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ABSTRACT

Constitutive epimutations of tumor suppressor genes are increasingly considered as cancer predisposing
factors equally to sequence mutations. In light of the emerging role of the microenvironment for cancer
predisposition, initiation, and progression, we aimed to characterize the consequences of a BRCAT
epimutation in cells of mesenchymal origin. We performed a comprehensive molecular and cellular
comparison of primary dermal fibroblasts taken from a monozygous twin pair discordant for recurrent
cancers and BRCAT epimutation, whose exceptional clinical case we previously reported in this journal.
Comparative transcriptome analysis identified differential expression of extracellular matrix-related genes
and pro-tumorigenic growth factors, such as collagens and CXC chemokines. Moreover, genes known to
be key markers of so called cancer-associated fibroblasts (CAFs), such as ACTA2, FAP, PDPN, and TNC, were
upregulated in fibroblasts of the affected twin (BRCAT™™®) in comparison to those of the healthy twin
(BRCAT™). Further analyses detected CAF-typical cellular features, including an elevated growth rate,
enhanced migration, altered actin architecture and increased production of ketone bodies in BRCAT™sMe
fibroblasts compared to BRCAT"" fibroblasts. In addition, conditioned medium of BRCA1™**™¢ fibroblasts
was more potent than conditioned medium of BRCAT™ fibroblasts to promote cell proliferation in an
epithelial and a cancer cell line. Our data demonstrate, that a CAF-like state is not an exclusive feature of
tumor-associated tissue but also exists in healthy tissue with tumor suppressor deficiency. The naturally
occurring phenomenon of twin fibroblasts differing in their BRCAT methylation status revealed to be a
unique powerful tool for exploring tumor suppressor deficiency-related changes in healthy tissue,
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reinforcing their significance for cancer predisposition.

Introduction

Cancer is generally referred to as a genetic disease. However,
epigenetic aberrations are also hallmarks of cancer forma-
tion, which lead to gene expression changes without affecting
the DNA sequence.'” Cancer evolution is associated with
both global DNA hypomethylation, leading to genomic
instability, and a more specific hypermethylation of pro-
moters of tumor suppressor genes, inducing their silenc-
ing."*** The latter not only arises in neoplastic cells but
can also occur as soma-wide constitutional epimutations,
increasingly considered as a first hit according to Knudson’s
hypothesis. As somatic mosaicism is a common facet of epi-
mutations, it suggests that the originating events occur after
fertilization during early embryo development. However,
there is also increasing evidence for the existence of germline
epimutations, such as epigenetic aberrations in MLHI and
MSH?2 in cases of familial colorectal cancer.®™®

We previously described a 29-year-old patient with recur-
rent cancers that harbors a mosaic epimutation of BRCAI in

contrast to her healthy monozygous twin sister.” The constitu-
tive BRCAI epimutation in one quarter of the patient’s cells
manifested as an elevated BRCAI promoter methylation level
in DNA from saliva and dermal fibroblasts and was identified
as the most likely cause for the difference in cancer proneness.
BRCALI is a genomic caretaker gene that when mutated is
responsible for a strong cancer predisposition, in particular for
the hereditary forms of early-onset breast and ovarian cancers.
Hypermethylation of the BRCAI promoter was found to be
present in a subset of blood cells of mutation-negative breast
and ovarian cancer patients, suggesting that epigenetic disrup-
tion of BRCAI may be an alternative, but equivalent, mecha-
nism to genetic alterations for cancer predisposition.'’
Furthermore, in absence of sequence mutations, promoter
hypermethylation of BRCAI and its complete silencing corre-
late with BRCAness of breast tumors in terms of histopatholog-
ical characteristics and also therapy response.''"® The
pathomechanism by which BRCAI sequence or epimutations
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promote cancer formation is still not fully understood. Defi-
ciency in DNA repair capability, which is generally considered
as a causal factor for cancer proneness, could only be shown in
vitro for cancer cells or cell lines but never for human primary
cells harboring BRCAI mutations.'* In light of some recent
findings that cancer is not an isolated entity but stands in sym-
biosis with tumor microenvironment, studying the role of
BRCALI in stromal cells of mesenchymal origin, such as fibro-
blasts, is also important, but has been neglected in the past.
However, first in vitro studies have already shown that BRCA1
deficiency leads to altered features of stromal cells potentially
modulating stromal-epithelial interactions in a pro-tumori-
genic manner."

We have analyzed molecular and cellular features of primary
dermal fibroblasts taken from our patient with the mosaic
BRCA1 epimutation (BRCAI™**™¢) compared to control fibro-
blasts of the healthy twin sister (BRCAI""), giving us the unique
chance to explore the consequences of BRCAI deficiency in an
genetically nearly identical system of somatic mesenchymal
cells. We determined a differential gene expression profile
highly consistent with that described for cancer-associated
fibroblasts (CAFs) as well as CAF-typical cellular features
including a significant increase in cell proliferation, migration,
ketone production, and altered actin architecture. In addition,
conditioned medium of the BRCA1™*™* fibroblasts similar to
that of CAFs enhanced growth of tumor cells in vitro. Together,
our data strengthen the hypothesis that constitutive BRCAI
epimutation modulates the phenotypic and functional charac-
teristics of primary fibroblasts toward a state that provides a
favorable environment for cancer formation.

