitro effects on TNBC cell line growth and invasion, as well as optimal TIMP-2 concentration and animal numbers
from statistical power analysis. (A) Spheroid assays for TIMP-2 in vitro effects on growth/invasion of TNBC cell lines (n = 3). TIMP-2 treatment (1 pg/ml) results in sig-
nificant reduction (*P < 0.05) in 3D growth of tumor cell spheroids on Culltrex basement membrane extract in both JygMC(A) and 4T1 breast cancer cell line cultures.
(B) Experiments #1-2 (5 mice/group) revealed TIMP-2 concentrations ranging from 50 to 200 pg/kg/day were sufficient to statistically suppress primary tumor growth
by 38-50%. (C) Immunoblot analysis of EMT driver transcription factor expression. Analysis of tumor lysates of vehicle control and 100 pg/kg/day TIMP-2-treated mice
(Experiment #2) was performed in triplicate (three individual 1° tumor from different subjects). Analysis of SLUG, SNAIL, and ZEB1 expression was performed in trip-
licate. Integrated band densities were normalized to glyceraldehyde 3-phosphate dehydrogenase (loading control). Comparison between normalized expression levels
in TIMP-2 and HBSS vehicle controls demonstrates a significant reduction in SNAIL and ZEB1 expression with a similar trend in SLUG expression. (D) Experiment #3 (10

Day

mice/group) revealed significant inhibition of tumor growth with a TIMP-2 concentration as low as 25 pg/kg/day.
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Figure 2. Experimental timeline of TIMP-2 treatment and tumor measurements.
(A) Timeline of experiment. JygMC(A) tumors initiated in 20 female nu/nu mice
by injection of 5 x 10* cells/mouse (20 pl) into the 4th inguinal mammary fat pat
on day 0. Mice were randomized into two groups based on 1° tumor volume be-
fore initiation of daily i.p. injections of either vehicle control (HBSS) or 100 ng/
kg/day TIMP-2 on day 11 and continued through day 39. Primary tumors were
resected on day 32, mice euthanized on day 52. (B) Growth curve of caliper meas-
urements shows significant reduction of tumor growth in TIMP-2-treated mice
(blue) compared to controls (red) starting 15 days post tumor cell inoculation. (C)
Maximum tumor growth inhibition in TIMP-2-treated cohort was observed on
day 29 and began to plateau at ~36% inhibition thereafter (*P < 0.01, *P < 0.001,
n=10).

Online. H&E stains of lung, liver, and spleen tissues demonstrate
unaltered histology in both control and TIMP-2-treated mice,
Supplementary Figure 1D, available at Carcinogenesis Online.
These studies suggested no evidence of systemic toxicity or
weight loss associated with TIMP-2 treatment. The apparent loss
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of the tumor growth suppressive effect at the highest TIMP-2
level (400 pg/kg/day) indicates a dose ceiling for the therapeutic
effect on primary tumor growth requiring further investigation.

We also examined the expression of transcription fac-
tors that drive EMT changes in primary tumor tissue from
Experiment #2, as we did for TNBC in vitro tumor cell cultures
(Supplementary Figure 1B), available at Carcinogenesis Online).
As shown, the analysis of triplicate tumor samples from
treated and control mice demonstrate a significant reduction
in SNAIL and ZEB1 expression (*P < 0.05), with a similar trend
in SLUG expression, following TIMP-2 treatment (100 pg/kg/
day), Figure 1C. These findings suggest that similar to effects
in vitro, systemic administration of TIMP-2 suppresses in vivo
1° tumor growth and local invasion required for increasing
tumor volume. Furthermore, this outcome may be modu-
lated through repression of transcription factors responsible
for activation of the EMT thus reducing tumor invasion and
metastasis.

In a third experiment (Exp #3, Figure 1D), tumor cells were in-
jected unilaterally into the inguinal mammary fat pads (10 mice
per group) and primary tumor growth followed for 31 days. Daily
i.p. doses of TIMP-2 ranging for 25-100 pg/kg/day were initiated
10 days post tumor cell injection. Mean tumor volume measure-
ments demonstrate a statistically significant, dose-dependent
reduction (*P < 0.01) in 1° tumor growth with maximal growth
inhibition on day 31 of ~38%. This model of unilateral tumor
development is more consistent with clinical experience and
is not influenced by confounding multiple tumor sites, or ex-
cessive 1° tumor burdens. The results provide a clear demon-
stration of the suppressive effects of TIMP-2 on primary tumor
growth (see Supplementary material, Statistical Considerations,
available at Carcinogenesis Online).

