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Abstract

Purpose: Multiple aspects of the tumor microenvironment (TME) impact breast cancer, yet the
genetic modifiers of the TME are largely unknown, including those that modify tumor vascular
formation and function.

Methods: To discover host TME modifiers, we developed a system called the Consomic/
Congenic Xenograft Model (CXM). In CXM, human breast cancer cells are orthotopically
implanted into genetically-engineered consomic xenograft host strains that are derived from two
parental strains with different susceptibilities to breast cancer. Because the genetic backgrounds of
the xenograft host strains differ, whereas the inoculated tumor cells are the same, any phenotypic
variation is due to TME-specific modifier(s) on the substituted chromosome (consomic) or
subchromosomal region (congenic). Here, we assessed TME modifiers of growth, angiogenesis,
and vascular function of tumors implanted in the SS'“2RY and SS.BN3!L2RY CXM strains.

Results: Breast cancer xenografts implanted in SS.BN3'-2RY (consomic) had significant tumor
growth inhibition compared with SS'-2RY (parental control), despite a paradoxical increase in the
density of blood vessels in the SS.BN3/-2RY tumors. We hypothesized that decreased growth of
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SS.BN3!'L2RY tumors might be due to nonproductive angiogenesis. To test this possibility, SS!-2RY
and SS.BN3!L2RY tumor vascular function was examined by dynamic contrast-enhanced magnetic
resonance imaging (DCE-MRI), micro-computed tomography (micro-CT), and ex vivo analysis of
primary blood endothelial cells; all of which revealed altered vascular function in SS.BN3!L2RY
tumors compared with SS'L2RY_ Gene expression analysis also showed a dysregulated vascular
signaling network in SS.BN3'-2RY tumors, among which DLL4 was differentially expressed and
co-localized to a host TME modifier locus (Chr3: 95-131Mb) that was identified by congenic
mapping.

Conclusions: Collectively, these data suggest that host genetic modifier(s) on RNO3 induce
nonproductive angiogenesis that inhibits tumor growth through the DLL4 pathway.
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Introduction

Multiple nonmalignant cell types in the TME impact breast cancer risk and progression [1-
4], yet the underlying heritable mechanisms that alter TME cell function and influence
breast cancer outcomes are largely unknown. We developed CXM as the first strategy for
mapping host TME modifiers [5]. In CXM, human breast cancer cells are orthotopically
implanted into consomic and congenic xenograft host strains, which are derived from two
parental strains with different susceptibilities to breast cancer (see Figure 1A for schematic).
Because the strain backgrounds are different, whereas the inoculated tumor cells are the
same, any phenotypic variation is due to TME-specific modifier(s) that are localized to the
substituted chromosome (consomic) or subchromosomal region (congenic), and can be
elucidated by network-based expression analysis.

In the present study, we found that multiple breast cancer xenograft lines that were
implanted into the consomic SS.BN3'-2RY CXM strain had significant tumor growth
inhibition compared with the parental SS'“2RY strain, despite a paradoxical increase in
tumor blood vessel density in SS.BN3'-2Rv_ Multiple clinical breast cancer studies have also
correlated tumor vascular perfusion kinetics (i.e., tumor vascular function) with
histopathologic prognostic factors [6], responses to neoadjuvant chemotherapy [7-10], and
patient overall survival [11], leading us to hypothesize that TME modifier(s) on rat
chromosome 3 (RNO3) might decrease tumor vascular function, which overrides the
phenotypic effects of increased vascular density. Here, we characterized the growth and
vasculature of triple negative breast cancer (TNBC) tumors implanted in SS.BN3/-2RY and
SS!L2RY rats using micro-CT, DCE-MRI, and /n vitro morphometric analysis of primary
blood vascular endothelial cells (EC). Additionally, species-specific RNAseq (SSRS) and
quantitative immunofluorescent imaging were used to identify the potential TME
modifier(s) that might alter tumor growth and vascular function. We found that
SS.BN3!L2RY tumors form a more tortuous and denser vascular network and have altered
vascular function, which was similar to qualitative perfusion imaging in patients that had
lower grade breast cancers [6] and improved five year overall survival [11]. The changes in
the SS.BN3'-2RY tumors also coincided with altered expression of DLL4, which was
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previously linked with nonproductive angiogenesis [12]. Moreover, DLL4 was co-localized
within a host TME maodifier locus (Chr3: 95-131Mb) that was identified by congenic
mapping and correlated with the phenotypic differences that were observed at the consomic
level. Collectively, these data suggest that germline host TME modifier(s) of the pathways
regulating tumor angiogenesis (e.g., the DLL4 pathway) might induce a switch from
productive to nonproductive angiogenesis that inhibits breast cancer.

