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Abstract

Background—Despite the fact that interstitial fluid (IF) represents a third of our body fluid, it is
the most poorly understood body fluid in medicine. Increased IF pressure is thought to result from
the increased deposition of extracellular matrix in the affected tissue preventing its reabsorption. In
the cancer field, increased rigidity surrounding a cancerous mass remains the main reason that
palpation and radiological examination, such as mammography, are used for cancer detection.
While the pressure produced by IF has been considered, the biochemical composition of IF has not
been considered in its effect on tumors.

Methods—We classified 135 IF samples from bilateral mastectomy patients based on their
ability to promote the invasion of breast cancer cells.

Results—We observed a wide range of invasion scores. Patients with high-grade primary tumors
at diagnosis had higher IF invasion scores. In mice, injections of high-score IF (IFHi9") in a normal
mammary gland promotes ductal hyperplasia, increased collagen deposition, and local invasion. In
a mouse model of residual disease, IFH9" increased disease progression and promoted aggressive
visceral metastases. Mechanistically, we found that IFHi9" induces myofibroblast differentiation
and collagen production through activation of CLIC4. IFH19h also down-regulates RYBP, leading
to degradation of p53. Further, in mammary glands of heterozygous p53-mutant knock-in mice,
IFHigh promotes spontaneous tumor formation.
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Conclusions—Our study indicates that IF can increase the deposition of extracellular matrix and
raises the provocative possibility that they play an active role in the predisposition, development,
and clinical course of sporadic breast cancers.

Introduction

Interstitial fluid (IF) originates from the blood and infiltrates tissues where it occupies all
extra-cellular space to eventually be reabsorbed by the lymph nodes (1,2). Studies of IF have
mainly focused on the imbalance of its cycling, as this results in increased pressure in
specific tissues and causes diseases such as glaucoma, lymphedema, and intracranial
pressure. The increased IF pressure is thought to result from the increased deposition of
extracellular matrix in the affected tissue preventing its reabsorption (2). In the cancer field,
increased rigidity surrounding a cancerous mass remains the main reason that palpation and
radiological examination, such as mammography, are used for cancer detection (3).

The potential role of IF in cancer, which is in direct contact with malignant cells, has not
been considered. One major difficulty in the study of IF is its collection. The post-surgical
fluids (PSF) collected from surgical drains represent an option to circumvent this difficulty.
However, one pitfall is that in addition to the interstitial fluid, PSF reflect a wound healing
response and contain several inflammatory cytokines, which are linked to tumorigenesis (4—
6). Several studies reported an alarming pro-tumorigenic effect of these PSF, leading to the
conclusion that surgery may promote recurrence (7-9). However, since these studies did not
differentiate the effect of IF versus surgery-induced inflammation, this conclusion may be
misleading. Additionally, in these studies, PSF were collected from unilateral mastectomys,
raising the possibility that the composition of the fluid may also be altered by the prior
presence of a tumor in the affected breast. In agreement with this possibility, several studies
have focused on tumor interstitial fluid composition (10-13). To account for these
difficulties, we initiated a study where we collected PSF from patients undergoing bilateral
mastectomy for the treatment of unilateral breast cancer. All fluids were tested for their
ability to promote cancer cell invasion. In addition, to differentiate the effect of the IF
component of PSF from the surgery-induced inflammation component of the PSF, we
examined whether a correlation existed between clinical characteristics of the tumor and the
biological activity of the fluids.

The results indicate that exposure of a breast to a pro-invasive IF, long before surgery and
therefore independentd of surgery-induced inflammation, predisposes an individual to
develop more aggressive breast cancer and promotes the formation of a desmoplastic stroma.
Mechanistically, we show that altered collagen deposition and inactivation of the tumor
suppressor p53 collaborate to mediate the effect of pro-invasive IF on breast cancer cells.

Materials and Methods
Post-Surgical Fluid (PSF)

PSF was obtained from Jackson-Pratt drains placed in the breast or abdomen of women
treated for breast cancer at Mount Sinai Hospital. PSF was collected at 24 and 48 hours after
mastectomy by plastic surgery service and sterilized using a 0.22 pm pore filter (Millipore).
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Patient Demographic, Clinical, & Pathological Characteristics

Cell Culture

Under an IRB approved protocol, patient charts were reviewed to collect demographic,
clinical, and pathological characteristics of our patient cohort. Invasion score of PSF sample
derived from diseased breast at 24 hours post-operatively (post-op) was compared to the
invasion score of PSF sample derived from benign breast at 24 hours post-op of the same
patient using a Wilcoxin Matched-Pairs Signed Rank test. In addition to reported p value,
Spearman correlation coefficient (rs) was calculated. The highest invasion score of PSF
samples collected 24 hours post-op from either breast of a given patient was compared to
invasion score from PSF sample collected from abdomen of the same patient at both 24 and
48 hours post-op in the same patient with separate Wilcoxin Matched-Pairs Signed Rank
tests. Lastly, invasion score from PSF samples obtained from the abdomen at 24 and 48
hours post-op in a given patient was compared using a Wilcoxin Matched-Pairs Signed Rank
test. Univariate analysis was completed on all collected demographic, clinical, and
pathologic patient characteristics with respect to invasion score of PSF sample derived from
diseased breast 24 hrs. post-op, treated as a continuous variable, using correlation analysis,
Mann Whitney test, or unpaired t-test with Welch’s correction, as applicable.

MDA-MB-231, MDA-MB-157, HBL-100, and MCF7 cells were cultured in Delbecco’s
modified eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and
100 units/mL Penicillin/Streptomycin (P/S) (Gibco). Primary human mammary fibroblasts
(HMF) were purchased from ScienCell and cultured on poly-D-lysine in fibroblast medium
supplemented with 2% FBS, 1% fibroblast growth serum (FGS), and 100 units/mL P/S
according to manufacturer guidelines (ScienCell). HER2 murine mammary carcinoma cells
were derived from MMTV-rtTA/TetO/NeuNT mice and cultured in DMEM/F-12 with
GlutaMAX (Gibco) supplemented with 10% fFBS, 100 units/mL P/S (Gibco), 0.25 ug/mL
Amphotericin B (Gibco), 25 ng/mL Hydrocortisone (Sigma-Aldrich), and 2 pg/mL
Doxycycline hyclate (Sigma-Aldrich). All cell culture was done at 37°C and 5% CO.