TIMP-2 inhibits 1° TNBC growth via alteration in
phenotype and vascular permeability

Based on our initial findings, we selected a dose of 100 pg/kg/
day to further evaluate the effect of TIMP-2 on primary tumor
growth, phenotype, vascular integrity, and pulmonary metas-
tasis following unilateral tumor cell injections using 10 mice/
group. A timeline for these experiments shows that 1° tumors
were initiated on day 0, on day 11, animals were randomized
into two groups based on initial tumor volumes before TIMP-2
and vehicle control injections were initiated, then 1° tumors
were resected on day 32. TIMP-2 treatment was continued 1
week following 1° tumor resections (terminated on day 39). All
mice were euthanized on day 52 (13 days post-termination of
TIMP-2 treatment), and whole lungs were obtained at necropsy.

Tumor volume measurements revealed a significant reduc-
tion starting 3 days postinitiation of TIMP-2 treatment compared
to vehicle controls and continued until removal of primary tu-
mors on day 32 (**P < 0.001), Figure 2B. Percent growth inhibition
also showed differences starting 3 days after the start of TIMP-2
treatment (day 15) and reached a maximum value of 36% at day
29 (***P < 0.001), Figure 2C.

TIMP-2 suppression of EMT phenotype

TNBCs are distinguished both histologically and
immunohistochemically by basal-like features indicative of a
mesenchymal phenotype that is associated with the EMT as
well as invasion and metastasis (28-31). We have previously
reported that JygMC(A) cells demonstrate a basal-like, mesen-
chymal phenotype in culture and that mammary xenografts
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histologically exhibit two distinct morphologies, i.e. undif-
ferentiated adenocarcinoma or spindle-shaped basal/mes-
enchymal appearance (20). Interestingly, histology of tumors
from TIMP-2-treated mice resembled that of undifferenti-
ated carcinoma without basal/mesenchymal appearance,
and immunochemical staining for epithelial (cytokeratin-18)
versus basal (keratin 14, K14) and mesenchymal (vimentin,
Vim) markers demonstrated a significant reduction in basal/
mesenchymal markers in the 1° tumors from TIMP-2-treated
mice, Figure 3A. Scoring of 1° tumor staining confirmed that
TIMP-2-treated mice showed a significant increase in CK-18,

along with decreased K-14 and Vim expression observed in
TIMP-2-treated mice (Figure 3A and B, *P < 0.01, *P < 0.001).
These findings suggest a change in gene expression associated
with a more differentiated phenotype and suppression of the
EMT process in TIMP-2-treated tumors, consistent with the re-
duced expression of EMT-driver transcription factors observed
previously (Figure 1C).

TIMP-2 treatment promotes vascular normalization
Enhanced type IV collagen deposition and enhanced pericyte
coverage are phenotypic changes that have been associated
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Figure 3. TIMP-2 treatment alters JygMC(A) TNBC phenotype and EMT profile. (A) H and E immunostaining of epithelial (CK18), basal (K14), and mesenchymal (Vim)
markers in sections mammary tumors from HBSS (vehicle control) and TIMP-2-treated mice. (B) Graphs representing mean (+SEM) IHC staining index in TIMP-2-treated
tumors showing increased epithelial (CK-18) and a reduction in basal/mesenchymal markers CK-14 and Vim (*P < 0.01, **P < 0.001, n = 10; bar = 50 pm).



