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Abstract

Background: Invasive lobular carcinoma (ILC) is the second most common
histological subtype of breast cancer and exhibits a number of clinico-pathological
characteristics that are distinct from the more common invasive ductal carcinoma
(IDC). Despite these differences, ILC is treated in the same way as IDC. We set out to
identify alterations in the tumor microenvironment (TME) of ILC with potential
clinical significance.

Methods: We used laser-capture microdissection (LCM) to separate tumor epithelium
from stroma in 23 ER+ ILC samples. Gene expression analysis was used to identify
genes that are enriched in the stroma of ILC, but not IDC or normal breast.

Results: 45 genes involved in regulation of the extracellular matrix (ECM) were
enriched in the stroma of ILC, but not stroma from ER+ IDC or normal breast. Of
these, 10 were expressed in cancer-associated fibroblasts (CAFs) and were increased
in ILC compared to IDC in bulk gene expression datasets. PAPPA was the most
enriched in the stroma compared to the tumor epithelial compartment in ILC. PAPPA
encodes pregnancy-associated plasma protein-A (PAPP-A), a metalloproteinase that
cleaves insulin-like binding protein-4 (IGFBP-4) increasing IGF-1 bioavailability and
subsequent downstream signaling. Analysis of PAPPA and IGF1 associated genes
identified a paracrine signaling pathway and active PAPP-A was shown to be secreted
from primary CAFs. Comprehensive survival analysis across 3000 breast cancers
identified PAPPA as a potential ILC-specific prognostic marker.

Conclusions: This is the first study to demonstrate molecular differences in the TME
between ILC and IDC and identifies PAPP-A, a CAF-derived proteinase, as a

potential prognostic marker.


https://doi.org/10.1101/2020.04.24.059386
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.24.059386; this version posted April 25, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Introduction

Invasive lobular breast cancer (ILC) accounts for around 5-15% of breast cancers and
is the second most common histological subtype after invasive breast cancer of no
specific type, commonly referred to as invasive ductal carcinoma (IDC). ILC is
recognised to exhibit a number of clinico-pathological characteristics distinct from
those of IDC [1, 2]. It has an increased propensity for multi-centricity, multi-focality
and bilaterality, in addition to an unusual pattern of metastatic dissemination having a
predilection for spread to the gastro-intestinal tract, peritoneum and ovary [3]. ILC is
predominantly estrogen receptor (ER) and progesterone receptor positive, with low to
absent expression of human epidermal growth factor receptor-2. Most patients with
ILC are candidates for adjuvant endocrine treatment. Although response rates are
initially good, an ILC diagnosis is associated with adverse long-term outcomes
compared to IDC [4]. At the molecular level, ILC is defined by a loss or reduced
expression of the cell-cell adhesion molecule E-cadherin, and several studies have
further mapped the genomic landscape of ILC [5-8]. More recently, tumor-infiltrating
lymphocyte populations have been profiled [9]. ILC is characterized by having a
dense stroma which has a larger contact area with the tumor cells than in IDC, due in
part to the difference in tumor growth pattern (“indian file” vs dense islands,
respectively). However, little else is known about the composition of the stroma or the
role of the surrounding tumor microenvironment (TME). The TME plays a critical
role in tumor behaviour by influencing progression and metastatic spread, as well as
therapeutic response [10, 11], and in breast cancer a stroma-derived prognostic
predictor has been identified that stratifies disease outcome independently of clinical

prognostic factors [12].

In this study we used laser-capture microdissection (LCM) to generate the first
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human ILC stromal gene set. A number of genes were more highly expressed in the
stroma of ILC, but not that of IDC or normal breast. These genes included PAPPA
encoding pregnancy-associated plasma protein-A (PAPP-A), a metalloproteinase that
cleaves insulin-like binding protein-4 (IGFBP-4) when IGF-1 is bound to IGFBP-4
[13]. This results in a local increase in IGF-1 bioavailability and subsequent
downstream signaling. Here we further show that active PAPP-A is secreted from
cancer-associated fibroblasts (CAFs), and may represent an ILC-specific prognostic

marker.