Human Mammary Fibroblast (HMF) Treatment with PSF

Twenty-four hours after plating HMF in complete media as described above, cells were
washed with PBS and serum-starved for 24 hrs in fibroblast media supplemented with 100
units/mL P/S. Following serum-starvation, cells were given fibroblast media supplemented
with 100 units/mL P/S and 1% PSF (4 independent high score PSF samples and 4
independent low score PSF samples were used) and cultured for 24 hrs and subsequently
collected by trypsinization for western blot analysis.

Invasion Assay

A transwell in vitro invasion assay was used to quantify and characterize the ability of PSF
to induce cell migration and invasion. Growth factor reduced matrigel basement membrane
matrix (BD Biosciences) was diluted 1:100 in cold PBS and 200 pL was added to the top of
the cell permeable membrane (0.3 um pore size) inside the cell culture inserts for 24 well
plates (Falcon). These inserts were then incubated at room temperature for 2 hours. Cells
were trypsinized, collected, and seeded atop matrigel coated filters in respective serum free
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media depending cells used, as described above. Patient PSF samples were diluted 1:100 in
respective serum free and used as the chemoattractant in the bottom chamber. All patient
PSF samples were run in at least triplicate and invasion assay was incubated at at 37°C and
5% CO,, for 48 hours. Following incubation period, invading cells attached to the exterior
side of the cell culture insert were fixed and stained using the Hema 3 Manual Staining Stat
Pack according to manufacturer guidelines (Fisher Scientific). To calculate invasion score in
MDA-MB-231 invasion assays using all patient PSF samples, an image was then taken of
each membrane at 4x objective using a Nikon Eclipse Ci-E light microscope and the number
of nuclear pixels was calculated using ImageJ. This value was dived by total pixel area and
multiplied by 100 to yield an invasion score.

In Vitro Proliferation Assay

One thousand MDA-MB-231 cells were plated in a 24-well plate in complete media.
Twenty-four hours after seeding, cells were washed with PBS and serum starved for 24
hours. Following serum starvation, cells were treated with FBS-free media supplemented
with 100 units/mL P/S and either 1% high Score PSF, 1% low Score PSF, or 1% FBS.
Proliferation was assessed at indicated time points. MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide) (Sigma) was used at concentration of 0.5 mg/mL and
absorbance read at 570nM to assess the proliferation of cells.

Murine Experiments

Female nude mice aged 4-6 weeks were purchased from Jackson Laboratory. To assess the
impact of PSF on the normal mammary gland, 1% PSF was injected subcutaneously into the
left and right thoracic and inguinal mammary fat pads of the mice. Mice were treated with
1% PSF (derived from tumor breast of mastectomy patients 24 hours post-surgery; 4
independent high score PSF samples and 4 independent low score PSF samples were used in
separate mice) in FBS-free DMEM supplemented with 100 units/mL P/S (Gibco) for a total
of three times at intervals of 72 hours. Seventy-two hours following final 1% PSF injection,
mice were harvested.

To assess the impact of PSF on residual disease growth and facilitation of local invasion and
distant metastasis, 1x10% MDA-MB-231 cells in 100 pL of either 100% growth factor
reduced matrigel basement membrane matrix (BD Biosciences) or 50% collagen type one
(3.12 mg/mL, rat tail, Corning), 50% growth factor reduced matrigel basement membrane
matrix (BD Biosciences) was injected into the right thoracic and bilateral inguinal mammary
fat pads of nude mice. One week following xenograft, 1% PSF (derived from tumor breast of
mastectomy patients 24 hours post-surgery; 1 high score PSF sample and 1 low score PSF
samples were used in separate mice) in FBS-free DMEM supplemented with 100 units/mL
P/S (Gibco) was injected bilaterally in the thoracic and inguinal fat pads. A total of three 1%
PSF injections were completed in 72-hour intervals. Tumor growth was measured weekly
using electronic calipers (VWR) and volume was calculated (Length x Width? x 0.5).

The p53°15A knock-in mice were obtained from Dr. Gigi Lozano’s laboratory and 1% PSF
was injected subcutaneously into the left and right thoracic and inguinal mammary fat pads
of the mice. Mice were treated with 1% PSF (derived from tumor breast of mastectomy
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patients 24 hours post-surgery; 1 high score PSF sample was used on one side of the mouse
and 1 low score PSF sample was used on the other side of the mice) in FBS-free DMEM
supplemented with 100 units/mL P/S (Gibco) for a total of three times at intervals of 72
hours. Seventy-two hours following final 1% PSF injection, mice were harvested. All
samples were either snap frozen for protein and RNA extraction or fixed in 10% Formalin
(Fisher Scientific) for paraffin-embedded sections.

Masson’s Trichrome Stain and Collagen Quantification

Paraffin embedded slides were deparaffinized in xylene and rehydrated in water. Sections
were then placed in Bouin’s fluid (Picric acid, 40% formalin, glacial acetic acid) in a 56 °C
water bath for 1 hour. Slides were then incubated in Weigert’s iron hematoxylin stain for 10
minutes, Biebrich scarlet-acid fuchsin solution for 7 minutes, phosphotungstic-
phosmolybdic acid solution for 5 minutes, and analine blue stain solution for 7 minutes, all
at room temperature with washes completed in deionized H,O (Dako). Slides were then
differentiated in 1% acetic acid solution for 1 minute and mounted with Permount toluene
solution (Fisher Scientific). For quantification, collagen signal area was measured in images
taken with a Zeiss AX10 light microscope at 10x objective (Zeiss) by manually selecting
regions positive for collagen, in Adobe Photoshop and quantified using ImageJ.

Second Harmonic Generation (SHG) Imaging

SHG imaging was completed at the Microscopy Core Facility at The Icahn School of
Medicine at Mount Sinai. Images were captured using the Olympus SV1000MPE
Multiphoton Flouview multiphoton laser scanning microscope operated with Olympus
Flouview software. The microscope was fitted with a Coherent Chameleon Vision Il TiS
laser with a 680-1080 nm tuning range, dispersion compensation, and 140 femtosecond
pulse width and was equipped with a 25x XLPlanN water immersion multiphoton objective
lens (NA = 1.05; Olympus). Laser excitation was controlled using an acousto-optic
modulator under managed through the Flouview software. Using 860 nm incident excitation
light, SHG signal was captured using a 420-460 nm bandpass filter, a 485 dichroic mirror
(GR/XR filter cube, Olympus), and a non-descanned (external) detector, as has been
previously described (14).