Results

BRCA1 mRNA and protein expression is reduced in
BRCA1™°*Me fibroblasts in comparison to BRCAT"*
fibroblasts

We analyzed BRCAI expression at the mRNA and protein level
for an initial characterization of the epigenetically mediated
BRCAI haploinsufficiency. Using quantitative reverse tran-
scription PCR (RT-qPCR), BRCAI™**™¢ fibroblasts exhibited a
BRCAI mRNA expression that is 29% lower and significantly
different from that of BRCAI™ fibroblasts (Fig. 1A, P = 0.017).
Although immunodetection of BRCA1 in primary non-neo-
plastic cells is known to be challenging,'® we succeeded in
detecting 220 kDa bands representing BRCA1 protein in the
Western blot analysis and determined a definite difference in
band intensities between the two samples (Fig. 1B). Band quan-
tification and normalization to ACTIN control showed that the
BRCALI protein level in BRCAI™*™ fibroblasts is 32% lower
compared to that in BRCAI" fibroblasts (Fig. 1B).

Comparative transcriptome analysis shows stable
expression differences between BRCA1™*"¢ fibroblasts
and BRCA1" control fibroblasts

To investigate molecular changes that result from the BRCAI
epimutation in our patient’s fibroblasts we first conducted a
comparative genome wide expression array analysis on four
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separately cultured samples of BRCAI™™¢ fibroblasts and
BRCAI™ fibroblasts using the Affymetrix U219 array. In the
subsequently performed analysis of variance (ANOVA) for the
identification of differentially expressed genes (DEGs), rather
loose filtering criteria were used to include all relevant genes
and to compensate for the fact that our sample of interest is a
mixture of affected and unaffected cells. We set the fold change
threshold for differentially expressed probe sets to 1.5 and the
P-value to 0.05. The ANOVA analysis revealed 133 probe sets
accounting for 91 genes that were significantly upregulated and
243 probe sets, representing 194 genes, that were significantly
downregulated in BRCAI™**¢ fibroblasts compared to BRCAI™
fibroblasts (Tables S1 and S2). Hierarchical clustering of the pre-
filtered probe set list resulted in two clusters of four samples that
belonged to the patient and to the healthy twin sister, respec-
tively (Fig. 1C), indicating that the expression profile is stable
through fibroblast culture and specific to the fibroblast donor.

Validation of the expression differences of 10 selected genes
between BRCAI™*M fibroblasts and BRCAI"" fibroblasts by
qRT-PCR showed consistency between microarray and qRT-
PCR results in terms of a generally consistent trend and extent
of differential expression between the two samples (Fig. S1).

BRCA1™°M¢ fibroblast overexpress extracellular matrix
(ECM)-associated genes and pro-tumorigenic cytokines

Next we investigated the functional importance of the expression
signature of BRCAI™*™ fibroblasts by gene ontology enrichment
analysis with the “Database for Annotation, Visualization and Inte-
grated Discovery” (DAVID) tool in more detail. To avoid overlap-
ping effects, we decided to analyze the upregulated and the
downregulated parts of the DEG list separately. For the upregulated
genes we found that terms associated to the extracellular space and
the extracellular matrix were highly enriched in the cellular compo-
nent analysis (Table 1). The analysis of biological processes fittingly
showed a significant enrichment of processes that take place in the
surrounding of cells, such as cellular and biological adhesion, extra-
cellular structure, and matrix organization. These term enrich-
ments can be traced back to a large extent to genes encoding
extracellular structural proteins such as collagens (COL1AL,
COL5A1 COL11A1, COL8A1, and COL12A1) and filaggrin (FLG)
that are highly overrepresented on the upregulated list (Fig. 1C and
Table S1). Furthermore, a variety of genes encoding proteins
involved in ECM remodeling, such as MGP, POSTN, or TNC, rep-
resent a huge part of the specific signature of BRCAI™*™* fibro-
blasts. Moreover, there is also a significant upregulation of genes
encoding some cytokines and growth factors, including, for exam-
ple, CXCL12, CXCL6, and IL6. These genes play important roles in
processes like cell adhesion, cell motion, and cell differentiation,
which were also revealed by gene ontology (GO) analysis.

The expression profile of BRCA1™*"¢ fibroblasts shows a
downregulation of HOX genes and suggests an inhibition
of BRCA1-related DNA repair

A significant portion of downregulated genes in the
BRCAI™**M¢ fibroblast expression profile belongs to the
HOX gene family and, consistently, the GO biological pro-
cesses analysis showed a strong enrichment of associated
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Figure 1. (A) RT-gPCR analysis of BRCAT mRNA expression, normalized to TBP and standardized to expression of BRCAT" fibroblasts (FIB) (n = 3,"P < 0.05). (B) Western
blot analysis of BRCA1 protein in 1509 total cell extracts of BRCAT™ M fibroblasts and BRCAT"* fibroblasts using anti-BRCA1 antibody. Immunoblotting for ACTIN serves
as loading control. (C) Heatmap showing CAF-related selection of differentially expressed transcripts between BRCAT* fibroblasts and BRCAT™M fibroblasts. Hierarchical
clustering of DEGs was performed using the complete linkage method. (D) RT-qPCR analysis of CAF keyplayers (n = 3, * P < 0.05, **P < 0.0005, ***P < 0.00005).

