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Background: Neurofibromin, coded by the NF1 tumor suppressor gene, is the
main negative regulator of the RAS pathway and is frequently mutated in various
cancers. Women with Neurofibromatosis Type I (NF1)–a tumor predisposition
syndrome caused by a germline NF1 mutation–have an increased risk of
developing aggressive breast cancer with poorer prognosis. The mechanism
by which NF1 mutations lead to breast cancer tumorigenesis is not well
understood. Therefore, the objective of this work was to identify stromal
alterations before tumor formation that result in the increased risk and poorer
outcome seen among NF1 patients with breast cancer.

Approach: To accurately model the germline monoallelic NF1 mutations in
NF1 patients, we utilized an Nf1-deficient rat model with accelerated
mammary development before presenting with highly penetrant breast cancer.

Results: We identified increased collagen content in Nf1-deficient rat mammary
glands before tumor formation that correlated with age of tumor onset.
Additionally, gene expression analysis revealed that Nf1-deficient mature
adipocytes in the rat mammary gland have increased collagen expression and
shifted to a fibroblast and preadipocyte expression profile. This alteration in
lineage commitment was also observed with in vitro differentiation, however,
flow cytometry analysis did not show a change in mammary adipose-derived
mesenchymal stem cell abundance.

Conclusion:Collectively, this study uncovered the previously undescribed role of
Nf1 in mammary collagen deposition and regulating adipocyte differentiation. In
addition to unraveling themechanismof tumor formation, further investigation of

OPEN ACCESS

EDITED BY

Brajendra Tripathi,
National Institutes of Health (NIH), United States

REVIEWED BY

Dunrui Wang,
National Cancer Institute (NIH), United States
Marian Durkin,
National Institutes of Health (NIH), United States

*CORRESPONDENCE

Carrie R. Graveel,
carrie.graveel@vai.org

Matthew R. Steensma,
matt.steensma@vai.org

†PRESENT ADDRESS

Menusha Arumugam,
Department of Biochemistry, University of Utah
School of Medicine, Salt Lake City, UT,
United States.

‡These authors have contributed equally to this
work and share last authorship

RECEIVED 23 January 2024
ACCEPTED 17 April 2024
PUBLISHED 10 May 2024

CITATION

Arumugam M, Tovar EA, Essenburg CJ,
Dischinger PS, Beddows I, Wolfrum E, Madaj ZB,
Turner L, Feenstra K, Gallik KL, Cohen L,
Nichols M, Sheridan RTC, Esquibel CR,
Mouneimne G, Graveel CR and Steensma MR
(2024), Nf1 deficiency modulates the stromal
environment in the pretumorigenic rat
mammary gland.
Front. Cell Dev. Biol. 12:1375441.
doi: 10.3389/fcell.2024.1375441

COPYRIGHT

© 2024 Arumugam, Tovar, Essenburg,
Dischinger, Beddows, Wolfrum, Madaj, Turner,
Feenstra, Gallik, Cohen, Nichols, Sheridan,
Esquibel, Mouneimne, Graveel and Steensma.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Cell and Developmental Biology frontiersin.org01

TYPE Original Research
PUBLISHED 10 May 2024
DOI 10.3389/fcell.2024.1375441

https://www.frontiersin.org/articles/10.3389/fcell.2024.1375441/full
https://www.frontiersin.org/articles/10.3389/fcell.2024.1375441/full
https://www.frontiersin.org/articles/10.3389/fcell.2024.1375441/full
https://www.frontiersin.org/articles/10.3389/fcell.2024.1375441/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2024.1375441&domain=pdf&date_stamp=2024-05-10
mailto:carrie.graveel@vai.org
mailto:carrie.graveel@vai.org
mailto:matt.steensma@vai.org
mailto:matt.steensma@vai.org
https://doi.org/10.3389/fcell.2024.1375441
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2024.1375441


adipocytes and collagen modifications in preneoplastic mammary glands will
create a foundation for developing early detection strategies of breast cancer
among NF1 patients.
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1 Introduction