Tumor-associated Collagen Signature (TACS) Identification in SHG Imaging

Collagen alignment relative to the border of mammary ducts treated with PSF was analyzed
in SHG obtained images using the curvelet-based alignment analysis software, CurveAlign,
available through the Laboratory of Optical and Computational Instrumentation at the
University of Wisconsin-Madison. SHG images were imported into the CurveAlign software
and the tips of mammary ducts were outlined. CurveAlign software was used to identify the
angle of collagen fibers with the outlined interface within a preset pixel distance. The angle
of interaction of individual collagen fibers was reported as an output value between 0 and
90. Angles of interaction were binned into four categories: 0-20°, 20-40°, 40-60°, and 60—
90°. The number of individual collagen fibers having an angle of interaction within the four
categories were counted and normalized to the total number of collagen fibers assessed by
the software. The percentage of fibers assessed having an angle of interaction of 60-90° in
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multiple quantifications in different fields were compared between PSF treatments using an
unpaired two-sided t-test.

Microarray and Analysis

Twenty-four hours after plating MDA-MB-231 cells in complete media as described above,
cells were washed with PBS and serum-starved for 24 hrs in DMEM supplemented with 100
units/mL P/S. Following serum-starvation, cells were given DMEM media supplemented
with 100 units/mL P/S and 1% PSF (derived from tumor breast of mastectomy patients 24
hours post-surgery; 4 independent high score PSF samples and 4 independent low score PSF
samples were used) and cultured for 24 hrs and subsequently collected by trypsinization for
RNA extraction. As a control, one plate of MDA-MB-231 cells was treated with complete
media (L0%FBS supplemental with 100 units/mL P/S) for 24 hrs following 24 hrs of serum
starvation, though this was not analyzed in the microarray but was used for rt-PCR analysis.
RNA was extracted from MDA-MB-231 treated cells with PSF using the RNeasy Mini Kit
according to manufacturer’s guidelines (Qiagen). RNA samples were sent to the Genomics
Core Facility at the Icahn School of Medicine at Mount Sinai where microarray analysis was
performed. Raw expression data was obtained from the core facility and subsequently
normalized and filtered for variation. Gene expression was compared between high score
and low score PSF treated cells using ComparativeMarkerSelection and Gene Set
Enrichment Analysis (GSEA) available through GenePattern (Broad Institute). The 1000
most differentially expressed genes between high score PSF samples and low score PSF
treated samples (500 upregulated, 500 downregulated in high score vs. low score groupings)
were analyzed using Enrichr, a gene list enrichment analysis tool (15,16).

Quantitative Real-Time Polymerase Chain Reaction (rt-PCR)

Quantitative rt-PCR was performed with 100 ng of RNA in 20 UL per assay well using the
PrimeScript One Step RT-PCR kit (Takara/Clontech). The reaction was performed with the
DNA Engine Opticon System (Bio-Rad) under conditions recommended by the
manufacturer. Expression levels were normalized to that of Actin and the following primers
used: human CLIC4 forward (5'-GGTGATTCTGAACCTTGCCTCA-3"), human CLIC4
reverse (5" TCCTCTTGTTAGCCCTCCACCT-3"), human RYBP forward (5'-TTTGCC
CAGAAAGACAGCTT-3"), human RYBP reverse (5’
GTCGTGCACATGCCAGTAAC-3"), human B Actin forward (5'-
ATCCTCACCCTGAAGTACCC-3"), human B Actin reverse (5'-
TAGAAGGTGTGGTGCCAGAT-3").

Western Blot

MDA-MB-23, HMF, or murine mammary glands cells were lysed in NP40 Lysis Buffer (50
mM Tris, pH 7.5, 250 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 50 mM NaF, 0.2 mM
NazVOy4, 1 mM DTT, 10 mg/mL luepeptin, 1.74 mg/mL PMSF, 1 mg/mL pepstatin A) and
clarified by centrifugation at 4 °C for 20 minutes at 14,000 rpm. Protein concentration was
measured using the Bradford method (BioRad). Proteins were separated by SDS-Page
electrophoresis, transferred to nitrocellulose membrane (GE Health), and probed with alpha
smooth muscle actin (mouse, Sigma-Aldrich), GAPDH (mouse, EMD Millipore), p53 (DO1
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mouse, Santa-Cruz), p21 (C19 rabbit, Santa Cruz), IGFBP5 (rabbit, EMD Millipore), and
Actin (mouse, EMD Millipore).

Immunohistochemistry

For immunostaining of parrafin-embedded sections with alpha smooth muscle actin (mouse,
Sigma-Aldrich), sections were deparaffinized in xylene, rehydrated in water, and antigen
retrieval was performed in citrate buffer. Endogenous peroxidase activity was blocked with
3% hydrogen-peroxide solution for 10 minutes. Serum blocking was performed for 10
minutes prior to incubation with alpha smooth muscle actin at 1:400 dilution for 1 hour at
room temperature. Secondary antibody was incubated for 30 minutes at room temperature
and then developed using a LAB-SA peroxidase kit for 3 minutes (Invitrogen). All washes
were performed with tris-buffered saline (TBS) three times for 2 minutes.

Cytokine Array

Human Cytokine Array C5 (RayBiotech) was used according to manufacturer guidelines to
assess the presence of cytokines in 8 different PSF samples which were analyzed after
diluting 1:3 in provided buffer.