terms. HOX gene expression profiles in dermal fibroblasts
display a positional memory and are known to be variable
depending on minimal differences in the localization from
which the biopsy was taken.'” To exclude overestimation
of such effects and avoid possible masking of other impor-
tant results by the very strong expression changes of HOX
genes, we have repeated the GO analysis with the downre-
gulated gene list after exclusion of HOX genes (Table 2).
There was still an enrichment of terms associated with the

ECM. However, in contrast to the GO analysis of upregu-
lated genes, the ECM term enrichment could be attributed
to the downregulation of secreted growth factors such as
FGF13 and FGF6, rather than structural proteins or ECM-
modulating enzymes. Interestingly, some of the accumu-
lated biological processes and molecular function analysis
terms were linked to DNA damage and repair, such as
nucleotide kinase activity or double strand break repair.
Many of these enriched terms included BRCAI, which we



Table 1. DAVID gene ontology and pathway analysis of upregulated genes'.
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GO terms Cellular Component

GO terms Biological Process

GO: Term No. P-value GO: Term No. P-value
0044421 extracellular region part 27 1.70E-11 0007155 cell adhesion 18 1.63E-07
0005578 proteinaceous extracellular matrix 17 4.57E-11 0022610 biological adhesion 18 1.65E-07
0031012 extracellular matrix 17 1.40E-10 0043062 extracellular structure organization 9 2.87E-06
0044420 extracellular matrix part 9 4.35E-07 0030198 extracellular matrix organization 7 2.17E-05
0005581 collagen 5 5.25E-05 0035295 tube development 9 2.58E-05
0005604 basement membrane 5 1.18E-03 0051094 positive regulation of developmental 9 1.34E-04
0005583 fibrillar collagen 3 2.22E-03 0007517 muscle organ development 8 1.51E-04
0005615 extracellular space 12 2.29E-03 0006928 cell motion 1 2.48E-04
0005795 Golgi stack 4 2.55E-03 0045597 positive regulation of cell differentiation 8 2.50E-04
0008282 ATP-sensitive potassium channel complex 2 1.77E-02 0001501 skeletal system development 9 9.51E-01
GO terms Molecular Function KEGG pathways

GO: Term No. P-value hsa code Pathway No. P-value
0005201 extracellular matrix structural constituent 6 7.93E-05 004512 ECM-receptor interaction 5 1.37E-03
0019838 growth factor binding 6 2.04E-04 004510 Focal adhesion 6 5.84E-03
0005509 calcium ion binding 15 2.05E-04 005410 Hypertrophic cardiomyopathy (HCM) 4 1.32E-02
0005198 structural molecule activity 1 1.43E-03 004350 TGF-beta signaling pathway 4 1.41E-02
0046872 metal ion binding 33 4.75E-03 004060 Cytokine-cytokine receptor interaction 5 6.58E-02
0043169 cation binding 33 5.56E-03

0043167 ion binding 33 7.10E-03

0005539 glycosaminoglycan binding 4 3.56E-02

0030247 polysaccharide binding 4 4.52E-02

0000187 pattern binding 4 4.52E-02

'genes that are more than 1.5-fold upregulated with a P-value smaller than 0.05

have shown to be downregulated by its epimutation in
BRCAI™*M¢ fibroblasts (Fig. 1A and 1B). Consistent with
this, genes encoding binding partners of BRCA1, such as
MLH2, CHEK2, and RAD51API, were also downregulated
in the BRCAI™*™¢ fibroblasts (Fig. 1C) and responsible
for the enrichment of repair-associated terms in the GO
analysis.

Table 2. DAVID gene ontology and pathway analysis of downregulated genes'.

BRCA1™*™¢ fibroblasts reflect BRCA1 haploinsufficiency
with an expression signature highly similar to that of CAFs

To test if the fibroblasts contain expression changes in addition
to those of the DNA-repair-associated genes that can be traced
back to BRCA1I haploinsufficiency, we compared our obtained
signature to published data that had been produced on

GO terms Biological Process (incl. HOX genes)

GO terms Biological Process (excl. HOX genes)

GO: Term No. P-value GO: Term No. P-value
0009952 anterior/posterior pattern formation 9 8.33E-05 0009153 purine deoxyribonucleotide biosynthesis 2 1.90E-02
0003002 regionalization 9 8.43E-04 0010033 response to organic substance 14 2.01E-02
0048706 embryonic skeletal system development 6 1.06E-03 0006302 double-strand break repair 4 2.13E-02
0007389 pattern specification process 10 1.50E-03 0009719 response to endogenous stimulus 9 4.00E-02
0048568 embryonic organ development 8 1.76E-03 0009265 2'-deoxyribonucleotide biosynthesis 2 4.68E-02
0043009 chordate embryonic development 1 1.87E-03 0006072 glycerol-3-phosphate metabolism 2 5.59E-02
0009792 embryonic development ending in birth 1 2.00E-03 0016053 organic acid biosynthesis 5 6.09E-02
0048704 embryonic skeletal system morphogenesis 5 2.56E-03 0046394  carboxylic acid biosynthesis 5 6.09E-02
0001501 skeletal system development 10 4.92E-03 0018065 protein-cofactor linkage 2 7.38E-02
0048705 skeletal system morphogenesis 6 5.42E-03 0009263 deoxyribonucleotide biosynthesis 2 7.38E-02
GO terms Cellular Component (excl. HOX genes) GO terms Molecular Function (excl. HOX genes)
GO: Term No. P-value GO: Term No. P-value
0043005 neuron projection 8 2.82E-02 0042802 identical protein binding 13 193E-02
0044421 extracellular region part 14 6.85E-02 0003747 translation release factor activity 2 5.60E-02
0042995 cell projection 1 7.71E-02 0008079 translation termination factor activity 2 5.60E-02
0005739 mitochondrion 15 8.28E-02 0019205 nucleobase, nucleoside, nucleotide kinase act. 3 6.34E-02
0031233 intrinsic to external side of plasma membrane 2 8.28E-02 0003697 single-stranded DNA binding 3 9.69E-02
0005576 extracellular region 24 8.89E-02 0004896  cytokine receptor activity 3 9.69E-02
KEGG pathways (excl. HOX genes)
hsa code Pathway No. p-value
00270 Cysteine and methionine metabolism 3 5.17E-02