Materials and Methods

Animals

All rats were provided food and water ad /ibitum and were housed at the Medical College of
Wisconsin (MCW) Animal Resource Center. All procedures were approved by the MCW
IACUC committee. The generation of the SS'“2RY and SS.BN3'-2RY rats has been described
elsewhere [5]. Congenic strains were generated by crossing SS/Mcwi and the SS.BN3
consomic strain, followed by intercrossing the F1 progeny and F2 generation to capture
different regions of RNO3 by marker-assisted selection, as described previously [13, 14].
Three new congenic strains were generated: line A!-2RY [SS.BN-(D3Rat93-D3Mit3)/Mcwi],
line B'L2RY [SS.BN-(D3Rat26-D3Mgh18)/Mcwi], and line C'L2RY [SS.BN-(D3Rat222-
D3Rat218)/Mcwi].

Tumor Implantation

DCE-MRI

The TNBC orthotopic models of firefly luciferase-tagged MDA-MB-231 (231-4¢+) cells and
Renilla-tagged HCC-1806 (HCC1806-RR) were described previously [5, 15, 16]. Briefly,
231LUc* cells (6x108) or HCC1806-RR cells (4x106) were suspended in 50% Matrigel and
implanted into the #3 mammary fat pad (MFP) of female SS'-2RY and SS.BN3'L2RY rats (n
= 5-8 per group). Tumor volume was determined by caliper measurements using the
formula: volume = Dd2rt/6, where D equals larger diameter and d equals smaller diameter.

The MRI study was performed on a 9.4T Bruker AVANCE Scanner fitted with a volume
coil. The rats were anesthetized with 1.5% isoflurane and immobilized with a fiberglass bite-
bar. Temperature was monitored and maintained at 37°C £ 1.5°C throughout the experiment.
A RARE (rapid acquisition rapid echo) imaging sequence (TE/TR = 8ms/4ms; matrix
=256x256; FOV = 3.5 cm, slice = 17.5 mm) was used to acquire sagittal scout images. A
dynamically acquired T1-weighted spin-echo imaging sequence was acquired during the
rapid injection of a gadolinium (0.1 mmol/kg Omniscan, Nycomed Amersham) contrast
agent for a total of 5min. Acquisition parameters included a TE/TR = 11 ms/500ms; matrix
=256 x 256; FOV = 3.5 cm; slice 1 mm, and phase repetition time of 6 seconds. Four
coronal slices were chosen based on the RARE images and the tumor inoculation site. Pre
and post T1-weighted spin-echo image were also acquired (TE/TR = 11 ms/500ms; matrix =
256x256; FOV = 3.5 cm; slice 2mm) to delineate enhancing tumor. The DCE data was
processed to generate initial area under the curve (IAUC), contrast washout, and initial slope
images using the IB-DCE software plugin (Imaging Biometrics, EIm Grove, WI). Tumor
and contralateral normal flank regions of interest (ROI) were drawn manually on the T1+Gd
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images. Parameters were extracted from these ROIs for direct comparison between groups.
The IAUC values were normalized by the contralateral flank values.

Rats were completely perfused with saline containing 5 U/mL of heparin, followed by
systemic injection of Microfil casting agent (Flow Tech, Inc., Carver, MA) and tissue
processing, as described previously [17]. Micro-CT data were acquired on a Triumph
SPEC/CT scanner (Gamma Medica-ldeas, Nortridge, CA) at a nominal resolution of 27 pm
(65 kVp, 170 pA, 230 ms integration time, 2048 proj/180 degrees, 28.9 mm diameter field of
view, 592 x 592 reconstruction matrix, cone-beam reconstruction. Gaussian smoothing and
global thresh-holding procedures were applied to the grayscale data to contour the tumor
(sigma = 2, support = 3, threshold = 30% of max grayscale value) and extract the tumor
vascular network (sigma = 0.8, support = 1, threshold = 200% of max grayscale value).