Results

Classification of PSF according to breast cancer cells invasion score

We collected PSF from a total of 46 patients at either 24 hours or both 24 and 48 hours after
surgery. Each PSF was tested in triplicate by invasion assay using the triple negative breast
cancer cell line MDA-MB-231 and an invasion score (IS) was calculated. The distribution of
the invasion scores is shown in Figure 1A. Representative images of various invasion scores
are shown in Figure 1B. Initially, only PSF from bilateral mastectomy patients treated for
unilateral breast cancer were collected to allow the direct comparison between the PSF
derived from the diseased-breast (tumor-breast) and the normal breast taken
prophylactically. No significant difference was observed between the invasion score of the
two breasts from the same individual (Fig. 1C, D), indicating that the prior presence of the
tumor did not affect the invasion score. Based on this result, we subsequently extended our
collection to patients undergoing unilateral mastectomy. As a result, 72% of PSF were
collected from bilateral mastectomy patients and 28% were collected from unilateral
mastectomy patients (Fig. 1E). Of the 46 patients, 17 also had autologous reconstruction
(Fig. 1E) allowing for the direct comparison of the PSF derived from their abdomen and
their breasts. We found a statistically significant difference between the invasion score of the
breast-derived PSF relative to the abdomen-derived PSF at the same time point from the
same patient (Fig. 1F). As inflammation and wound healing is a common denominator of all
surgical sites, this result is the first indication that surgery-induced inflammation alone is not
the major determinant of the invasion score. This result also suggests that the interstitial
fluid (IF) component of the PSF rather than inflammation component of the PSF is the
driver of the invasion. Further, this result indicates that fluids from different anatomical areas
of the same individual show differences in their ability to promote the invasion of cancer
cells. For some patients, PSF were collected at both 24 and 48 hours after surgery, allowing
for the comparison of invasion scores of PSF from the same breast at both time points.
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Except for a few cases, the invasion score increased significantly at 48 hours compared to 24
hours (Fig. 1G), indicating increased invasion capacity. However, as samples at 24 hours
were collected for all patients but only a subset of patients were also collected at 48 hours,
the samples collected at 24 hours were used for all subsequent analysis.

Retrospective analysis of PSF invasion score and clinical features

The clinical parameters collected from medical charts for all 46 patients in the study are
shown in figures 2A, and 2B. Given that obesity is linked to chronic inflammation (14), we
reasoned one trivial explanation for our results may be body mass index (BMI). However, no
significant correlation between BMI and PSF invasion score was observed (Fig. 2C). Of all
clinical correlates analyzed for a potential link with PSF invasion scores, only three showed
statistical significance. We found that patients diagnosed with 1) grade 3 (poorly
differentiated) breast cancer (Fig, 2D), 2) 1 or more positive lymph nodes (Fig. 2E) and 3)
estrogen receptor (ER) negativity (Fig. 2F) were associated with higher invasion score PSF.
Therefore, high score PSF retrospectively identified patients diagnosed with more aggressive
primary breast cancers. As the analysis of PSF from both the diseased breast and the normal
breast show the same score within an individual patient, this result supports the notion that
the IF component of the PSF may be an intrinsic characteristic of the individual rather than a
characteristic of their disease. Consequently this result suggests that exposure of the breast
to high score IF predisposes the breast to the development of high grade, invasive, ER
negative breast cancer.

Effects of low and high score PSF on normal mammary gland

To test experimentally the possibility that exposure to high score IF may predispose a
normal breast to more aggressive cancer, we injected high and low score PSF in the
mammary fat pad of nude mice. First, to ensure that the effect on invasion were observed on
human breast cancer cells is not due to species-specific PSF-derived factors, we repeated the
invasion assay on mouse cancer cells derived from inducible erbB2 tumors. We found that
high score PSF also promotes the invasion of these cells compared to low score PSF
therefore ruling out species-specific effect (Suppl. Fig. 1). In this experiment, mammary fat
pads were injected every three days for 3 consecutive times and the mammary glands
harvested 3 days after the last injection. We found that injections with low score PSF had no
significant effect on the morphology of the mammary ducts (Fig. 3A). However, hyperplasia
of the mammary ducts was observed in fat pads injected with high score PSF (Fig. 3B).
Notably, hyperplasia was more pronounced at the tip of the ducts. Further, we also tested for
the deposition of extracellular matrix proteins using Masson’s Trichome staining for
collagen. We found a striking elevation in the deposition of collagen in mammary glands
injected with high score PSF but not low score PSF (Fig. 3A-B). Further, the deposition of
collagen was also localized to the tip of the mammary ducts.

The spatial distribution of these effects is reminiscent of terminal end buds (TEB), which are
the sites of mammary duct growth and invasion trhrough the stroma during puberty.
Importantly, the collagen at TEB is characterized by a realignment of the collagen fibers
with radial rather than parallel orientation of fibers relative to the ductal edge. Such
realignment of collagen normally observed during mammary gland development, is a
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process that is also found in breast cancer. This phenomenon is referred as tumor associated
collagen signature (TACS) (15). Classification of TACS is based on the angle of collagen
fibers to a border. TACS-3 refers to a tumor where the majority of collagen fibers show an
angle of 60 to 90° relative to the tumor border. TACS-3 has been reported to be an
independent prognostic factor of worse outcome (15). Further, sites of TACS-3 were shown
to facilitate the invasion of cancer cells into the stroma. TACS can be quantified using
second harmonic generation microscopy (16). We therefore performed second harmonic
generation imaging on mammary glands injected with low or high score PSF and found a
significant increase in TACS3 in mammary glands injected with high score PSF (Fig. 3D-E-
F).

Therefore, these results show that high score PSF induces epithelial hyperplasia and invasion
in addition to collagen deposition and the formation of TACS-3.

Effects of low and high score PSF on residual disease

As the PSF were classified based on their ability to promote the invasion /in vitro using
MDA-MB-231 cells, we postulated that this effect may be reproduced /n vivo. To mimic the
post-surgical scenario of a breast where some cancer cells remain and are exposed to this
fluid, we used smaller number of cells normally used in mice to form a tumor and followed
the same protocol and schedule of injections of PSF as above, one week after
xenoengraftment of MDA-MB-231 cells. We then monitored tumor formation over a period
of 8 weeks. We found that MDA-MB-231 cells did not significantly grow in mice injected
with the low score PSF, as the volume did not appreciably increase over time (Fig. 4A, B).
In mice injected with the high score PSF, however, tumor volumes increased over time and
were significantly larger than the low score treated tumors (Fig. 4A, B). To test the
possibility that low score fluids inhibit the growth of cells, we monitored the effect of high
and low score fluids relative to cells that were treated with 1% fetal bovine serum (FBS) /n
vitro. We found that while high score fluid promoted growth relative to low score fluids, low
score fluid treated cells grew significantly better than those treated with 1% FBS (Suppl.
Fig. 2). Therefore, we concluded that low score PSF does not inhibit growth. Further, upon
histological analysis of the tumors in each group, we found that tumors in the low score PSF
group were well circumscribed and showed necrosis (Fig. 4C). However, tumors in the high
score PSF showed diffused margins and were highly cellular (Fig. 4D). Therefore, high
score PSF promotes proliferation as well as local invasion in a model of residual disease.