with reduced vascular permeability and enhanced de-
livery of chemotherapeutic agents following antiangiogenic
therapy. This process has been defined as ‘vascular nor-
malization’ (32). We have previously demonstrated that
TIMP-2 reduces endothelial permeability in response to
VEGFA stimulation in vitro (15). Dual immunofluorescence
revealed no difference in overall CD31* microvessel density.
However, enhanced type IV collagen continuity was ob-
served in association with CD31* endothelia in tumors har-
vested from TIMP-2-treated mice, Figure 4A. Image analysis
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revealed that type IV collagen mean fluorescence intensity
was significantly increased in the TIMP-2 treatment group
(™P < 0.001). These structural features translate to func-
tional significance as examination of rhodamine B-labeled
dextran extravasation demonstrated a reduction in vascular
leakage in TIMP-2-treated mice compared to controls, Figure
4B (**P < 0.01). Collectively, these findings provide evidence
that TIMP-2 contributes to the ‘normalization’ of tumor vas-
culature in vivo, consistent with previously reported TIMP-2
antiangiogenic activity (25,33,34).
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Figure 4. TIMP-2-treatment enhances ‘vascular normalization’. (A) Confocal images of dual IF show enhanced endothelial cell coverage (CD31, green) and type IV col-
lagen deposition (Col IV, red) in tumor vasculature of TIMP-2-treated mice compared to HBSS controls (bar = 20 pm). Graphical presentation of quantified Col IV staining
(mean + SEM, ***P < 0.001). (B) A significant reduction in extravasated rhodamine B-labeled dextran (red) was observed in TIMP-2-treated tumors compared to controls
(bar = 20 pm). Graph represents percent (%) area of rhodamine B leakage quantified by Image ] software in 6-10 confocal images per experimental group (mean + SEM,

*P <0.01).
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Figure 5. TIMP-2-treatment reduces pulmonary metastasis 15 days posttreatment. (A) Scatter plot represents reduction in surface lung nodules in TIMP-2-treated
mice compared to vehicle controls (n = 10, two-tailed, unpaired t-test, **P < 0.01). (B) Scatter plots show decreased number of metastatic tumor nodules per lobe in two
levels of H and E stained whole lung step sections 100 pm apart (two-tailed, unpaired t-test, P values shown, n = 5). (C) Photomicrographs of metastatic lesions in lungs
of TIMP-2-treated mice compared to controls illustrate decreased size of metastasis and metastatic tumor burden. Metastases in both groups are vasculocentric con-
sistent with hematogenous dissemination (arrows, H and E, bar = 50 pm). (D) Confocal images illustrate enhanced nuclear p27 expression in lung metastatic tumors
of TIMP-2-treated mice compared to HBSS control animals (upper panel) (**P < 0.001, unpaired t-test). A dramatic difference in POSTN staining was observed in lung
metastatic tumor stroma of TIMP-2-treated animals which demonstrated small, rounded punctate regions compared to an extended pericellular distribution pattern
of expression in untreated controls (lower panel). Quantification of POSTN staining revealed a significant difference in mean axis ratios, consistent with linear pattern
in tumor from control mice (Mann-Whitney, two-tailed test, bar = 10 pm).

TIMP-2 treatment reduces metastatic frequency were confirmed by histological assessment of the average
and growth number of tumor nodules per lung lobe tabulated from two
Examination of whole lungs resected upon termination of the HI&E sta}llmed th’le lu}rig st:p sections 190 Hm api':lrt, Flgure. >B.
experiment at day 52 revealed a large reduction (>92%) in pul- Also, photomicrographs of representative H&E lung sections

monary metastases shown in Figure 5A (*P < 0.01). These findings suggest reduced size of metastasis and extent of tumor burden



in lungs of TIMP-2-treated mice, as well as the perivascular local-
ization for these metastatic foci, Figure 5C. These observations
suggest that TIMP-2 treatment, in addition to altering 1° tumor
growth and phenotype, significantly alters metastatic lung col-
onization and/or outgrowth in the JygMC(A) model of TNBC.

In contrast to the differences observed in the primary
tumor xenografts, pulmonary metastatic foci in the lungs of
both TIMP-2 and vehicle control-treated mice both showed
morphology typical of poorly differentiated adenocarcinoma
(Supplementary Figure 2, available at Carcinogenesis Online).
In addition, statistical comparisons of immunophenotyped
scoring of EMT markers (K14, Vim) expression in lung metas-
tasis failed to demonstrate the differences observed in primary
tumor staining. These findings are consistent with loss of the
EMT phenotype, so called mesenchymal-to-epithelial reversion,
as previously reported in the JygMC(A) model (20). To further elu-
cidate the potential effects of TIMP-2 on tumor cells in the meta-
static foci, we examined markers associated with tumor growth
and metastasis, as well as ECM alterations associated with me-
tastasis formation and outgrowth.