'genes that are more than 1.5-fold downregulated with a P-value smaller than 0.05
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lymphocytes to identify BRCAI mutation carriers based on
their expression profiles.'®> When using our original filtering
criteria, we found an overlap of about 10%. Considering the
fact that our sample represents a BRCAI haploinsufficiency
present in a 25% mosaic, we also included genes whose
expression differed significantly but only minimally to an
extent of 25% and thereby found an overlap of 25% between
our BRCAI™*™* fibroblast profile and the signature predicting
BRCAI mutation carrier status. Shared genes were, for example,
PXDN, CSRP2, ENPP2, and FOXP1 (Fig. 1C). However, the by
far larger portion of deregulated genes in BRCAI™**™* fibro-
blasts and, in particular, the overexpression of ECM-associated
genes, cytokines, and growth factors could not be directly
explained and connected to BRCA1 disruption. For this reason,
we searched in the literature if these expression changes had
already been described for primary fibroblasts in any condi-
tions. We found a massive concordance of our BRCAI™*M¢
fibroblast profile with the expression signature of CAFs. This
overlap mainly involved the genes that constitute the core sig-
nature of CAFs, being equally deregulated in CAFs isolated
from a variety of different tumor types, in contrast to normal
fibroblasts from the same tissue.

CAF keyplayer genes are deregulated in BRCA1™°*"¢
fibroblasts

To further verify the hypothesis that our BRCAI™*™ fibroblasts
share transcriptomic characteristics with CAFs, we specifically re-
analyzed the expression of known CAF key genes with qRT-PCR.
All analyzed genes showed the expected expression differences,
based on the assumption that BRCAI™*™ fibroblasts in contrast
to BRCAI™ fibroblasts have a CAF-like transcription profile
(Fig. 1D). The fold changes of ACTA2 and FAP, the most estab-
lished CAF markers, were as high as 7.29 and 3.86, respectively.
We also observed a strong, even though not significant, decrease
(40%) of CAV1 mRNA, which is a common feature of many types
of CAFs. In addition, there were significant expression differences
ranging from 1.8 to 9.5 in cytokines and ECM-related genes known
to determinably trigger CAF-specific phenotypes and functions,
such as CXCL12, FN1, IL8, MGP, PDPN, TGFBI, and TNC. Taken
together, these results let us assume that the BRCAI™*™* fibro-
blasts show transcriptional characteristics that demarcate them
from the BRCAI"" fibroblasts, in the same way CAFs differ from
normal fibroblasts.

BRCA1™*Me fibroblasts show accelerated proliferation and
migration

Next, we investigated if BRCAI™*™¢ fibroblasts also exhibit
functional features of CAFs. We analyzed the growth rates of
BRCAI™™¢ fibroblasts compared to BRCAI™ fibroblasts, as
an increased proliferative index is a common feature of CAFs.
We established growth curves over 10 days for different culture
passages testing every day for the amount of living cells by a
luminescence assay. The increased growth rates of BRCA1™*M¢
fibroblasts already manifested itself significantly at day 3 for
passage 6 cells and even already at day 2 for passage 11 cells,
and became more prominent in the course of the experiment
(Fig. 2A). At day 10, BRCAI™*™* fibroblasts demonstrated an

increase of normalized Relative Light Unit (RLU) signals of
157 and 185 percentage points, respectively, compared to
BRCAI" fibroblasts. Consistently, immunostaining against Ki-
67 showed a 3-fold higher amount (P < 0.05) of Ki-67-positive
cells in the BRCAI™*M¢ fibroblast culture than in the control
culture (Fig. 2B). Moreover, there was a small but significant
increase in migratory capability of BRCAI™™¢ fibroblasts as
determined by means of IBIDI chambers (Fig. 2C).

BRCA1™°*™¢ fibroblasts show changes in collagen
abundance and actin architecture

As CAFs usually also strongly produce collagen, we immunos-
tained BRCAI™*™¢ fibroblasts for type I collagen to analyze
this feature not only on the RNA but also on the protein level.
All BRCAI™*™¢ fibroblasts were positive for cell-associated
collagen I in contrast to BRCAI™ fibroblasts that displayed
almost no collagen I staining (Fig. 3B).