As we found that high score PSF promotes the deposition of collagen, we postulated that the
number of cells injected may exceed the amount of collagen produced by the short period of
injections and therefore constrain metastatic behavior, so we repeated the same experiment
using a supplement of collagen. Under these conditions, we found that cells exposed to low
score PSF grew significantly larger (Fig. 4E, F, blue line) than in absence of collagen (Fig.
4A, red line). In contrast the tumor volumes in the high score PSF group were smaller (Fig.
4E, F). However, tumors exposed to low score fluids remained necrotic while those exposed
to high score fluids were highly cellular (Fig. 4G).

To investigate the possibility that the smaller and highly cellular primary tumors exposed to
the high score fluid may have increased invasion, we monitored surrounding tissues for
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metastases. We found massive visceral metastases in 40% of the mice injected with high
score fluids, while no metastases were observed in the mice exposed to low score fluids (Fig.
4H, 1). Further, while the MDA-MB-231 cells are known to be invasive using invasion
chamber assay and metastasis to the lung using tail vein injections, these cells do not
normally induce visceral metastases from a primary site. These results therefore confirm the
proliferative and invasive effects of high score PSF and further indicate that collagen plays a
key role in this process.

Up-regulation of CLIC4 and down-regulation of RYBP contribute to the differential effects
of low and high score PSF

In order to understand the mechanistic basis of the results we observed /in vitro and in vivo,
we performed a microarray analysis on MDA-MD 231 cells treated with eight independent
low or high score PSF samples. Unbiased hierarchical clustering revealed a clear genetic
signature that distinguishes high from low score PSF treated samples. The 50 most
differentially expressed genes between the two groups are shown in a heat map (Fig. 5A).
Pathway analysis revealed that focal adhesion and cell-substrate junctions were the most
significant cellular components differentially affected by PSF treatment (Fig. 5B). This
analysis is consistent with the increase in collagen deposition which we had previously seen
in the mammary glands of high score treated mice. Therefore, we first focused on genes
implicated in collagen deposition. CLIC4 is one the top up-regulated genes in MDA-
MB-231 by high score PSF. CLIC4 has been identified as the gene most up-regulated in
fibroblasts upon exposure to TGF-B1 and was found to be required for the differentiation of
fibroblasts to myofibroblasts (17). Considering that myofibroblasts are responsible for the
deposition of collagen, CLIC4 is a prime candidate to contribute to the increased deposition
of collagen observed upon exposure to high score PSF. As a control, we confirmed that
CLIC4 is increased relative to cells that were not treated with PSF (Suppl. Fig. 3)

However, we reasoned that while CLIC4 was identified by microarray analysis on MDA-
MB-231 breast cancer cells, /n vivo, the up-regulation of CLIC4 must be most important in
fibroblasts. To test this possibility, we monitored the ability of high score PSF to induce the
formation of myofibroblasts using alpha smooth muscle actin (¢ SMA) as a marker of
differentiation since the up-regulation of CLIC4 promotes the differentiation of fibroblasts to
myofibroblasts. We treated fibroblasts with high score PSF and found a significant increase
in aSMA protein levels in fibroblasts treated with high score PSF (Fig. 5C-D). To further
validate this observation, we monitored the presence of myofibroblasts in vivo using
immunohistochemistry of aSMA in normal mammary glands treated with high and low
score PSF. This analysis confirmed an increase in myofibroblasts in mammary glands treated
with high score PSF and most noticeably the elevation in smooth muscle actin correlated
with the increase in collagen deposition at the tip of the ducts (Fig. 5E—F). Therefore, this
analysis suggests that elevation in CLIC4 contributes to the increased deposition of collagen
observed following exposure to high score PSF.

Pathway analysis on the differential gene signature produced by exposure to high or low PSF
identified the p53 pathway as the pathway most significantly associated with the PSF gene
signature in the PANTHER pathway ontology (Fig. 5G). In addition to collagen deposition,
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increased proliferation was also a strong phenotype we observed in the mammary glands
treateated with high score PSF. We therefore looked for genes that could link increased
proliferation and the p53 pathway. We focused on RYBP, which is one of the most
differentially expressed genes in our signature with high expression in the low PSF treated
samples and low expression in the high PSF treated samples (Fig. 5A). As a control, we
confirmed that RYBP is more highly expressed in cells treated with low score PSF compared
to untreated cells (Suppl. Fig 3). Our interest in RYBP arose from the fact that it is normally
implicated in the stabilization of the tumor suppressor p53 through its interaction with the
ubiquitin ligase mdm2 (18). As we found RYBP is down-regulated by high score PSF, our
prediction was that in cells expressing wild-type p53 such as the epithelial cells of normal
mammary glands, wild-type p53 levels and its transcriptional targets such as the cdk
inhibitor p21 should be also down-regulated. Such deregulation of p53 and the cell cycle
would then contribute to the increase in proliferation we observed. To test this possibility, we
analyzed the effects of high score fluids on the mammary glands of nude mice. We found
that p53 protein levels as well as its target p21 are significantly reduced by independent high
score PSF samples (Fig. 5H). This result, therefore, indicates that in addition to abnormal
collagen deposition and orientation, treatment with high score PSF leads to the degradation
of the tumor suppressor p53 and alters proliferation by decreasing the cdk inhibitor p21.