Methods
All standard assays not detailed here are described in the Supplementary Methods

(available online).

Tissue processing for LCM and gene expression analysis

All samples were obtained from the McGill University Health Centre: Breast Cancer
Functional Genomics Initiative Biobank, Montreal, Canada (Study identifiers SUR-
99-780 and SUR-2000-966). Tissue collection, LCM, sample isolation, RNA
extraction and microarray hybridization were carried out as previously described [14]
and analyzed using the SurePrint G3 Human GE 8x60K microarray kit. Processed and

raw data are available from Gene Expression Omnibus (GSE148398).

Primary CAF dataset generation
All samples were obtained from the NHS Lothian Tissue Governance Committee,

Edinburgh, United Kingdom, approval number 15/ES/0094. CAFs were isolated from
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five ILC and three IDC samples and total RNA extracted (Qiagen). RNA was
biotinylated using the Illumina TotalPrep RNA Amplification kit (Ambion). Samples
were run on Illumina HT-12 v4 BeadChips. Quantile normalisation was performed

using the Lumi package. Processed and raw data are available from Gene Expression

Omnibus (GSE148156).

Statistical analysis

All statistical analyses were two-sided and p<0.05 was considered statistically
significant. Differential gene expression analyses from LCM and CAF datasets were
calculated using Rank Products in MeV [15]. Differences in gene expression in whole
tissues were assessed by Wilcoxon test, in primary CAFs by Mann-Whitney-
Wilcoxon test and in KEP tumor and CAFs by t-test. Mann-Whitney-Wilcoxon and
fold change analysis were used to assess differences in gene expression between
tumor and stroma in LCM datasets. RNAScope data were assessed by paired t-test.
Correlation between PAPPA and IGF1 was assessed by Pearson correlation and linear
regression analysis. Comprehensive survival analysis was performed using the

survival R package [16].
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Results

Generation of an LCM-ILC dataset

LCM was performed on 23 ILC fresh frozen human samples. Three-quarters of
tumors were Grade 2 (17, 74%), along with five Grade 1 and one Grade 3. RNA was
isolated from tumor epithelium (TE) and tumor stroma (TS) compartments (TS
defined here as primarily CAFs and matrix proteins, with the majority of immune
cells being excluded). Gene expression data was generated for a total of 22 TE and 18
TS samples (Figure 1A; Supplementary Figure 1), including 17 matched TE and TS
samples from the same patient. Two-class paired Rank Products analysis (percent
false positive <0.01) identified 1,082 genes consistently more highly expressed in the
TS and 837 in the TE when comparing TS versus TE. These genes clustered the
samples by cell type (epithelium/stroma), showing successful microdissection of TE
and TS compartments. REACTOME gene ontology annotation revealed up-regulation
of genes involved in extracellular matrix (ECM) remodelling, collagen degradation
and integrin cell surface interactions in TS compared to TE, while genes related to
cell cycle, DNA replication and methylation were up-regulated in TE compared to TS

compartments (Figure 1B).

Identification of TS-ILC enriched genes

An analysis pipeline was set up to identify genes up-regulated in the TS compared to
TE in ILC, but not IDC or normal breast (Figure 1C). First, the list of 1,082 genes
differentially expressed in our TS LCM-ILC dataset was applied to previously
reported LCM-IDC (GSE68744) [17] and LCM-normal (GSE4823) [14] datasets.