Next, we visualized the cytoskeletal organization of
BRCAI™*M¢ fibroblasts using phalloidin staining. As pre-
dicted, BRCAI™*™* fibroblasts showed a more organized
actin skeleton characterized by a large number of thick and
parallel F-actin-based stress fibers extending across the cell
(Fig. 3A). In contrast, the staining in BRCAI™ fibroblasts
was weaker, and the actin skeleton looked more relaxed
with the strongest staining along the membranes. Paxillin
staining was much weaker in BRCAI™*™¢ fibroblasts than
in BRCAI™ fibroblasts. However, in BRCAI™*™® fibroblasts
paxillin tended to show some punctual staining at the ends
of stress fibers in contrast to BRCAI"" fibroblasts, where the
staining was completely diffuse and disorganized in particu-
lar around the nucleus. This observation can indicate that
focal adhesion signaling is more active in BRCAI™*Me
fibroblasts than in the control fibroblasts.

Increased ketone body generation in BRCA1™°Me

fibroblasts

Metabolic reprogramming is a hallmark of CAFs, and fueling
cancer cells with energy-rich metabolites is one way by which
CAFs promote proliferation of surrounding cancer cells. To
test if BRCAI™*™* fibroblasts also show hallmarks for such a
mitochondrial dysfunction, we compared the concentration of
ketone bodies as energy-rich molecules between conditioned
medium of BRCA1™**™ fibroblasts and that of BRCAI™ fibro-
blasts. We found the concentration of B-hydroxybutyrate to be
reproducibly and significantly increased by more than two-fold
in BRCAI™*™¢ fibroblasts in comparison to BRCAI™ fibro-
blasts (Fig. 3C).

Conditioned medium of BRCA1™°*V¢ fibroblasts enhances
proliferation of cancer cells and non-neoplastic epithelial
cells

Next, we investigated whether the potentially pro-tumori-
genic features that we found in BRCAI™*™* fibroblast actu-
ally have a similar influence on tumorous or non-tumorous
epithelial cells as CAFs. We performed proliferation assays
with the tumorous human lung adenocarcinoma epithelial
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Figure 2. (A) Growth curves of BRCAT*" and BRCAT™M¢ fibroblasts (FIB) as measured by Cell titer glo assay (n = 6, *P < 0.005, **P < 0.0005, ***P < 0.0005);
RLU=Relative Light Units (B) Representative microphotographs of Ki-67 immunostaining of BRCAT"* and BRCAT™**M fibroblasts and calculation of Ki-67 index (n = 3,
*P < 0.05). (C) Migration assay of BRCAT"* and BRCA1™*Me fibroblasts and quantification (n=3, *P < 0.05).

cell line A549 and non-tumorous human mammary epi-
thelial cell line (HLME) cells in the presence of condi-
tioned medium of the fibroblast cultures. Growth of A549
cells fed with conditioned medium of BRCAI™**™¢ fibro-
blasts started to differ from that of A549 cells cultured in
conditioned medium of the control fibroblasts after four
days of culture with a significant difference occurring
only after five days of culture (Fig. 3D). The

proliferation-enhancing effect of conditioned medium of
BRCAI™**M¢ fibroblasts on HLME cells was much stron-
ger and already apparent on the second day of culture
with a significant difference present throughout the whole
experiment. These results suggest that BRCAI™**M¢ fibro-
blasts not only show phenotypic features of CAFs but
also harbor the ability to promote cell growth of cancer
and epithelial cells.



126 A.ETZOLD ET AL.

Hoechst Phalloidin (F-Actin) Paxillin Merge

s ~
. . -

>

BRCA1“ FIB

BRCA1msMe FIB

Hoechst Collagen | Merge
B C .
S 50 1 —
o £ 45 J
u c
L g 401
< g 35
O g2 ]
& s
\ \ 5 25
100 um 100 ym g 20 |
o0 S |
i £ I 1
2 g 10
: § 51
=
3 0 '
X @ BRCAT™FIB
4 O BRCA1ms¥eF|B
0 100 ym 100 ym
D A549 HMLE
bl CHBRCAT*PE 350 1 ==8==CM BRCATwtFIB
—®—CM BRCAT™=MeF|B —— e
1600 *ok CM BRCA1™sMeF|B
300 - *
1400 4
— — *
£2,1200 & 250 A
3 3
1000 [
3 g 200 -
E 800 - E Fk
S 600 1 S 150 1 .
400 A
100 A
200 -
0 T T T T 1 50 T T T T 1
1 2 3 4 5 1 2 3 4 5
time [days] time [days]

Figure 3. (A) Phalloidin staining of BRCAT"* and BRCAT™>™® fibroblasts (FIB). (B) Collagen | immunostaining of BRCAT** and BRCA1™°™< fibroblasts. (C) Ketone concentra-
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per well. (D) Growth curves of a cancer cell line and a non-cancerous epithelial cell line cultured in conditioned medium of BRCAT** and BRCAT™¢ fibroblasts as deter-
mined by Cell titer glo assay. (h=>5, *P < 0.005, **P < 0.0005, ***P < 0.0005).