To further validate the effect of high score PSF on p53, we next turned our attention to the
heterozygous mutant p5351°A-knock-in mice, which express one copy of wild-type p53 and
one copy of mutant p53°1°A (19). As wild type p53 is an established tumor suppressor, more
recently gain of oncogenic function of mutant p53 has also been recognized. In human
cancers, homozygous loss of wild type p53 is rarely observed, rather, heterozygosity is. Loss
of heterozygosity (LOH) involves the loss of the remaining wild-type copy of p53 in the
context of a mutation in the second allele. Therefore, this mouse model recapitulates the
heterozygosity at the p53 locus that is observed in human. We reasoned that treatment of the
mammary gland of these mice with high score PSF would lead to the degradation of wild-
type p53 and mimic LOH. If so, our prediction was that the effect of high score PSF may be
more drastic in these mice. To test this possibility, we injected heterozygote p53°154/p53Wt
mice with a low score PSF in the mammary glands on the right side and high score PSF in
the mammary glands of the same mice on the left side. Each cycle of injections involved
injection on day one followed by two days rest, as was done in all previous murine
experiments. Following 3 consecutives cycles of injections, mammary glands were analyzed
by histology and western blot. We found that in these mice, some mammary ducts (30%)
show dysplasia and hyperplasia in absence of injection of PSF, suggesting that these mice
are more prone to proliferation due to the presence of mutant p53 (Fig. 51). However, the
number of abnormal ducts were only slightly increased by injection of low score PSF (38%)
(Fig. 51-J). In contrast, the percentage of abnormal ducts was increased significantly in
mammary glands injected with high score PSF (57%) and in addition, 2 spontaneous tumors
were observed (Fig. 51-K). To verify the effect on p53 and p21, we performed a western blot
analysis on the mammary glands of the heterozygote p53°154/p53"t mice. A reduction in
both was observed (Fig. 5L).

Collectively, our results both /n vivo and in vitro classify PSF as high and low score based
on their invasion capacity using the MDA-MD231 cell line. We next aimed at defining
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whether this classification holds true in more than one cell lines. We selected three low and
three high score PSF and tested their effect on invasion on three additional cell lines. We
found that even in non-invasive breast cancer cell lines such as the MCF7 cells, exposure to
high score fluid increased significantly their invasion compared to the low score fluids (Fig.
6A). This observation was consistent between cell lines (Fig. 6A).

Having identified CLIC4 on one hand and RYBP on the other hand, we then searched for
potential mechanism functionally linking these two pathways. We previously reported that
inhibition of IGFBP-5 promotes collagen deposition through the elevation in IGF signaling
(20). Further, increased expression of IGFBP-5 during senescence is reported to be p53-
dependent (21). In addition, IGFBP-5 prevents TGF-B1 mediated invasion (22). Therefore,
we analyzed the levels of IGF binding proteins in the fluids using a cytokine array on which
several IGFBP were present. We found that IGFBP1, 3, and 4 were lower in the high score
PSF compared to low score PSF (Fig. 6B, C). However, because IGFBP5 is not present in
this array, we also analyzed IGFBP-5 by western blot the mammary glands of nude mice
treated with either low or high score PSF. We found that IGFBP-5 is significantly down-
regulated by high score PSF but not low score PSF (Fig. 6D). This observation suggests that
increased IGF-signaling acts as a functional link between the up-regulation of CLIC4 and
the down-regulation of RYBP to establish a positive feedback loop between the inhibition of
p53 function and increased collagen.

Discussion

The study of interstitial fluids (IF) has been complicated by the inflammatory components of
such fluids, as their collection inevitably requires some tissue damage. Results from the
analysis of the effect of post-surgical fluids, which contain both IF and inflammatory
components, on cancer cells have lead to conclusion that surgery itself may contribute to
tumor progression. In contrast however, the results of our retrospective analysis of patient
matched PSF samples revealed that patients with high score fluids derived from their breasts,
show lower score fluid from the abdomen. This observation indicates that 1) the biological
activity of the fluid is not simply the result of inflammation and wound healing from surgery
because the abdomen in these patients also underwent surgery, 2) it confirms the
observations from other groups that the composition of the interstitial fluid reflects the
anatomical environment in which it is derived and that interstitial fluids are organ-specific
(2). Further, since the score of the fluids were the same in both breasts from the same
patient, we can conclude that the biological activity of the fluid is not affected by the
presence of a tumor in the diseased breast. Our interpretation of this finding is that in an
individual with high score IF, both breasts are at higher risk of cancer, but these patients will
have unilateral disease as a sporadic mutation may happen in one breast and its development
enhanced by high score IF.

We found a significant correlation between grade 3, ER negative, and lymph nodes positive
tumors with increased PSF invasion score. Since clinically these tumors are already at higher
risk of metastasis, one could argue that the presence of high score PSF would not have much
impact on post-surgical disease progression. However, since the outcome of xenografts from
the exact same cancer cells (MDA-MB-231 cells) exposed to low and high score PSF is
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remarkably different, our data suggest that patients with high grade tumors but low score
PSF are at lower risk than those with identical high grade tumors and high score PSF.
Therefore, analysis of PSF may have prognostic value.

Studies of IF have focused on increased IF pressure due to stiffness of the tumor
microenvironment. Our data reveals that interstitial fluid may in fact be an active player in
generating the increased stiffness itself by increasing deposition of collagen. We identified
CLIC4 as part of the mechanism leading to this effect. In addition, we also identified down-
regulation of RYBP as a mechanism to explain the increased proliferation and hyperplasia in
normal mammary glands and tumor development in the p53°15A/p53Wt heterozygous mice.
Based on the functions of CLIC4 and RYBP, we propose the model shown in Figures 6E and
F, whereby events in the epithelial cells and the stroma cooperate to determine the outcomes
of the effects of low and high score PSF. In epithelial cells exposed to low score PSF, RYBP
levels are high, leading to a low levels of mdm2 and the stabilization of wild type p53. As a
result, cells that acquired abnormalities are detected by p53 checkpoint and eliminated by
apoptosis. In addition, the transcription of p53 targets genes such as p21 and IGFBP5 lead to
inhibition of the cell cycle and IGF signaling (Fig. 6E). In the stroma of a breast exposed to
low score PSF, CLIC4 levels are low and therefore the differentiation of myofibroblasts and
production of collagen is low (Fig. 6E).