Alteration of phenotypic markers of cell growth and
PMN formation in pulmonary metastasis

The CDK inhibitor p27, an effector of TGF-f growth arrest, is
functionally impaired in human cancers by multiple mechan-
isms, such as phosphorylation, proteome degradation, and/or
diminished de novo synthesis (35,36). Phosphorylation of p27 en-
hances cytoplasmic localization, is frequently the result of PI3K-
pathway activation, and both are associated with increased
metastasis and poor outcome in human breast cancers (37,38).
To further investigate the apparent TIMP-2 effect on the growth
of pulmonary metastasis, we examined expression and nuclear
localization of p27 in pulmonary metastasis from JygMC(A) tu-
mors in TIMP-2-treated and control mice. The results clearly
show enhanced nuclear localization following TIMP-2 treat-
ment, Figure 5D (**P < 0.001).

Periostin (POSTN) is a component of the extracellular ma-
trix that is associated with metastasis formation (39). POSTN is
induced in lung stroma by infiltrating cancer cells but is not ob-
served in alveolar stroma of normal lung. We analyzed the ex-
tent and pattern of POSTN accumulation in JygMC(A) pulmonary
metastasis by immunofluorescence staining. The results dem-
onstrate a distinct pattern of pericellular deposition of POSTN
in the pulmonary metastasis from control animals but not in
TIMP-2-treated mice, Figure 5D. Quantification demonstrates
an enhanced punctate pattern in the TIMP-2-treated mice with
highly significant differences in mean axis ratio. Together, these
findings examining p27 and POSTN expression/localization in
tumor metastasis suggest that TIMP-2 treatment alters gene ex-
pression at secondary tumor sites that result in changes that do
not support metastatic outgrowth.

TIMP-2 treatment alters global gene expression at
the PMN

Uninvolved lung tissues (no evidence of tumor involvement)
were obtained from TIMP-2-treated and control mice at the
termination of the experiment on day 52, Figure 2A. The tran-
scriptional profiles of these tissue samples were examined by
total RNA sequencing as well as immune-blot analyses. PCA of
these samples reveals distinct clustering of the TIMP-2-treated
samples but only modest clustering of the controls (Figure 6A).
However, when the frequency of metastasis (data Figure 5A)
was layered over the PCA, two distinct clusters are observed
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that highlight the group with few (n < 2) or no metastasis versus
those with greater number of metastasis in other areas of the
lungs (Figure 6A). While suggesting that the presence of meta-
static foci results in altered gene expression in uninvolved lung,
it is important to recognize that gene-specific analysis (GSA)
of EM normalized RefSeq gene counts (Partek® Flow®’s) high-
lights a total of 302 upregulated and 114 downregulated genes
following TIMP-2 treatment (P < 0.05, false discovery rate <0.5)
(Supplementary Data Set 1, available at Carcinogenesis Online).
These gene clusters are clearly highlighted in the Pearson’s clus-
tered heatmap (Figure 6B, Gene Cluster 1, 114 downregulated,
Gene Cluster 2, 302 upregulated). The data are highly significant
in that the prominent segregation occurs irrespective of the
presence of metastatic foci and correlates directly with systemic
administration of TIMP-2. These findings suggest, in confluence
with the changes associated with ‘vascular normalization’ de-
scribed above, that systemic administration of TIMP-2 not only
directly alters tumor cell growth and invasion (in vitro and in vivo
data) but also influences host cell responses that are opposed to
tumor growth and dissemination.