Discussion

CAFs are the major part of the tumor stroma and play a
pivotal role in carcinogenesis and tumor progression.”” A
huge variety of cell types such as epithelial cells, mesenchy-
mal stem cells, resident fibroblasts or endothelial cells have
been reported to be able to transdifferentiate into CAFs
through epithelial-mesenchymal transition (EMT), mesothe-
lial-to-mesenchymal transition (MMT), or endothelial-mes-
enchymal transition (EndMT).2°2* All these models for
CAF development assume exogenous stimuli that initiate
transformation and, in most cases, are thought to be sent
from adjacent cancer cells in form of growth factors, such
as TGF-f and CXCL12.*

There is experimental evidence that the CAF phenotype can
also be initiated by intrinsic factors. In particular depletion of
tumor suppressor genes was reported to convert normal fibro-
blasts to CAFs.'>*>?® As a result the question arises, if constitu-
tional disruption of tumor suppressors may also provoke a
CAF-like state in vivo in healthy tissue of persons epigenetically
predisposed to hereditary cancers.

In the current study, we systematically compared for the first
time primary fibroblasts affected by epigenetically mediated
haploinsufficiency of the tumor suppressor BRCAI to CAFs
and found remarkable similarities on the molecular, cellular,
and functional level. We showed that key transcriptional fea-
tures of CAFs, such as increased expression of pro-tumorigenic
genes and ECM-associated genes, can also be detected in our
BRCAIT™*M¢ fibroblasts, although taken from healthy non-neo-
plastic tissue. Ingenuity identified TWISTI, TGF-fS, CXCLI2,
IL6, TNF, and ethanol as possible upstream regulators, i.e.,
effectors of these expression changes (Fig. S2). As all these fac-
tors are important regulators or inducers of the CAF pheno-
type,”’ > it stands to reason that the transcriptional program of
BRCAI™*™¢ fibroblasts actually resembles that of CAFs. To
our knowledge, a CAF-like expression signature was only
detected once before in healthy skin of individuals predisposed
to basal cell carcinoma by mutations in the tumor suppressor
gene PTCH1.”" As BRCAI was reported to regulate PTCHI and
other genes in Hedgehog pathways,’” a convergent mechanism
in induction of the CAF phenotype may be suspected.

We demonstrated that BRCAI™™¢ fibroblasts display an
accelerated proliferation and migration compared to control
fibroblasts. This finding is comparable to previous studies that
described skin fibroblasts from individuals with hereditary
breast cancer and from their relatives to have abnormal cellular
phenotypes, including altered migratory behavior and prolifer-
ation.”>** From today’s perspective, the similarities between
these anomalies and those of CAFs are eye-catching, as a high
proliferative index and increased motility are common features
of CAFs from all different sources. Moreover, in vitro disrup-
tion of BRCAI by knockdown in fibroblasts, as well as epithelial
cells and cancer cell lines, was also shown to accelerate cell
proliferation.'>?>3¢

Cytoskeletal changes observed in BRCAI™**™ fibroblasts,
like bundling of actin stress fibers and also upregulation of
a-smooth muscle actin (@-SMA) on mRNA level, are a
known key feature of activated fibroblasts, such as myofibro-
blasts and also CAFs. The formation of stress fibers is
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required for matrix organization and remodeling,”” which is
a major function of CAFs in building a favorable environ-
ment for cancer growth and metastasis. In dermal fibroblasts
of individuals predisposed to retinoblastoma, polyposis coli,
and basal cell carcinoma, an increased actin content and an
accelerated actin reorganization were found,”® indicating that
this kind of change seems to be common to cancer-predis-
posed fibroblasts independent of the tumor suppressor gene
causally affected.

CAFs are known to fuel growth of neighboring cancer
cells by supplying energy-rich metabolites such as lactate
and ketones, which is named “reverse Warburg effect” or
“two-compartment tumor metabolism”.***’ In several stud-
ies, CAFs from different sources were shown to produce
more ketone bodies than paired normal fibroblasts. Ketone
elevation was also detected for BRCAI™*™* fibroblasts in
contrast to twin control fibroblasts in the current study,
although cells were neither taken from malignant tissue nor
co-cultured with cancer cells in vitro. It was previously
hypothesized that the first step of metabolic reprogramming
of CAFs is production of oxidative stress by cancer cells that
subsequently leads to DNA damage in CAFs, which in turn
triggers autophagy and mitochondrial degradation, causing
shifts of the metabolism to aerobic glycolysis.*’** This pro-
cess is crucially regulated by elevation of HIF-1w, which, in
turn, is depending on BRCA1.*>** As BRCA1 seems to be an
emerging regulator of mitochondrial integrity, we hypothe-
size that its disruption in primary fibroblasts of persons with
germline or somatic alterations also may induce CAF-like
metabolic changes in the absence of cancer cells. This is sup-
ported by experimental data from a stable knockdown of
BRCAI in immortalized fibroblasts that results in upregula-
tion of HIF-1a, autophagy, and ketone body production.'® In
addition, BRCAI-knockdown fibroblasts were shown to
enhance cancer cell line proliferation when co-injected into
xenografts. This effect is known from CAFs taken from
tumor tissue.