This identified 261 genes that were only increased in the TS compared to TE in ILC.
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ToppGene gene ontology analysis (https://toppgene.cchmc.org/) identified 45 of these
genes to be involved in significant pathways (Benjamini-Hochberg adjusted p-value
<0.05), all related to the ECM (Figure 1D; Supplementary Figure 2). Network
analysis revealed 30 interconnected genes, including matrix proteins (COL6A3,
COLI8A1, TNC, EFEMP2), proteoglycans (SPOCK2, PAPLN, HAPLN3, GPC6),
proteinases and their regulators (MMP2, TIMP2, MMP14, CAPN3, ADAMTSIS,
SERPINHI, PAPPA) and integrin subunits (/TGA7 and ITGA10). A number of growth
factors, including those of the TGFp superfamily (PGF, GFDI1, HGF, TGFB3,
BMP?2), were also identified. The analysis highlighted physical interactions of MMP2
with TIMP2, MMPI14, COL6A3, COLI8A] and CAPN3, all involved in ECM
organization. In addition, BMP2 and PAPPA were the two main hubs of genetic
interactions [18] (Figure 1D). The expression of these 45 stromal genes was examined
in ILC and IDC ER+ samples from the METABRIC [19] and The Cancer Genome

Atlas (TCGA; http://cancergenome.nih.gov/) bulk mRNA datasets (Table 1). PAPPA,

PRKCA, TGFB3, ITGAI0, ITGA7, CLECIA, CLECI0OA and PAPLN were up-
regulated in ILC compared to IDC in all 3 datasets (METABRIC, TCGA RNA-Seq
and TCGA microarray), highlighting the importance of these genes in the stroma of

lobular carcinoma (Supplementary Figure 3).
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Figure 1: Identification of stromal genes enriched in ILC. A) Schematic representation of the LCM
experimental design. B) Two-Class paired differential gene expression analysis and REACTOME pathway
enrichment analysis of 22 tumor epithelial (TE) and 18 tumor stromal (TS) ILC samples dissected by LCM.



Heatmap was generated using MultiExperiment Viewer (Rank Products, pfp < 0.01), Cluster3 and TreeView. Z-
scored expression values. REACTOME bar plot was generated in R. C) Pipeline used for the selection of TS-ILC
enriched genes from the LCM-ILC dataset. D) Interaction map of the 45 ECM associated genes from ToppGene
was generated using GeneMANIA in Cytoscape. Colour represents the fold change (FC) expression in the TS
compared to TE. Blue = FC TS/TE -1 — 0; White = FC TS/TE 0; Pink = FC TS/TE 1 — 2; Red = FC TS/TE 2 - 10.
Network connectors represent physical interactions (pink), predicted (orange), pathway (blue) or genetic
interactions (green). Arrows point to the 14 genes whose expression was significantly increased in ILC compared
to IDC in TCGA and METABRIC datasets.

Table 1. List of the 45 ECM genes from the ToppGene GO analysis in ILC, IDC- and normal-LCM datasets
and whole tissue datasets. Fold changes for LCM datasets are TS/TE. Bulk datasets indicate significant gene

expression difference between subtypes, high is indicated, Mann-Whitney-U *p<0.05, ***p<0.0001.

LCM datasets — tissue fold change

Whole tissue datasets — subtype significant

ILC IDC | NORMAL TCGA | TCGA RNA-
Genes (GSE148398) |(GSE68744)| (GSE4823) | METABRIC | s roarray Seq

PAPPA 9.14 ILC* ILC* ILC*
ANGPTL2  [6.29 ILC* . [LCH**
NOV 6.21 . [LC*** [LCH**
MMP2 6.20 . ILC* [LCH**
NID1 4.90 - - -
TIMP2 477 . . ILC*
CAPN5 4.02 ILC* . [LCH**
EFEMP2  |3.88 0.76* [DCH*x . [LCH**
PRKCA 3.52 ILC* ILC* [LCH**
TNC 3.13 . ILC* ILC*
COL18A1  [2.95 IDC* . [LCH**
COLECI1  [2.95 ILC* . .