In epithelial cells exposed to high score PSF, RYBP levels are low leading to elevated levels
of Mdm2, which then degrades wild type p53 (Fig. 6F). In absence of p53 the checkpoint is
abolished, cells with acquired abnormalities are not eliminated, and the cell cycle is
stimulated and proliferation is further promoted by IGF signaling. In the stroma, CLIC4
levels are high and promote the differentiation of fibroblasts into myofibroblasts and the
deposition of collagen. While the mechanism by which tumor associated collagen signature
(TACS) remains unknown, our data indicate that high score PSF stimulates its formation and
work from the Keely group have shown that the presence of TACS is associated with
invasion (15,16). Therefore, our data suggest that the combination of the effect of high score
fluids on the epithelial cells, fibroblasts and TACS unite several of the conditions favoring
aggressive tumor progression and metastasis (Fig. 6F).

While we have focused on the effect of RYBP on p53, it is important to note that RBYP also
affects proliferation through its association with E2F6 transcriptional repressor complex
(23). Further, RYBP was recently identified as a driver deletion in a whole genome
sequencing study (24). Therefore, down-regulation of RYBP also promotes proliferation of
cells expressing mutant p53 and is consistent with our finding of the effect of high score PSF
on MDA-MB-231 xenografts, which express mutant p53.

Our results raise the intriguing possibility that IF may both predispose to the development of
cancer and promote local recurrence and metastasis. Given that the invasion scores of the IF
from both the diseased-breast and normal breast within a given patient are the same, it seems
that a sporadic mutation in one breast is a requirement for the development of aggressive
disease as both breasts are exposed to high score IF. Our data obtained in the p53°15A
mutant heterozygous mice supports this possibility.
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One key unanswered question is what is the source of the difference in the composition of
interstitial fluids between individuals? We postulate that familial, environmental, and
sporadic events may contribute; however further studies will be required to answer this
question.

Collectively, the results indicate that the biological activity of IF is an intrinsic property of
an individual. Those with high score fluids are not only at higher risk of developing
aggressive breast cancer before surgery, but may also be at higher risk of developing local
recurrence and distant metastases after surgery, should residual cancer cells remain. This
possibility will be validated in a long-term clinical follow-up study. If indeed the presence of
high versus low score PSF at surgery predicts higher risk of metastasis in patients with
otherwise identical tumor characteristics, the intent is to use these fluids to complement the
current clinical assessment of disease progression by receptors and lymph nodes status.
Further, since we found that the high score fluids themselves promote increased extracellular
matrix deposition; the possibility that other IF may also do the same in other tissues is
raised.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational relevance

Despite the fact that interstitial fluid (IF) represents a third of our body fluid, it remains
one of the most poorly understood and its relevance to cancer is understudied. The results
of the current study raise the possibility that IF derived from mastectomy patients may be
develop in the future as biomarker to identify breast cancer patients at higher risk of
developing metastatic disease.
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Figure 1.
Classification of PSF according to invasion score identifies patients with high and low score

PSF. A) Graph distribution of PSF samples according to calculated invasion score.
Histogram of all breast and abdomen PSF samples collected 24 and 48 hours post-
mastectomy (mean = 12.503; standard deviation = 7.899; n = 76 samples). B) Representative
images of invasion assay of PSF with the indicated invasion score, scale bar = 100 pm. C, D)
Comparison of the invasion scores of PSF from the benign and diseased-breasts bilateral
mastectomy patients. Invasion scores were treated as a continuous variable, Wilcoxon
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matched-pairs signed rank test and linear regression was performed. E) Table of surgery
characteristic in the patient population. F) Comparison of the invasion score of individual
autologous reconstruction patients from the diseased-breast and abdomen-derived PSF.
Invasion scores were treated as a continuous variable, Wilcoxon matched-pairs signed rank
test and linear regression was performed. G) as in F but between the same breast from the
same patient at 24 and 48 hours after surgery.
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Figure2.

Retrospective analysis of breast cancer patients reveals correlation between high score PSF
and prognostically worse characteristics of primary breast cancers. A) Clinicopathological
characteristics of 46 women treated with bilateral or unilateral mastectomy for breast cancer
or known BRCA1/2 mutations. Sentinel lymph node (SLN); axillary lymph node dissection
(ALND); estrogen receptor (ER); progesterone receptor (PR); human epidermal growth
factor receptor 2 (HER2/Neu); Lymphovascular invasion (LVI). B) PSF was collected from
the mastectomy and abdominal drains, when possible, 24 and/or 48 hours after surgery. Post-
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operatively (post-op.). C) Correlation between body-mass index and invasion scores. (p =
0.7577; n = 30; r2 = 0.003454; Linear regression). D) Comparison of the invasion scores of
all patients with grade 1 and 2 or grade 3 tumors at diagnosis. Invasion scores were treated
as a continuous variable, Wilcoxon matched-pairs signed rank test and linear regression was
performed. (p = 0.0071; Grade 1 or 2, n = 20; Grade 3, n = 18; Mann-Whitney test). E)
Comparison of the invasion score of all patients with lymph node status at diagnosis.
Invasion scores were treated as a continuous variable, Wilcoxon matched-pairs signed rank
test and linear regression was performed. (p = 0.0100; 0 + lymph nodes, n= 25; =1 + lymph
node, n = 13; Mann-Whitney test). F) Comparison of the invasion score of all patients with
estrogen receptor status at diagnosis. Invasion scores were treated as a continuous variable,
Wilcoxon matched-pairs signed rank test and linear regression was performed (p = 0.0247;
ER+, n= 32; ER-, n = 8; Mann-Whitney test).
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Figure 3.
Exposure of normal mammary gland to high invasion score PSF promotes hyperplasia,

collagen deposition, and formation of tumor associated collagen signature 3 (TACS3). A)
H&E and Masson’s Trichome stain of mammary gland exposed to 1% low score PSF. B)
H&E and Masson’s Trichome stain of mammary gland exposed to 1% high score PSF. C)
Quantification of collagen staining (p = 0.0032; n = 3 low score, n = 4 high score, Unpaired
t-test with Welch’s correction). D) Second harmonic generation imaging and CurveAlign
software analysis of mammary ducts exposed to low or high score PSF. (scale bar = 100um).
E) The same was done for high score PSF treated mammary glands identifying the majority
of collagen fibers interacting with the ductal border at 60-90°, the empirical definition for
TACS3 conformation (scale bar = 100um). F) Quantification of TACS3 in mammary glands
exposed to low and high score PSF (p = 0.0163; n = 4 low score, n = 7 high score, Unpaired
t-test with Welch’s correction).
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Figure 4.
High score PSF promotes tumor growth, local invasion, and visceral metastasis in the