Gene set enrichment analysis of these GSA-identified gene
lists highlighted pathways and upstream regulators of relevance
to enhanced metastasis formation, Figure 6C and D. Specifically,
the reduced activity of the Wnt/p-catenin pathway (involved
in EMT and downstream of POSTN) and upstream regulators
of PI3K are notable in that they relate directly to the changes
previously observed in p27 and POSTN expression in pul-
monary metastasis, Figure 5D (37,39). Also, these global RNASeq
studies identified reduced activity in upstream regulators of the
ERK 1/2, TGFB1, and B-catenin (LEF1) pathways that were con-
firmed by immunoblot analysis at the protein level, Figures 6E
and Supplementary Figure 3, available at Carcinogenesis Online.
The immunoblot results demonstrate decreased p-ERK, p-Stat5,
PDGFR- (3 LEF1, and SLUG levels in uninvolved lung tissues fol-
lowing TIMP-2 treatment. These findings suggest that TIMP-2
treatment suppressed a gene expression profile associated with
an ‘activated’ phenotype at the PMN necessary for tumor cell
colonization and successful outgrowth. The findings of a poten-
tial systemic effect of TIMP-2 are surprising in that they appear
to persist in nontumor containing lung tissues two weeks after
discontinuation of TIMP-2 treatment.

Discussion

The architecture and function of the extracellular matrix of
normal tissues is well characterized as a dynamic niche that
suppresses tumor development, invasion, and metastasis.
Tumor cell-mediated changes in this microenvironmental ‘bar-
rier’ resulting in an abnormal ECM, both at the primary tumor
site and distant organ sites (premetastatic/metastatic niche),
are necessary for tumor development and progression (6,7,9,40).
MMPs are primary effectors of ECM remodeling associated with
tumor progression and their inhibitors, TIMPs, are principal
regulators of their proteolytic activity (12,27,41). Previous studies
demonstrate that TIMP-2 is expressed in most normal tissues
and is readily detectable even in the absence of significant
MMP expression. These findings suggest that TIMP-2 may pos-
sess homeostatic functions independent of its MMP-inhibitory
activity. Indeed, such MMP-independent functions have been
characterized for several members of the TIMP family, including
TIMP-2 (12,27,41). These observations have led us to posit that
during tumor progression there is a shift in TIMP function from
the MMP-independent functions that maintain homeostasis in
normal tissues, toward a more direct role in regulation of MMP
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Figure 6. Gene expression profiles of uninvolved lung tissue from TIMP-2-treated and vehicle control tumor bearing mice. (A) Sample information and principle compo-
nent analysis of normalized total RNA sequencing data from dissected, tumor-free lung tissue of study mice with daily intraperitoneal injection of 100 pg/kg/day TIMP-2
or HBSS for 28 Days (Day 11 through Day 39, see Figure 2A) followed by 13 days without treatment (Day 39 through Day 52, see Figure 2A). (B) Clustered heatmap
depicting the Pearson’s correlation metric with complete linkage between RNA sequencing samples and GSA significant genes (P < 0.05, false discovery rate 0.5). (C) and
(D) Selected canonical pathways and upstream regulators highlighted from gene set enrichment analysis of significant gene changes using Ingenuity Pathway Analysis.
(E) Graphic representation of immunoblot analysis of protein expression in TIMP-2 and control treated uninvolved lung tissues. Results of immunoblotting demonstrate
significant downregulation of p-ERK (relative to total ERK), pSTATS (relative to total STATS), as well as PDGFR- f3, LEF7 and Slug protein expression following TIMP-2 treat-
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at Carcinogenesis Online). These findings confirm the results of transcriptome profiling demonstrating reduced activation of pathways involved in PMN formation and/or

metastatic potential.
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activity and inhibition of cellular invasion (12,27,41,42). However,
implicit in this model of TIMP-2 function is the concept that res-
toration of MMP-free TIMP-2 levels may function to re-establish
normal tissue functions as well as suppress invasive and meta-
static progression in cancer.

Previous studies have attempted to test this hypothesis using
models in which TIMP-2 is overexpressed in tumor cells, in part
due to the lack of sufficient recombinant protein. These studies
suggest TIMP-2 may inhibit primary tumor growth and metas-
tasis, via mechanisms that suppress tumor growth, angiogen-
esis, and EMT independent of MMP inhibitory activity (14,43-45).
However, possible TIMP-2 effects on uninvolved, stromal tissues
at sites of metastatic outgrowth have not be examined. To further
test this hypothesis, we utilized the JygMC(A) model of TNBC,
extensively characterized as highly representative of breast
cancer progression in humans, to determine if systemic admin-
istration of MMP-free, exogenous TIMP-2 via intraperitoneal in-
jection would modulate tumor growth and metastasis (20).