Genes in MMP14 2.81 - - -

CAF [SERPINH1 [2.78 IDC* . .

dataset [CD109 2.77 IDC* - -

(28) |GDF11 2.67 [DCH*x - -
TGFB3 2.59 [LCH** ILC* [LCH**
COLGA3 2.53 . . .
TNFSF9 2.36 IDC* . .
ITGA10 235 [LCH** [LC*** [LCH**
ITGA7 233 ILC* [LC*** [LCH**
WNT5B 2.30 . . ILC*
LOX 2.28 . . .
GPC6 2.04 IDC* . [DCH*x
HAPLN3 1.98 . . [LCH**
CAPN3 1.89 . . [LCH**
BMP2 1.86 . ILC* [LCH**
BMPER 1.86 - - [LC***
ADAMTS14 [6.37 1.18 0.03 IDC’ - -

PGF 6.08 0.96 -0.06 . .
CILP2 5.35 1.03 -0.01 . .
CLEC1A 4.5 1.06 0.06 ILC*
ANGPT2 3.46 1.00 0.07 .
FAM20A  [|2.66 1.01 0.10 . ILC*

Genes [HGF 2.58 1.05 0.20 . ILC*

notin |ZP1 2.35 1.05 0.03 - -

CAF |ADAMTSIS [2.28 1.08 -0.01 . .

dataset [FCN1 2.07 0.76* 0.48 . -

17) |MuUC19 2.04 0.98 -0.01 - -
DHH 2.04 0.89 -0.19 . .
SPOCK2 2.02 1.14 0.11 . ILC*
PAPLN 1.98 1.15 0.21 [LC**+ ILC*
CLEC10A  |1.84 0.92% 0.43 ILC* ILC*
ASTL 1.82 1.10 -0.01 . IDC*
TDGF1 1.81 131 -0.27 : :




ILC-specific expression of primary cancer-associated fibroblasts
In order to perform functional studies, gene expression profiling of primary CAFs
from ILC and IDC tumors was performed (Figure 2A and B; Supplementary Figure
4). Rank Products analysis (percent false positive <0.05) identified 1,027 genes
differentially expressed between ILC- and IDC-derived CAFs; approximately half
(485) were up-regulated in ILC CAFs compared to IDC CAFs (Figure 2C) and were
enriched for ECM-associated genes such as COL6A43 and FNI, along with genes
involved in glycolysis and focal adhesion, as well as members of the TGFf signaling
pathway (Figure 2D).

Of the 45 ILC-specific stromal genes identified by LCM, 28 were expressed in the

CAF dataset (Table 1; Figure 2E). GeneMANIA (http://genemania.org/) analysis

identified that 24 of these 28 genes were in the same pathway, or have/predicted
genetic or physical interactions (Supplementary Figure 5). The majority (14/24) of
these genes were significantly up-regulated in ILC compared to IDC (p<0.05) in at
least one of the published bulk datasets (Table 1). Clustering the 10 genes with a
TS/TE fold change >2 clearly showed increased expression in the TS of ILC, but not

in IDC or normal breast (Figure 2F).
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Figure 2: Generation of a primary CAF dataset. A) Schematic representation of primary CAFs dataset
generation. B) Primary ED2425 ILC CAFs stained for the mesenchymal markers vimentin and a-SMA. Scale bar

50um. C) Two-Class unpaired differential gene expression analysis. Heatmap was generated using

MultiExperiment Viewer (Rank products, pfp < 0.05), Cluster3 and TreeView. Mean-centred expression values.
D) Differentially expressed genes and pathways between ILC and IDC CAFs was performed using DAVID
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Bioinformatics Resources (KEGG pathways). E) Relative expression of 28 genes expressed in primary CAFs.
Marked in blue the 10 ILC CAF-associated genes. F) Heatmaps of CAF-associated genes in LCM-ILC, -IDC, -
Normal datasets were generated from Z-scored values using Cluster3 and TreeView. Tissue samples are indicated
as E=epithelium, S=stroma.