Tube Formation Assay

Primary blood vascular endothelial cells (EC) were isolated using magnetic bead-conjugated
anti-Pecam-1 antibodies (Cell Biologics; Chicago, IL) and cultured in DMEM containing
10% FBS and PenStrep. Four-chamber slides (Nunc Lab-Tek) were coated with 250 pl of
matrigel (CB40234B, BD Biosciences) and allowed to solidify at 37°C for one hour,
followed by seeding of 25,000 EC per well. After 24 hours, images acquired using a Nikon
TS-100 Microscope equipped with a Flex camera (Nikon). Morphometric analysis of tube-
like structures was performed using Pipeline [18].

Proliferation Assay

EC were seeded in DMEM containing 1% FBS (control) or 10% FBS in 24-well plates at
the density of 10,000 cells/well and incubated for 72 hours. At 72 hours post-seeding, EC
were trypsinized and enumerated using an automated cell counter.

Species-Specific RNAseq

The SSRS method is outlined in Supplemental Figure 1. Briefly, total RNA was extracted by
Trizol from whole xenograft tumors that were excised from SSIL2RY (n = 4) and
SS.BN3!L2RY (n = 4) rats, followed by library preparation using lllumina’s TruSeq RNA
library kit and sequencing on an Illumina HiSeq2000. All raw sequencing data can be
accessed from the Sequence Read Archive (https://www.ncbi.nlm.nih.gov/bioproject/
PRINA278049). A joint transcriptome reference file was produced by concatenating all the
RNA sequences from human build GRCh38 and rat build Rnor5.0 and appending the coding
sequence of firefly luciferase (GenBank accession U47295). Alignment and joint transcript
abundance estimation, using the joint transcriptome reference, was performed for each
separate xenograft sample with bowtie2 [19] and eXpress (version 1.5.1) [20]. Default
parameters were used with the exception of a bowtie2 offset of 1, trading index size for
increased alignment speed. An estimated counts table was compiled from all transcripts and
samples and analyzed using the DESeq?2 (version 1.4.5) [21] library for R. The rat and
human (plus luciferase) transcripts were analyzed separately to allow for normalization of
different relative contributions of malignant tumor cells and the nonmalignant host stroma.
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Differential expression values were estimated using individual transcript data and also at the
gene level by first summing estimate counts across all alternative transcripts for each gene.
This yielded transcript and gene level estimated fold-change and FDR adjusted p-values for
human and rat transcripts separately (Supplemental Tables 1-4).

Immunofluorescent Staining and Measurement of Mean Fluorescent Intensity

Immunofluorescent staining was performed using antibodies against CD31 (R&D Systems;
AF3628 or BD; 555025) and DLL4 (R&D Systems; AF1389), as described previously [5,
22]. Images were acquired at 200X and 400X magnification on a Nikon E400 microscope
equipped with a Spot Insight camera (Nikon Instruments).

Near Infrared Imaging of Tumor Vascular Function

A bifurcated optical fiber bundle is used to deliver a 785 nm wavelength (power 75 mW,
diode laser, Thorlab Inc.,) from two positions to uniformly excite the entire rat. A 16-bit
deep cooled charge-coupled device (CCD) camera (PI-XAM, Princeton Instruments) is used
to image the rats through a computer-controlled WinView/32 software. First, the rat image
with a 785 nm laser exposure and neutral density filter (OD = 4 at 785 nm) for 25 ms
exposure to focus and align. For molecular imaging a combination of 785 nm notch filter
and 830 £10 nm bandpass filters were used on emission side and a series of 1500 frames
having 256 x 256 pixels size (50 ms exposure time per frame and gain 10) were acquired in
5 min 43s. Indocyanine green (ICG) was injected intravenously at two seconds after the
image acquisition starts using a programmable syringe pump and the frames before ICG
injection was used for the background correction.

Statistical Analysis

Sigma Plot 11.0 was used to perform unpaired Student’s ¢test. Chi-square, ANOVA,
Fisher’s exact, and Kolmogorov-Smirnov tests and empirical cumulative distribution plots
for differential expression significance values were performed with R.