TIMP-2 treatment not only reduced 1° tumor growth by
as much as 35-50% but also promoted a more carcinomatous
versus basal phenotype that was validated by reduced expres-
sion of transcriptional drivers of EMT (SLUG, SNAIL, and ZEB1),
as well as increased epithelioid marker CK-18 staining, and
concomitant reduction in basal mesenchymal markers (K-14
and Vim). These findings are consistent with previous reports
describing the suppressive effects of TIMP-2 on primary tumor
growth, via forced tumor cell expression in cancer cell lines (14).
Furthermore, the observed phenotypic changes are in agree-
ment with previous reports describing suppression of the EMT
and oncogenic side-populations (cancer stem cells) in human
lung cancer cell lines (43,46).

TIMP-2 is reported to inhibit angiogenesis and promote
vascular normalization via an integrin-mediated mechanism
that involves an Shpl-p27-Rb signaling to suppress mitogen
stimulation and enhance VE-cadherin cytoskeletal association
(15,25). In the present study, we specifically examined the ef-
fect of TIMP-2 on ‘vascular normalization’ in 1° mammary
tumors. The result of these immunofluorescence studies strik-
ingly demonstrates a significant increase in CD31* endothelial
cells associated with increased type IV collagen deposition in
the subendothelial basement membrane of tumor-associated
vessels of TIMP-2-treated mice, which is also associated with
a marked reduction in vascular permeability. These findings of
both reduced 1° tumor growth and apparent suppression of EMT
markers suggest that these apparent direct effects on tumor
cells combined with the antiangiogenic activity of TIMP-2 re-
sult in reduced metastatic potential. These observed effects at
the 1° tumor site may directly contribute to the observation of a
greatly reduced frequency of pulmonary metastasis in TIMP-2-
treated mice; however, we also considered TIMP-2 effects down-
stream at sites of metastasis formation.

In the present study, we observed a highly significant reduction
of >92% in the frequency and size of pulmonary metastasis in the
TIMP-2-treated cohort compared with vehicle control. The EMT in
TNBC is associated with canonical Wnt/f-catenin-signaling and an
increased risk of metastasis (47-49). However, metastasis formation
is often associated with the reversal of EMT at the secondary site, so
called mesenchymal-to-epithelial transition, that has been exten-
sively characterized in the JygMC(A) model (20). However, pulmonary
metastatic foci in the lungs of both TIMP-2- and HBSS-treated mice
showed similar morphology typical of poorly differentiated adeno-
carcinoma and no significant differences in basal/mesenchymal
marker expression. Thus, we looked to other metastasis-associated
markers to examine the effects of TIMP-2 on metastatic tumor cells.
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The CDK inhibitor p27 is functionally altered via phosphor-
ylation, proteasome processing, or diminished de novo synthesis
in most cancers, including TNBC (35,36). Enhanced phosphoryl-
ation of p27 prevents nuclear import, blocks growth suppressive
activity, and is associated with increased metastasis and poor
outcome in human breast cancers (38). Our results clearly show
enhanced nuclear localization in tumor cells at sites of pul-
monary metastasis following TIMP-2 treatment. It has been pre-
viously reported that in fibroblasts and endothelial cells, TIMP-2
treatment results in increased de novo p27 expression and en-
hanced nuclear localization resulting in the suppression of cell
growth (50).

We posit that the effects of TIMP-2 treatment on tumor cells
within the primary tumor resulting in a maximal ~36-50% in-
hibition of growth, as well as ‘normalization’ of the tumor vas-
culature contribute to the observed reduction in the frequency
of pulmonary metastasis. Furthermore, we demonstrate evi-
dence of a direct effect of TIMP-2 on tumor cell growth in the
pulmonary metastasis, via increased p27 nuclear localization,
that can mitigate tumor cell growth at these secondary sites.
This may contribute to the reduction in size of the metastatic
lesions observed in TIMP-2-treated mice compared to controls.
However, none of these findings rule out potential effects of sys-
temically administered TIMP-2 on the local tissue microenviron-
ment, specifically at sites of metastasis formation.