PAPPA is predominantly expressed in the stroma of ILC

PAPPA was taken forward for further analysis as it showed the greatest fold change
expression in the stromal compared to epithelial compartments in ILC (FC TS/TE >9)
(Table 1). PAPPA encodes PAPP-A, a secreted metalloproteinase that cleaves
IGFBP-4, releasing bioactive IGF-1 that can initiate downstream signaling via the
IGF-1R [20]. PAPP-A activity can be inhibited by non-covalent or covalent complex
formation with endogenous inhibitors stanniocalcin-1 (STC1) or -2 (STC2),
respectively [21, 22] (Figure 3A). To verify that PAPPA was expressed
predominantly by CAFs and not by tumor cells, we analyzed PAPPA transcripts by
RNAScope. Results confirmed higher levels in CAFs compared to tumor cells,
although epithelial PAPPA transcripts were also seen in some of the tumors (Figure
3B). We then examined the expression of PAPPA and functionally related genes in
the LCM-ILC, -IDC and -normal datasets (Figure 3C). In ILC both PAPPA and IGF1
were significantly more highly expressed in the stroma compared to the epithelium (p
<0.0001), while /IGFIR was found predominantly in the tumor epithelium (p < 0.05),
suggesting the presence of a potential paracrine activation loop. In IDC and normal
breast tissue, /GF[ was also predominantly expressed in the stroma (p < 0.0001 and p
< 0.01 respectively), whereas PAPPA was expressed in both stromal and epithelial
compartments (Figure 3C). Interestingly, we found a clear positive correlation
between PAPPA and IGFI in ILC (r = 0.64, p<0.0001) which was not observed in
IDC and normal tissue (Figure 3D). As few cell lines that represent ILC are available,

we first examined PAPPA expression across three integrated breast cancer cell line

12



datasets [23]. PAPPA was low or undetectable in all luminal cell lines, including two
reported ILC lines SUM44-PE and MDA-MB-134VI (Figure 4A). qPCR confirmed
that PAPPA was not expressed in the SUM44-PE and MDA-MB-134VI ILC lines or
the T47D and MCF-7 ER+ IDC lines. Analysis of 11 primary patient-derived ILC
CAFs, 5 IDC CAFs, and HCI 013, an ILC patient-derived xenograft showed that
PAPPA and IGF1 were expressed exclusively in CAFs (Figure 4B; Supplementary
Figure 6). In contrast, /GF IR was mostly expressed by tumor cells (Figure 4B). We
also separated tumor epithelial cells from CAFs in tumors derived from a mouse
model of ILC driven by loss of 7rp53 and Cdhl (Supplementary Figure 7A) [24].
qPCR results showed that Pappa, Igfl and Stcl were only expressed in the CAFs,
while Igfir, Stc2 and Igfbp4 were expressed in both tumor cells and CAFs
(Supplementary Figure 7B). This supports a wider paracrine signaling role for PAPP-

A in luminal tumors.
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Figure 3: PAPPA is a stromal-derived factor in ILC. A) Schematic representation of PAPP-A function in
lobular breast cancer. B) RNAScope was performed in 20 of the primary samples used for generation of the LCM-
ILC dataset. Samples were analyzed using QuPath. Left - Boxplots representing expression of PAPPA (dots per
cell) in the tumor and stroma. Paired t-test **** p value <0.0001. Right - Trend lines show an increase in PAPPA
in the stroma of ILC samples compared to the tumor cells. C) Heatmaps representing PAPPA and its regulators in

the epithelial (E) and stromal (S) compartments of ILC-,

IDC- (GSE68744) and normal- (GSE4823) LCM

datasets. Heatmaps were generated from Z-scored values using Cluster3 and TreeView. Adjusted p values were
calculated using Wilcox test in R. ** p < 0.01, **** p <0.0001, # p < 0.05. * Means up in stroma vs epithelium, #
means up in the epithelium vs stroma. D) Scatterplots representing PAPPA — IGF1 correlation in ILC-, IDC-
(GSE68744) and normal- (GSE4823) LCM datasets. Pearson correlation and linear regression analyses were