mammary fat pads of nude mice. A) Graph of tumor volume of xenografts of MDA-MB-231
cells were injected in mammary fat pads of nude mice and treated with low or high score
PSF in the absence of collagen (Mean £ SEM). B) Tumor volumes at week 8 of experiment
described in A. (p = 0.0167; High, n = 3; Low, n = 7; Mann Whitney test). C) H&E of
representative xenograft from the low score PSF group from experiment in A (scale bar =
100um). D) H&E of representative xenograft from the high score PSF group (scale bar =
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100um). E) Graph of tumor volume of xenografts of MDA-MB-231 cells injected in
mammary fat pads of nude mice and treated with low or high score PSF in presence of
collagen (Mean = SEM) (6 weeks, p = 0.0006; 7 weeks, p = 0.0401; Low, n = 8; High, n =7,
Mann Whitney test). F) Tumor volumes at week 7 of experiment described in E (Mean £
SEM) (p = 0.0229; High, n = 7; Low, n =9, Mann Whitney Test). G) H&E of representative
xenograft from the low score PSF group from experiment in E (scale bar = 100um). H)
Image of a representative peritoneum of mouse treated with low and high score PSF
(Metastasis observed in 0/5 mice treated with low score PSF and 2/5 mice treated with high
score PSF) I) H&E of a representative peritoneum of mouse treated with low and high score
PSF (scale bar = 100um).

Clin Cancer Res. Author manuscript; available in PMC 2018 March 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kenny et al. Page 24

*kk

A B GO Cellular Component C Lok High
: [Focal adhesion**** |
High | Low [Cell-substrate adherens junction™* | aSMA | — - - -
B el [Celsubsite indlion™ _— ]  GAPDH [m==e=ee=]

nplex

CCDCS8 i
NAT13 E Lowscore F High Score
CLIc4 _Comp|ex**“ c . & = - . o
[ETAGAEbmplex
[ s
D aSMA
Quantification
High
Low 1
SEMA3C T T
TNFRSFI2A 0 2.0 4.0 e
Relative to GAPDH :
. |General transcrlptmn regulahbn Homo sapiens*
LIFR Low High
Ehggmﬁ Muse 7 2 3 4 5 6 Y LowScore K High Score
cgogggz P21 | i = . o ' g~
LOC 1
2 gl LT LT
UHMKT Actin [ oo b e» e e |
EDC4 -
CBXE Ductal Histology
e 1
1 0% '\ 0% | 3% )
NCDHL Ll | T Low High
: ' Mouse 7 2 3 1 2 3
30% ' 38% ' 57% == ==
TIAP1 Hyper- | 1 sl et p21 (= mmt === |
p|asia : 111 :looloa 53
SNAPCA , | PS3 (M e -
SH3GL1 , ! .
LRPSL . | = e Actin | S-e—————— |
Dysplasia s | 3m | ees
GRAHD]-A E aam E (111 ]
PABPC1L —
S SH 3 Normal ‘l‘:‘:.:‘:‘::‘ ' LLl] .-. ...‘....
(TGLE3 ,
CCDCa2 No | Low | High
YIF1A Treatment | PSF | Score | Score
NOTCHI n=331 n=70 i n=77
p53 +/- Mice
Figureb.

Identification of chloride intracellular channel 4 (CLIC4) and RYBP as mediators of the
effects of high score PSF. A) Gene expression signature of 50 most differentially expressed
genes derived from MDA-MB-231 cells treated with 4 different high and 4 different low
PSF samples. B) The 1000 most differentially expressed genes between high and low score
treated samples were analyzed by Enrichr. GO Cellular Component Ontology identified
focal adhesion, cell substrate adherens junction, and cell-substrate junction as the pathways
most significantly associated with the differentially expressed genes upon high and low
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score treatment (*** p < 0.001). C) Western blot analysis of alpha smooth muscle actin
(aSMA\) as a marker of myofibroblast differentiation in primary human mammary
fibroblasts treated with high or low score PSF. D) Quantification of aSMA in C. (Mean +
SEM)(p = 0.0411, High, n =4; Low, n = 4, Unpaired t-test). E-F) Immunohistochemistry of
aSMA in mammary glands of nude mice treated with high or low score PSF. (scale bar =
100pm). G) The 1000 most differentially expressed genes between high and low score
treated samples were analyzed by Enrichr. PANTHER Pathway identified the p53 pathway
as the pathway most significantly associated with the differentially expressed genes upon
high and low score treatment. (* p<0.05) H) Western blot analysis of p21 and p53 in
mammary glands of nude mice treated with low and high score PSF. Actin was used as the
loading control. 1) Ductal histology analysis of mammary glands of p53515A/p53WT
heterozygous mice untreated with PSF, or treated with high or low score PSF. Treated mice
were treated bilaterally with high or low score PS. (n =5 mice; n = 10 mammary glands per
high or low score PSF treatment). J) H&E of a representative mammary gland from
p53515A/p53WT heterozygous female mouse treated with low score PSF (scale bar =
100pum). K) H&E of a representative tumor in the mammary gland of a p53515A/p53WT
heterozygous female mouse treated with high score PSF (scale bar = 100um). L) Western
blot analysis of p21 and p53 in the mammary gland of p53515A/p53WT heterozygous
female mice treated with low and high score PSF.
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Figure 6.
Invasion inducing capacity of low and high score PSF is maintained across cell lines and

correlates with reduction in IGFBP. A) Invasion assays were performed on the indicated 4
cell lines using low and high score fluids from three different patients in each case (scale bar
=100um). B) Cytokine array exposed to high and low score PSF. The red boxes indicate the
positions of IGFBP 1, 2, 3,and 4 on the array. C) Quantification of IGFBPs from cytokine
array normalized to positive control (Mean + SEM) 8 different patient samples were used for
analysis (High, n = 4; Low, n = 4). D) Western blot analysis of IGFBP-5 in mammary glands
of nude mice treated with different low and high score PSF. Actin was used as a loading
control. (n = 6 mice treated separately; High, n = 3; Low, n = 3). E, F) Model of the mode of

action of low and high score PSF, respectively. See text for details.
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