Results

Host TME modifier(s) of TNBC growth on RNO3 also elicit non-productive angiogenesis

To assess tumor growth, 231-U¢* or HCC1806-RR cells were orthotopically implanted in the
MFP of SSIL2RY and SS.BN3!L2RY CXM rats and tumor volumes were assessed by caliper
measurement. Compared with 231-Y¢* tumors implanted in SS'-2RY rats at 27 days post-
implant (3860 + 754 mm3, n = 5), SS.BN3'L2RY tumors (1863 + 395 mm3, n = 7) were 2-
fold smaller (/£<0.05) (Figure 1B). Likewise, HCC1806-RR showed significant growth
inhibition in SS.BN3'-2RY rats (5,904 + 700 mm3, n = 6) compared with SS'L2RY rats (8,893
+ 984 mm3, n = 8) (Figure 1C). These data demonstrate that TME-specific modifier(s)
residing on RNO3 inhibit breast cancer growth [5].

Tumor growth requires vascular supply [23] and changes in vascular function are correlated
with breast tumor grade [6] and overall survival [11], leading us to examine whether the
TME-specific modifier(s) on RNO3 altered the tumor vasculature. Compared with SS'L2RY
tumors, the blood vasculature of TNBC tumors implanted in the SS.BN3!L2RY genetic
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background was denser and more tortuous (Figure 2A-E). Likewise, tumor blood vessel
function differed between 231-U¢* tumors implanted in SS.BN3!L2RY and SS!L2RY | as
determined by DCE-MRI (Figure 2F, G). Compared with SS'“2RY tumors, the nlAUC was
significantly higher in SS.BN3'-2RY tumors (/<0.05) (Figure 2H), demonstrating that
SS.BN3'L2RY tumors have increased total blood volume compared with SS!-2RY tumors.
The increased tumor blood volume might be explained by the higher density of tortuous
blood vessels in tumors implanted in SS.BN3'-2RY compared with SS'-2RY, as determined
histologically (Figure 2A-D) and by micro-CT (Figure 2E). Moreover, the rate of washout of
gadolinium contrast agent from SS.BN3'-2RY tumors was significantly lower than SS!L2RY
(P<0.05, Figure 21), indicating that outward blood flow is slower in SS.BN3'-2RY tumors
and subsequent blood pooling could result in the higher peak total blood volume.
Collectively, these data suggest that SS.BN3!L2RY tumors have more disordered vasculature
that functions differently than the SS!-2RY parental strain and possibly contribute to delayed
tumor growth in the SS.BN3!-2RY rat.

One possible explanation of the altered vasculature in SS.BN3!2RY tumors is that genetic
modifier(s) on the BN-derived RNO3 intrinsically alter EC function at the cellular level. To
explore this possibility, we used an /n vitro model of primary blood vascular EC derived
from SS.BN3 consomic and SS rats to examine proliferative capacity and tube formation. As
shown in Figure 3A-B, isolated EC showed cobblestone morphology and expression of
multiple vascular EC markers. The proliferative capacity of the SS.BN3-derived EC was
significantly higher (£<0.05) compared with SS-derived EC (Figure 3C). Likewise, the
density of tube-like structures formed by SS.BN3-derived EC was significantly higher
(P<0.001) than SS-derived EC (Figure 3D-E), despite the same number of EC being seeded
per well. Further morphometric analysis revealed that SS.BN3-derived EC formed tube-like
structures with significantly more branch points (Figure 3F) and thinner tubes (Figure 3G)
compared with SS-derived EC. Collectively, these data suggest that the altered vasculature in
SS.BN3'L2RY tumors could be due to TME modifier(s) on RNO3 that directly alter EC
function.

Host TME modifier(s) on RNO3 alter a vascular gene network

Species-specific RNAseq (SSRS) was used to identify host TME gene networks that were
differentially expressed (DE; FDR<0.1) in 231-U¢* tumors implanted in SS'-2RY (n = 4) and
SS.BN3!L2RY (n = 4). This revealed 541 DE genes and 489 DE transcript isoforms in the
host TME of SS.BN3!L2RY tumors compared with SS'-2RY (Supplemental Tables 1 and 2).
DE genes and transcript isoforms were significantly enriched on RNO3 compared to the
genomewide average (/£<0.001; Figure 4A-D), as were the distributions of p-values for
RNO3 versus the rest of the genome (Figure 4E-F).