Moreover, it was demonstrated that conditioned
medium of CAFs is enough to enhance cancer cell prolif-
eration in in vitro experiments,*>*® probably due to secre-
tion of tumorigenic growth factors and energy-rich
metabolites. In the current study, we observed a compara-
ble effect when culturing A549 lung carcinoma cells and
non-tumorous HMLE mammary epithelial cells in the
presence of conditioned medium of BRCAI™™¢ fibro-
blasts. This strongly supports our hypothesis that BRCAI
epimutation in our proband’s fibroblasts induces pheno-
typic, molecular, and functional changes resembling fea-
tures of CAFs. Considering the data of Salem et al.'” that
show comparable changes in a shBRCAI fibroblast cell
line, it stands to reason that the observed phenotype in
BRCA1™*M¢ fibroblasts is causally linked to the downregu-
lation of BRCAI. Nevertheless, the copy number variations
of the genes RSPO3 and NREP (C5orfl3), which we previ-
ously reported to be present in a 50% mosaic in the ana-
lyzed cells,” could also play a contributory role that was
not specifically analyzed in this study. RSPO3 acts as a
proto-oncogene whose gain-of-expression promotes tumor-
igenic processes. In contrast, a reduction of RSPO3
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expression, which is the consequence of the mosaic RSPO3
deletion in our proband’s cells,” was already linked to the
opposite of our findings, namely a reduction in cell prolif-
eration and migration, in RSPO3 knockdown cancer
cells.*”*® The expression of NREP in BRCAI™**M¢ was
unaffected by the deletion” and no connection of this gene
to cancerogenesis is known to date. It is beyond the scope
of our present study, but remains to be determined,
whether the deletions of RSPO3 and NREP co-exist with
the BRCAI epimutation in the same cells of the BRCAI™**™¢
fibroblasts.

Based on our findings, we speculate that epigenetic BRCAI
deficiency in predisposed persons may lead to a CAF-like state
of stromal cells prior to cancer onset and perhaps even from
birth on. This CAF-like state may promote tumorigenic trans-
formation of neighboring epithelial cells by altered stromal-epi-
thelial interactions and thereby explain the predisposition of
the mutation carriers to carcinogenic conditions.

If this concept is proven to be generally applicable to mesen-
chymal cells also with BRCAI sequence mutations, it may open
completely new perspectives on hereditary BRCAI-related car-
cinogenesis and provide impetus for the development of new
preventive strategies. According to this idea, therapeutic
approaches for cancer treatment targeting the tumor microen-
vironment are already in clinical trials, and can possibly be
transferred to the prevention of tumor development in heredi-
tary cancers by interfering either with the maintenance of the
CAF-like state of fibroblasts or with the secretion of protumori-
genic signals.*” Another potential strategy for chemoprevention
is to compensate for oxidative stress that leads to mitochondrial
dysfunction and autophagy and shifting of the metabolism in
BRCA1 deficient cells.”” Interestingly, antioxidant treatment
just like genetic complementation of BRCAI in BRCAI null
breast cancer cells reverts functional markers of oxidative
stress, namely CAV1 loss and MCT4 induction in co-cultured
fibroblasts.™

In conclusion, we have shown an example of transcrip-
tional and functional CAF-like state existing in fibroblasts of
healthy tissue, which was probably induced by epigenetically
mediated BRCAI haploinsufficiency. Thus, we suggest build-
ing a favorable environment for cancer development and
growth by CAF-like fibroblasts to be one of many mecha-
nisms by which cancer proneness is mediated in individuals
with BRCAI epimutation. This hypothesis brings many new
potential targets for cancer prevention in genetically predis-
posed individuals into play.

Materials and methods
Case presentation

The biological material that was analyzed in this study was
taken from a proven monozygous twin pair with discordance
for recurrent cancers. First cancer occurred in the affected indi-
vidual at an age of 4 years and was characterized as precursor
B-cell lymphoblastic leukemia. Thyroid carcinoma was diag-
nosed at an age of 25 years. The affected twin was the only indi-
vidual being suffering from cancer in the family pedigree

including four generations. The clinical case has been previ-
ously described in more detail in Galetzka et al.”

Isolation and culture of primary fibroblasts

Genetic counseling was offered and informed written con-
sent was obtained from both probands. This study was
approved by the Ethics Committee of the Medical Associa-
tion of Rhineland-Palatinate (No. 837.440.03[4102]). Skin
biopsies were taken from the probands at an age of 29 years
from the left upper arm, and fibroblasts cultures were estab-
lished. Cells were cultured in their original primary state
without immortalization or any other genetic manipulation.
The fibroblasts were cultured in Dulbecco’s modified eagles
medium (Thermo Fisher Scientific, #11960) supplemented
with 10% fetal calf serum (Thermo Fisher Scientific, #10270)
and penicillin-streptomycin (Thermo Fisher Scientific, #
15070063). The cells were passaged and harvested at
subconfluency.

Gene expression microarray analysis

The array experiment was performed by Affymetrix using
the GeneAtlas™ Personal Microarray System (Affymetrix).
RNA samples extracted from primary fibroblasts using TRI-
zol reagent (Thermo Fisher Scientific, #15596) were hybrid-
ized on a HG-U219 array strip (Affymetrix). Microarray
data have been deposited at the Gene Expression Omnibus
(GEO) database with the accession number GSE71078. Data
normalization by Robust Multi-array Average (RMA)
approach and analysis of differentially expressed probe sets
by Tukey’s Bi-weight average algorithm and Analysis of Var-
iance (ANOVA) were done with Affymetrix Expression Con-
sole Software and Affymetrix Transcriptome Analysis
Console respectively. Functional enrichment, network analy-
sis and upstream regulator analysis were performed using
Database of Annotation, Visualization and Integrated Dis-
covery (DAVID)®' and Ingenuity Pathways Analysis tool
(Qiagen).