Several markers indicative of ECM preparation of this ‘soil’
for ensuing tumor cell outgrowth and metastasis formation
have been identified. For example, tumor cell induction of
periostin (POSTN) expression at the secondary site is among a
growing number of penultimate markers that appear critical for
pulmonary colonization by breast cancer (6,7,39,51). In meta-
static lesions from TIMP-2-treated mice, we observed a clear
disruption of the pericellular, stromal localization of POSTN dis-
tribution that was readily apparent in vehicle control-treated
animals. Furthermore, these findings suggest the possibility
that TIMP-2 treatment results in changes in host tissue gene ex-
pression, disrupting pathways essential for metastasis forma-
tion. To address this issue, we examined global gene expression
profiles in posttreatment, uninvolved lung tissues from TIMP-2,
and vehicle control-treated mice, collected 15 days after discon-
tinuation of TIMP-2 treatment.

RNA-sequencing experiments were performed to charac-
terize differences in gene expression profiles in the nontumor-
bearing, uninvolved lung tissues of vehicle control and
TIMP-2-treated mice. While the PCA findings alone may suggest
that the presence of metastasis influences transcriptome ex-
pression, our findings utilizing GSA analysis demonstrate that
there was a clearly defined segregation in the pattern of gene
expression among lung tissues from TIMP-2-treated and control
mice independent of the presence of metastasis. Furthermore,
these data sets align directly with systemic TIMP-2 treatment
despite the fact that TIMP-2 administration was completed
13 days prior to tissue collection. The emerging gene profiles fol-
lowing TIMP-2 treatment show suppression of gene subsets that
have been critically associated with formation of breast cancer
metastasis. In addition to disruption of the distinct pattern of
POSTN staining in metastatic lesions in vehicle control lungs,
not observed in the TIMP-2 treatment cohort, our data show
activation of Wnt signaling, which reportedly occurs down-
stream of POSTN and supports outgrowth of metastatic tumor
cells (39). Interestingly, pathway analysis of the GSA-identified
gene lists comparing control versus TIMP-2-treated lung tissues
demonstrates a significant down regulation of Wnt/p-catenin
signaling (Figure 6C), in accordance with the reduced frequency
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of lung metastasis following TIMP-2 treatment. Similarly,
Upstream Regulator Analysis identified gene sets such as PI3K
and fB-catenin that are reportedly involved in either p27, POSTN,
and/or EMT regulation (Figure 6D). Since these gene expression
changes were observed in histologically normal tissue, we sug-
gest that the antitumor, stromal ‘normalizing’ effects of admin-
istered exogenous TIMP-2 are both direct, as evidenced from
prior studies, and systemic (14,43).

In summary, our study confirms previous findings
demonstrating that exogenously administered TIMP-2 induces
altered gene expression resulting in suppression of EMT, a re-
duction in vascular permeability, and inhibition of 1° tumor
growth by >35%. The present report extends these findings to
show that exogenous TIMP-2 treatment initiated 10 days after
tumor cell inoculation results in >92% inhibition of pulmonary
metastasis when assessed 2 weeks after cessation of TIMP-2
injections. Furthermore, analysis of metastatic tumor foci for
CDK inhibitor expression shows increased p27 nuclear staining
associated with reduced cell growth. In addition, TIMP-2 treat-
ment reduced POSTN extracellular deposition that is strongly
correlated with PMN formation in breast cancer. Finally, RNA
sequencing analysis of gene expression in noninvolved lung
tissues demonstrates a pattern of decreased transcriptome ac-
tivity in cell signaling pathways involved in EMT, metastatic
colony formation, and stromal activation associated with in-
creased tumor metastasis. These findings are consistent with
our hypothesis that the protease-independent (and MMP in-
hibitory) activities of TIMP-2 may function to repair stromal
homeostasis and prevent changes involved in formation of
the lung metastasis in TNBC. This study is the first to dem-
onstrate that systemic administration of an ECM constituent
from normal stromal tissues results in suppression of tumor
growth and metastasis that could be exploited in the develop-
ment of novel therapeutic strategies for the treatment of TNBC
and possibly other cancers.
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