Gene ontology (GO) analysis of the merged list of DE genes and transcript isoforms using
Ingenuity Pathway Analysis (IPA) revealed that the most enriched GO cluster was related to
vascular development and angiogenesis (Supplemental Tables 5 and 6). Of the DE
candidates in the vascular development and angiogenesis GO, only DLL4 was previously
linked with altered vascular branching that leads to nonproductive angiogenesis and tumor
growth inhibition [12, 24-28], which matches the phenotypes observed in the SS.BN3/L2RY
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CXM model (Figures 1-4). Expression of DLL4 protein on tumor blood vessels was also
reduced in 231-4°* and HCC1806-RR tumors implanted in SS.BN3'L2RY rats compared
with SS!L2RY tumors (Figure 5C, D). Compared with SS'L2RY tumors, the density DLL4*
blood vessels decreased 50-60% in 231-U¢* and HCC1806-RR tumors implanted in
SS.BN3!L2RY rats (Figure 5E, F), despite a nearly 2-fold increase in density of total CD31*
tumor blood vessels (Figure 2A-D). Additionally, blockade of the DLL4 pathway in SS-
derived EC by the -y-secretase inhibitor, DAPT [24], enhanced /n vitro tube formation (124
+ 6 branchpoints; £<0.05) compared with control treated EC (106 + 5 branchpoints)
(Supplemental Figure 3), suggesting that inhibition of the DLL4 pathway increases vascular
branching, as has been demonstrated previously [12, 24-28].

DLL4 co-localizes within a host TME modifier locus of tumor growth and angiogenesis

We next attempted to test the molecular role of DLL4 in our model by shRNA-mediated
knockdown; however, we were unable identify ShRNA reagents that reproducibly
downregulated DLL4 expression in the rat. Thus, we instead mapped the host TME
modifier(s) (e.g., DLL4) on RNO3 using three SS.BN3!L2RY congenic xenograft host strains
(line A'-2RY [ine B!L2RY and line C'L2RY). As shown in Figure 6, 231-U¢* or HCC1806-RR
cells were orthotopically implanted into the MFP of SSIL2RY, SS.BN3/L2RY | |ine AlL2RY,
line B'L2RY, and line C'L2RY, We found that 231-Y¢* tumors implanted SS'L2RY (6,680

+ 719 mm3, n = 10) were significantly larger than SS.BN3'L2RY consomic (2,714 + 149
mm3, P< 0.05, n = 26) and line AIL2RY (3,630 + 289 mm3, £< 0.05, n = 16) tumors at 24
days post-implantation, whereas the volumes of 231-U¢* tumors implanted in line B!-2RY
(4,518 + 278 mm3, n = 13) and line C''2RY (4,614 + 335 mm3, n = 13) did not significantly
differ from SS'-2RY (Figure 6). Similarly, HCC1806-RR tumor growth was significantly
inhibited in the SS.BN3'-2RY consomic and line A!-2RY compared with SS'2R7| line
B'L2RY and line C'-2RY (Figure 6). By exclusion mapping, these data suggest that host TME
modifier(s) of TNBC growth reside within a 36Mb locus on RNO3 (Chr3: 95-131Mb); a
region that contains DLL4 (Figure 5A-C).