performed in GraphPad. **** p <0.0001.
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Figure 4: PAPPA in in vitro models of ILC. A) Heatmap representing the expression of PAPPA and associated
genes across three integrated panels of breast cancer cell lines following batch correction, ranked by CDH1
expression. Blue=Luminal, Red=Basal, Yellow=Claudin-low. Grey bars indicate samples where the detection call
for PAPPA is assigned as ‘present’ and those tumors where CDH1 is ‘absent’. B) Expression of PAPPA, IGF1,
IGF1R, SCT1, SCT2 and IGFBP4 by qPCR in ILC & IDC human cell lines and primary CAFs. Each sample was

analyzed at 3 different passage numbers, and its average represented as the relative mRNA expression to ED30
primary ILC CAFs. Line represents the mean with SEM.
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PAPP-A secreted by CAFs is active

To establish whether PAPP-A was secreted from CAFs, we analyzed conditioned
media (CM) and confirmed that PAPP-A was secreted by the CAFs but not by the
tumor cells (Figure 5A). PAPP-A needs to be active in order to cleave IGFBP-4 and
liberate IGF-1. CM from the CAFs was able to cleave recombinant IGFBP-4,
indicating that non-complexed active PAPP-A was present in the media (Figure 5B).
To confirm that the IGFBP-4 fragments generated by the CAF CM were a result of
PAPP-A activity, the CM was treated with a PAPP-A inhibitory antibody, (mAb 1/41)
[25]. Pre-incubation with mAb 1/41 reduced levels of the cleaved IGFBP-4 fragment
to those in the control lane, showing that the observed cleavage of IGFBP-4 is due to

PAPP-A present in the CM (Figure 5C).
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Figure 5: Active PAPP-A is secreted from CAFs. A) ELISA of PAPP-A secreted from a series of ILC and IDC
cell lines and primary CAFs. Conditioned media (CM) was collected after 24 hours (left panels) or after 48 hours
from the tumor cells and 96 hours from the CAFs (right panels). PAPP-A concentration was normalized to total
cell number, n = 3. B) PAPP-A mediated IGFBP-4 cleavage. CM from ILC and IDC primary CAFs was incubated
with radiolabeled IGFBP-4 for 1, 2 and 4 hours. Recombinant PAPP-A (rPAPP-A) was used as a positive control.
Quantification at 4 hours is represented as the percentage of human IGFBP-4 cleavage normalised to recombinant
PAPP-A (150 pM). C) IGFBP-4 cleavage was measured in the presence of PAPP-A inhibitory antibody (mAb
1/41) or isotype control (IgG) in CM from ILC and IDC CAFs. Quantification at 4 hours is represented as the
percentage of human IGFBP-4 cleavage normalised to the corresponding recombinant PAPP-A (150 pM or 37
pM). p denotes passage number of the CAFs.

PAPPA expression is positively correlated with /GF1 and negatively with /IGFIR
and is elevated in CDH1-, claudin-low tumors
Investigation of the expression of PAPPA and related genes in large cohorts of breast

cancers confirmed positive correlations between PAPPA and IGFI and negative
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correlations with /GFIR and CDH]I (Figure 6A and 6B). An integrated compendium
of 17 Affymetrix datasets representing 2999 breast cancers [23] revealed that PAPPA
is detectably expressed in 36% of tumors, the highest proportion of which were of the
claudin-low subtype, which also had significantly higher levels of PAPPA expression
(Figure 6A). Somewhat surprisingly, 7% of ILCs in the METABRIC dataset are
classified as claudin-low, compared to only 4% of IDCs and PAPPA expression was

significantly higher in tumors where CDH was undetectable (Figure 6B).