Quantitative real time PCR

RNA was extracted using TRIzol® reagent (Thermo Fisher Sci-
entific) and RNA quality and purity were checked photometri-
cally. Reverse transcription reaction was performed by means
of SuperScript® III RT kit (Thermo Fisher Scientific) using a
combination of random and oligo (dT) primers. Primers for
real time PCR were designed with Primer3 version 4.0.0 as
detailed in Table S3 and commercially available primers for
TBP served as endogenous control (Qiagen QuantiTect
#QT00000721).>*> Data acquisition was performed with the
StepOnePlus Real-Time PCR System with following PCR
cycling conditions: 40 cycles of 30 sec at 95°C, 30 sec at 60°C
and 40 sec at 72°C. To avoid and check for genomic contami-
nation, primers were designed exon spanning, water and
minus-reverse-transcriptase controls were included and melt-
ing curve analysis was done. Comparative 2~**“* method was
used for relative quantification of gene expression with error
bars indicating #RQuymax = 2AACETSPEAC] 4



T = confidence level and SD = standard deviation. Statistical
analysis was performed using the student’s t-test and P-values
< 0.05 were considered statistically significant.

Immunoblot analysis

Protein extraction was performed according to Brautigam
et al.>® Different amounts of total protein were separated on a
6% acrylamide gel for BRCAL1 blotting and on a 10% acrylam-
ide gel for later ACTIN blotting. Western Blot analyses were
performed with anti-BRCA1 (Merck Millipore, MS110,
#MABC 199) and anti-ACTIN (Sigma Aldrich, #A2228)
respectively, as primary antibodies, and HRP-coupled anti-rab-
bit and anti-mouse (Dianova, #111-036, 111-035), respectively,
as secondary antibodies. Signal detection was achieved by
ChemiDoc XRS digital imager (Biorad). The software Chemi-
Doc Image Lab (Biorad) was used for densitometric analyses of
BRCA1 bands and normalization to ACTIN band intensities.

Immunofluorescence microscopy

Equal amounts of BRCAI™*™¢ and BRCAI™ fibroblasts were
seeded in chamber well slides and grown over night. Cells were
fixed in 4% paraformaldehyde (PFA), blocked in 3% BSA in
PBST and permeabilized in 0.2% saponin (Carl Roth, #6857).
The slides were sequentially probed with primary and second-
ary antibodies or stained with Fluor-488-Phalloidin (Thermo
Fisher Scientific, #A12379). Nuclei were stained with Hoechst
33342 (Thermo Fisher Scientific, #62249). The primary anti-
bodies used were mouse anti-human paxillin (R&D Systems,
#AF4259), rabbit anti-human Ki67 (Thermo Fisher Scientific,
#RM-9106) and mouse anti-human collagen I (Abcam,
#ab88147) the secondary antibodies used alexa-flour-488
mouse anti-rabbit, alexa-flour-488 goat anti-mouse and alexa-
flour-546 goat anti rabbit (Thermo Fisher Scientific, #11059,
#11001, #11035). The slides were imaged by Zeiss confocal laser
scan microscope CLSM 710-NLO.

Proliferation assays of fibroblasts and conditioned
medium proliferation assays of HMLE and A549 cells

The proliferation assays were conducted with the CellTiter-Glo
Luminescent Cell Viability Assay (Promega, #G7570) according
to the manufacturer’s protocol. In brief, 2,000 fibroblasts were
seeded per well in a 96 well plate. On the next day and then
every 24 hours cell viability was measured and values were nor-
malized to the first measurement.

For conditioned medium proliferation assays 2000 HMLE
cells or 500 A549 cells were seeded in a 96 well plate, respec-
tively. On the next day the medium was changed to either
conditioned medium of BRCAI™™¢ fibroblasts or BRCAI™
fibroblasts. The conditioned medium had been prepared by cul-
tivation of 500,000 exponentially growing fibroblasts in 3 ml of
DMEM for 72 hours. Cell debris was separated by centrifuga-
tion at 4000 rpm for 10 minutes, and the conditioned medium
was stored at —80°C.
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Fibroblast migration assays

Fibroblasts (12,000) were seeded in 70 ul medium into each
chamber of a culture insert (IBIDI, #80206). After 24 hours the
silicone inserts were removed and the gap between the cell
fields was photographed every 6 hours in the same optical field.
The pictures were analyzed using the Scratch Assay Analyzer
plugin from the extension package MiToBo in Image].

Quantification of ketone bodies

Fibroblasts (100,000/per well) were plated in a 24-well plate in
complete media. The next day the cells were washed twice with
dPBS and the medium was changed to optiMEM (Thermo
Fisher Scientific, #31985062) containing 2% FBS. After 48 hours
of incubation the cell culture supernatant was collected and
separated from cell debris by centrifugation. The concentration
of ketone bodies was determined using the g-hydroxybutyrate
assay (Sigma Aldrich, #MAKO041).

Statistical analysis

If not indicated differently, the values are given as mean =+
standard error of the mean (SEM). The Student t-test was per-
formed for statistical analysis. P-values < 0.05 were considered
to be statistically significant.
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