We next assessed whether the host TME modifier locus on RNO3 (Chr3: 95-131Mb) altered
the tumor vascular density and function, and vascular-specific DLL4 expression. Compared
with the CD317 vessel density of SS.BN3'-2RY tumors (80 + 9 vessels/field), the 231Luc+
tumors implanted in SS'-2RY (54 + 5 vessels/field; < 0.01) and line C'-2RY (47 + 3 vessels/
field; £< 0.001) had significantly decreased tumor vascular density (Figure 7A). Likewise,
HCC1806-RR tumor vascular density was significantly higher in the SS.BN3'-2RY consomic
compared with SSI2RY and line C'L2RY (Figure 7A). For both TNBC lines, the density of
CD31*/DLL4* double-positive vessels in SS.BN3'-2RY tumors was significantly less
(P<0.05) than SS'-2RY and line C'M2RY tumors, despite significantly increased density of
CD31* blood vessels in SS.BN3!L2RY tumors (Figure 7A). Finally, analysis of tumor
vascular function showed a delayed washout of ICG dye in 231-U¢* tumors implanted in
SS.BN3!L2RY compared with SS'-2RY and line C'-2RY (Figure 7B). Collectively, these data
suggest that the host TME modifier(s) of tumor growth inhibition and nonproductive
angiogenesis reside within the 36Mb locus on RNO3 (Chr3: 95-131Mb), which colocalizes
with differential expression of DLLA4.
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Discussion

Perfusion MRI analysis of tumor vascular function can be used to predict more aggressive
histopathologic features and outcomes in breast cancer patients, such as tumor grade [6],
response to neoadjuvant chemotherapy [7-10], and overall survival [11]. However, the
genetic and molecular mechanism(s) underlying the tumor vascular changes and the
prognostic factors remain poorly understood. Here, we present a novel experimental model
with key vascular phenotypes that recapitulate perfusion characteristics that may correlate
with the aggressiveness of human breast cancers. Compared with the SS.BN3!L2RY strain,
tumor growth in the SS'-2RY rat was significantly more aggressive and this coincided with a
rapid washout on DCE-MRI that has been associated with higher grade of tumors [6] and
worse overall survival prognosis in human patients [11]. These findings, combined with
morphometric and functional analyses of the blood vasculature (Figures 2 and 3), indicate
that host genetic modifier(s) on RNO3 alter vascular structure and function in the
SS.BN3!L2RY CXM rat strain. These vascular alterations were also detected at the molecular
level by SSRS and immunofluorescent imaging, which revealed an altered vascular gene
network that was highlighted by dysregulation of DLL4 in the TME of SS.BN3'-2RY tumors
(Figure 5). By congenic mapping, we localized a host TME modifier locus (Chr3: 95—
131Mb) that contains DLL4 and was correlated with the tumor growth and vascular
phenotypes that were observed at the consomic level (Figures 6 and 7). Collectively, these
data suggest that DLL4 is likely a host TME modifier of breast cancer in the SS.BN3!L2RY
CXM strain, albeit further congenic mapping or gene-editing is necessary to exclude other
potential candidate(s) in the region and isolate the causative variant(s).

It is notable that the DLL4 pathway is a master regulator of angiogenic vascular patterning
[12, 24-31] and inhibition of DLL4 attenuates tumor growth and progression by eliciting
nonproductive angiogenesis (i.e., a higher density of poorly functioning vasculature) [12,
24-28], which is similar to the phenotypes observed in the SS.BN3'“2RY tumors. During
angiogenesis, VEGF upregulates DLL4 expression on the vascular tip cells and DLL4 then
activates NOTCHL1 signaling in the adjacent endothelial cells to suppress aberrant tip cell
formation and excessive vascular branching [25, 29-31]. In the SS.BN3'-2RY model, we
observed a TME-specific decrease in expression of DLL4 that coincided with nonfunctional
angiogenesis and decreased growth of SS.BN3'-2RY tumors. Congenic mapping further
localized the host TME locus on RNO3 (Chr3: 95-131Mb) that contains DLL4 and
modified DLL4 expression (Figure 7), which coincided with altered tumor growth (Figure 6)
and altered tumor vascular density and function (Figure 7). Although these data due not
exclude the possibility of other TME modifier(s) within the TME locus on RNO3 (Chr3: 95—
131Mb), the downregulation of DLL4 and the observations in SS.BN3'“2RY tumors that
phenocopy the inhibition of DLL4 [12, 24-28] suggest that the DLL4 pathway is a plausible
candidate on RNO3. However, these findings do not exclude additional host TME
modifier(s) on RNO3 that might interact with the DLL4 pathway (e.g., upstream or
downstream mediators) or function independently of the DLL4 pathway. The next step to
verifying the causative DLL4 allele(s) or discovering new candidates will be to further map
the TME modifier(s) using smaller subcongenic strains or gene-editing approaches.
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Tumor angiogenesis is a highly coordinated process that is necessary for growth and
progression of breast cancer [23, 32]. A denser tumor vasculature is largely correlated with
increased tumor growth and hematogenous metastasis, which is thought to be due to
enhanced supply of oxygen and nutrients to the tumor and by providing more routes for
metastatic dissemination [33]. Although many initial studies focused on the prognostic value
of tumor blood vessel density [33, 34], it is increasingly evident that functionality of the
tumor vasculature is also an important predictor of patient outcomes (e.g., tumor grade [6],
response to neoadjuvant chemotherapy [7-10], and overall survival [11]). A rapid
accumulation and washout of Gd+ that is associated with higher grade of tumors [6] and
worse overall survival prognosis in human patients [11] is thought to reflect a denser
network of tumor vessels that facilitate tumor growth and metastasis. However, our data
suggest that the predictive values of tumor vascular density and function might not always
coincide. Although the vascular density was increased in SS.BN3'-2RY tumors compared
with SS!L2RY tumors (Figure 2A-E) [5], this correlated negatively with tumor growth (Figure
1) and the DCE-MRI washout curves that were indicative of less aggressive breast cancer
(Figure 2). Collectively, these data suggest that germline genetic variants in the host TME
can modify the pathways that regulate tumor vascular density and function (e.g., the DLL4
pathway), which ultimately impacts tumor growth and disease progression. Identifying these
host TME modifiers will likely improve the accuracy of breast cancer patient prognosis and
potentially provide novel therapeutic targets for treating breast cancer patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RNO3 rat chromosome 3
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Figurel.
Schematic of the SS.BN3'-2RY and SS'L2RY strains and tumor growth curves. (A) In CXM,