Low PAPPA expression in ILC, but not IDC is associated with poor outcomes

To examine whether PAPPA relates to prognosis of breast cancers, we performed
comprehensive survival analysis using the survivALL R package [16]. Low PAPPA
was significantly (p<0.05) associated with worse overall survival for a large
proportion (807/1903) of all possible (n-1) cut-points for 1904 breast cancers in the
METABRIC cohort. However, none of the cut-points for PAPPA expression were
significantly associated with overall survival across the 1098 breast cancers of the
TCGA dataset (Supplementary Figure 8A). There are a number of major differences
between these cohorts, not least the length of follow-up and the date of diagnosis.
Restricting analysis to the 142 and 206 ILCs of the METABRIC and TCGA cohorts
respectively identified a number of cut-points that were significantly associated with
overall survival in both cohorts (Figure 6C; Supplementary Figure 8B). To compare
this with IDCs from the two cohorts, analysis was limited to the same numbers (142
and 206) of ER+ IDC tumors with 10-fold random sampling, but on no occasion were
any significant cut-points identified (Figure 6D; Supplementary Figure 8C). Taken
together, these results suggest that reduced or absent PAPPA is an ILC-specific

prognostic marker.
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Figure 6: Low PAPPA expression in lobular, but not ductal breast cancers is associated with poor outcomes.
A) Breast tumors of the METABRIC cohort ranked by PAPPA expression indicates positive correlation with
IGF1, negative correlation with IGF1R and highest expression in claudin-low subtype tumors. **** p < 0.0001.
Heatmap shows log2 mean-centred expression values, Red=high, blue=low. Subtypes are indicated by the
coloured bar above the heatmap. red=basal, purple=ERBB2, dark blue=Luminal A, light blue=luminal B,
green=normal-like, yellow=claudin-low. B) Ranked expression of 2999 breast tumors by CDHI expression
indicates that PAPPA is significantly higher in CDHI1- tumors. **** p < 0.0001. Grey bars above the heatmap
indicate detection calls for tumors where PAPPA is called ‘present’ and CDHI1 is called absent. C) Kaplan Meier
plots for overall survival showing the most significant cut-points for PAPPA expression in ILC tumors from the
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METABRIC and TCGA studies. D) Representative Kaplan Meier plots for 142 and 206 randomly sampled ER+
IDCs from METABRIC and TCGA to compare with the same number of ILCs shown in panel C.

Discussion
In this study we provide the first comprehensive analysis of the TME in ILC. This
identified a set of 45 genes enriched in the stroma of ILC but not in the stroma of IDC
or normal breast, that were associated with ECM regulation. CAFs are an important
component of the TME that regulate ECM deposition and secrete cytokines and
growth factors to control metastatic spread and therapeutic response [26]. However,
little is known about the involvement of CAFs in the biology of ILC, although one
study has reported an increased CAF density in ILC compared to matched IDC
samples [27], while differences in collagen deposition and alignment have also been
reported in ILC [28, 29]. Our analysis of primary CAFs from ILC and IDC shows
differences in a number of genes involved in ECM interactions and signaling
pathways indicating that CAFs are able to differentially influence the TME in ILC
compared to IDC. A wider analysis of CAFs from ILC will be required to fully
understand their importance and also whether the heterogeneity and different sub-
populations of CAFs that exist in other breast cancers is pertinent to ILC [30, 31].
Interestingly, four of the stromal-derived ECM associated genes (PRKCA, ITGAI0,
NOV, WNTS5B) that we identified in ILC were found in the reactive-like ILC subtype
described by Ciriello and colleagues [5]; these reactive-like ILC tumors largely
associate with the reactive subgroup identified by TCGA that are characterized by
strong microenvironment and CAF signaling [32].

We have focused here on PAPPA, which encodes an IGF-promoting proteinase.
Further analysis of PAPPA and functionally associated genes showed that both