the host genetic background is altered by one chromosome inherited from a different genetic
background (black bar), enabling any phenotypic differences to be linked to the substituted
chromosome (e.g., RNO3 in this case). (B) The growth of 231-U¢* tumors was monitored by
caliper measurement at 13, 20, and 27 days post-implantation in SS'-2RY (n=5) and
SS.BN3L2RY (n=7) rats. (C) The growth of HCC1806-RR tumors was monitored by caliper
measurement at 10, 17, and 24 days post-implantation in SS'-2RY (n=8) and SS.BN3/L-2Rvy
(n=6) rats. Data are presented as mean tumor volume + SEM. */<0.05 as determined by a
repeated measures ANOVA.
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Figure 2.
Analysis of blood vasculature of TNBC tumors implanted in SS.BN3/L2RY and SS!L2RY rats.

(A) Immunofluorescent staining of CD31* blood vessels of 231246+ implanted in SS'L2RY (n
=5) and SS.BN3'-2RY (n = 5) rats. (B) Quantification of CD31* tumor blood vessels per
200X field (n =3 fields per tumor). Data are presented as mean + SEM. (C)
Immunofluorescent staining of CD31* blood vessels of HCC1806-RR implanted in SSIL2RY
(n = 8) and SS.BN3'L2RY (n = 6) rats. (D) Quantification of CD31* tumor blood vessels per
200X field (n = 3 fields per tumor). Data are presented as mean = SEM. (E) Micro-CT
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reconstructions of the vascular networks of 231U+ tumors implanted in SS'-2RY and
SS.BN3!LZRY rats, (F) Representative T1+Gd and nlAUC images from 231-U¢* tumors
implanted in SS.BN3!L2RY and SS!L2RY rats. (G) Plot of dynamic flow curves (n = 6 rats per
group). (H) Bar charts showing the comparison of nlAUC and (1) washout of Gd contrast
agent from tumor regions of interest. Data are presented as mean normalized values + SEM.
*P<0.05 as determined by Student unpaired #test.
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Figure 3.
Functional analysis of blood vascular endothelial cells (EC) derived from SS and SS.BN3

rats. (A) Morphology of EC derived from SS and SS.BN3 rats was identical between strains
and resembled a cobblestone morphology that is characteristic of EC. Images were acquired
at 200X and the scale bar represents 100 um. (B) Purified ECs express blood endothelium
markers. (+) indicates positive control RNA and (=) indicates a no template control. (C)
Proliferative response of EC to serum. Data are presented as means + SEM (n = 4 per
group). *A<0.05 and **P<0.01, as determined by ANOVA followed by followed by the
Holm-Sidak multiple comparison test. (D) Brightfield images of EC tube formation for SS
(n =8) and SSBN3 (n = 8). Images were acquired at 400X and the scale bar represents 500
um. (E) Quantification of total area of tube-like structures per 40X field. (F) Quantification
of EC tube branch points per 40X fields. (G) Quantification of EC tube thickness per 400X
field. Data are presented as means + SEM. *£<0.05, **£<0.01, and ***/<0.001, as
determined by Student unpaired #test.
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Figure 4.

Localization of differentially expressed genes and transcripts in the TME of SS.BN3!L2RY
(n=4) and SS'-2RY (n=4) rats, as determined by SSRS. (A) Chromosomal distribution of the
541 differentially expressed genes in the TME of SS.BN3!L2RY rats compared with the
Ss'L2Ry (B) Differentially expressed genes from panel (A) presented as differentially
expressed genes per chromosome normalized to total number of genes per chromosome. (C)
Chromosomal distribution of the 489 differentially expressed transcript isoforms in the TME
of SS.BN3'-2RY rats compared with the SS'L2RY_ (D) Differentially expressed transcript
isoforms from panel (C) presented as differentially expressed transcript isoforms per
chromosome normalized to total number of transcript isoforms per chromosome.
***P<(0.001, as determined by Fisher’s exact test. Distributions of adjusted p-values for
differentially expressed genes (E) and differentially expressed transcripts (F) on RNO3
versus the rest of the rat genome were tested by a two-sample Kolmogorov-Smirnov test.
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Figure5.
DLL4 is a candidate TME modifier that is downregulated in the vasculature of SS.BN3!L2RY

tumors compared with SS'L2RY_ (A) Heatmap of the 43 differentially expressed mRNA
(FDR<0.1) that make up the blood vasculature GO cluster. (B) Heatmap of the 6
differentially expressed mRNA in the blood vasculature GO cluster that reside on RNO3. (C,
D) Expression of DLL4 protein (green) on CD31* blood vessels (red) was assessed by dual
immunofluorescent staining of 231-U¢* (C) and HCC1806-RR (D) tumors implanted in
SS!L2RY and SS.BN3'L2RY rats. Note that DLL4 is co-localized to CD31* tumor blood
vessels and is downregulated in SS.BN3'“2RY tumors compared to SS'L2RY_ (E, F)
Quantification of the percentage of DLL4* blood vessels in 231-U¢+ (E) and HCC1806-RR
(F) tumors implanted in SS'-2RY and SS.BN3!L2RY rats (n = 5-8 tumors per group). Data are
presented as mean £ SEM. */<0.05 and ***P<0.001, as determined by Student unpaired ¢
test.
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Figure 6.
Schematic representation of the SS.BN3!-2RY congenic strains that were generated by

introgressing segments of BN chromosome 3 (black) into the genetic background of the
parental SS'L2RY strain (white) by marker assisted breeding. Thin black bars represent
confidence intervals, which are chromosomal regions that could be BN or SS. The position
of DLL4(chr3: 111,135,011 — 111,146,746 bp) and the 36 Mb host TME modifier locus
(chr3: 95,176,874 — 131,051,652 bp). Tumor volumes were measured at 24 days post-
implantation of the 2314+ and HCC1806-RR TNBC cell lines. Data are presented as mean
+ SEM. *£<0.05, as determined by 1-way ANOVA followed by Holm-Sidak post-hoc test.
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Congenic mapping of vascular density and function, which coincide with altered vascular-
specific DLL4 protein expression. (A) Analysis of the mean density of CD31" blood vessels

per 200X field (n = 3 images per tumor) and the percentage of CD31*/DLL4" double

positive blood vessels per 400X field ( n = 3 images per tumor). Data are presented as mean
+ SEM. *£<0.05, **F<0.01 and ***F<0.001, as determined by 1-way ANOVA followed by
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Holm-Sidak post-hoc test. (B) Tumor vascular function was assessed by near infrared
imaging of circulating ICG dye in 231-U¢* tumors at 10 days post implantation.
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