PAPPA and IGF1 were predominantly expressed in the stroma of ILC while /GFIR
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was expressed within the tumor epithelium. Together with the demonstration that
active PAPP-A is secreted from CAFs strongly supports the existence of a paracrine
signaling pathway in ILC. Further analysis of a panel of breast cancer cell lines
showed that PAPPA was low or undetectable in all luminal cell lines in support of a
wider PAPP-A paracrine rather than autocrine signaling axis in other breast cancer
subtypes. Of note, PAPPA was elevated in the reactive ILC breast cancer subtype
(characterised by proteins produced by the TME and CAFs) when analyzing both
TCGA and METABRIC datasets (Supplementary Figure 8D). However, of the few
immunohistochemical studies reporting on PAPP-A in breast tumors, only expression
in the tumor epithelium is recorded. A recent study demonstrated greater extent and
intensity of PAPP-A expression in luminal B than luminal A tumors, although sample
numbers were low [33]. PAPP-A has also been proposed to be a tumor suppressor
following the discovery that it is epigenetically silenced in breast cancer precursor
lesions [34]. Comprehensive survival analysis in this study of the two largest publicly
available breast cancer gene expression datasets indicate that reduced PAPPA is
associated with worse outcomes, but this finding appears to be limited to lobular,
rather than ductal, breast cancers. Interestingly, PAPPA levels were negatively
associated with CDHI, and PAPPA was significantly higher in tumors where CDH
was undetected, while the highest proportion of PAPPA positive tumors were of the
claudin-low subtype, which are characterized by low or absent expression of CDH!
[35], suggesting a potential functional link between PAPP-A and E-cadherin.
Previously we have shown that loss of E-cadherin promotes hypersensitization of
PI3K/Akt pathway activation in response to IGF1, independent of PAPP-A [36], as
well as oncogenic mutations in the PI3K/Akt pathway that are prevalent in ILC [5].

This is consistent with other reports demonstrating that E-cadherin-mediated adhesion
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negatively regulates IGF1R activation [37, 38]. Furthermore, in breast cancer models,
loss of E-cadherin and the subsequent activation of IGFIR signaling results in
increased sensitivity to dual IGF1R/Insulin receptor inhibitors, and Akt inhibitors that
target downstream receptor pathway activation, even in the presence of activating
PIK3CA mutations [36, 37]. Interestingly, increased expression of /GFI is seen in
ILC compared to IDC [27, 36, 39], consistent with reported pathway activation [36,
37]. Together, these data suggest that patients with ILC may benefit from treatments
targeting the IGF1 signaling pathway. Whether this would be more effective when
used in combination with inhibitors of PI3K and Akt in the context of activating
mutations in the PI3K/Akt pathway remains to be established.

Although a number of strategies to target the IGF1/IGF IR signaling axis have been
tested, results in the clinical setting have been disappointing with a number of
contributory factors including effects on systemic glucose metabolism and associated
metabolic toxicities and lack of predictive biomarkers [40]. Indirect targeting of
IGF1R signaling via inhibition of PAPP-A proteolytic activity may provide a viable
alternative by reducing the levels of bioactive IGF1 specifically in the local
microenvironment of tumors that express high levels of PAPP-A. Consistent with this
are reports that treatment with a monoclonal antibody that blocks the proteolytic
activity of PAPP-A reduces tumor growth in both lung cancer and Ewing sarcoma
models, which express high levels of PAPP-A within the tumor cells [25, 41]. In
addition, in a series of patient derived ovarian tumor xenografts, antitumor activity of
the PAPP-A inhibitory antibody correlated with PAPP-A expression [42].
Interestingly, in the 4T1 murine model of breast cancer, which expresses E-cadherin,
expression of a protease-resistant IGFBP-4, or treatment with recombinant PAPP-A

resistant IGFBP-4, inhibited tumor growth and metastasis via inhibition of PAPP-A
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secreted by the surrounding stromal tissue [43, 44]. A recent study found that
circulating levels of PAPP-A in patients with breast cancer were independently
prognostic for recurrence-free and overall survival [45]. Thus, circulating levels of
PAPP-A may provide a route to patient stratification when considering targeting
PAPP-A.

Overall this study demonstrates that PAPP-A is an important stromal factor in ILC.
Intriguingly, the correlation between E-cadherin and PAPP-A together with the
reported role for E-cadherin in regulating IGF1R activation indicates that there is a

wider role for PAPP-A in regulating breast cancer growth.
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