The tumor suppressor gene Neurofibromin 1 (NF1) codes for
the protein neurofibromin and is the main negative regulator of
the RAS pathway. Loss-of-function or genomic alterations in NF1
result in dysregulated RAS signaling, including the MAPK
(mitogen-activated protein kinase) pathway (Xu et al., 1990;
Yap et al., 2014; Ratner and Miller, 2015). The role of NF1
has been commonly studied in the context of
Neurofibromatosis type 1 (NF1), a tumor predisposition
syndrome affecting one in 3,000 live births caused by
mutations in the NF1 gene (Rasmussen and Friedman, 2000;
Lammert et al., 2005; Griffiths et al., 2007; Evans et al., 2010; Yap
et al., 2014; Mo et al., 2022). While benign and malignant tumors
of the nervous system are the more common clinical
manifestation of NF1, several recent studies have identified
NF1 as a genetic driver of both sporadic and inherited breast
cancer (Comprehensive molecular portraits of human, 2012;
Stephens et al., 2012). These studies revealed that women with
NF1 have a 5-7-fold increased risk of developing breast cancer at
a younger age (Madanikia et al., 2012; Wang et al., 2012; Seminog
and Goldacre, 2015; Uusitalo et al., 2016; Uusitalo et al., 2017;
Landry et al., 2021). This elevated risk has warranted the
recommendation for earlier breast cancer screening at the age

of 30 for women with NF1 (Sharif et al., 2007; Daly et al., 2017).
NF1-related breast cancers are associated with adverse
prognostic factors, aggressive molecular subtypes (HER2+ and
triple-negative breast cancers), and decreased overall survival
compared to sporadic breast cancer (Uusitalo et al., 2017).
Additionally, our analysis of the METABRIC breast cancer
dataset showed that patients with NF1 shallow deletions are
1.65 times more likely to die within the first 10 years
compared to patients with diploid NF1 status (Dischinger
et al., 2018). NF1 loss of function is also more commonly
detected in endocrine-resistant and metastatic breast cancer
cases (Meric-Bernstam et al., 2014; Yates et al., 2017; Razavi
et al., 2018; Bertucci et al., 2019; Sokol et al., 2019; Pearson et al.,
2020). Despite this clear role of NF1 in sporadic and inherited
breast cancer, the molecular mechanisms of NF1-mediated breast
cancer formation are still poorly understood.

To address this question, we developed a rat model ofNf1-deficient
breast cancer by creating several distinct germline Nf1 indels using
CRISPR/Cas9 genome editing in immunocompetent Sprague Dawley
rats (Dischinger et al., 2018). All of these indels model “Nf1 deficiency”
and induce highly penetrant, aggressive ER+/PR + mammary
adenocarcinomas in female rats. In our studies of tumor initiation
and progression, we observed that these aggressive tumors could not be
transplanted into Nf1+/+ Sprague-Dawley or Athymic nude rats. The
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results of these transplantation experiments indicated that an Nf1-
deficient mammary stroma was necessary to promote tumor growth
and progression. Therefore, this led us to question the role of Nf1 in
stromal cells and howNf1-deficiency alters themammary stroma in our
rat model.

The mammary gland is composed of epithelial ducts
surrounded by stromal cells such as fibroblasts, adipocytes,
endothelial cells, and immune cells embedded in a complex
web of extracellular matrix (ECM). Although breast cancer
arises from the epithelial cells, numerous studies have

FIGURE 1
Nf1-deficient rat breast cancer lines have increasedmatrix before tumor formation. (A) Schematic of indels generated in one copy of theNf1 gene in
immunocompetent Sprague Dawley rats resulting in three Nf1 mutant lines: Nf1 in frame (IF/+), premature stop-20 (PS-20/+), as well as in-frame and
premature stop-21 (IF; PS-21/+). (B) Tumor onset inNf1-deficient rats. All animals in this study died of mammary tumor progression. Representative H&E
images and eosin quantification of rat mammary gland at (C) 21 and (D) 33 days. (E) Representative brightfield and polarized microscopy images of
picrosirius red (PSR)-stained rat mammary glands at 43 days, and quantification of polarized light signal. Each data point represents a tissue from an
individual rat as a biological replicate.
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demonstrated the significant impact of the stroma on the earliest
stages of tumor initiation, tumor progression, metastasis, and
even clinical outcome (Finak et al., 2008; Oh et al., 2015; Bainer
et al., 2016; de Visser and Joyce, 2023; Curran and Ponik, 2022).
Adipocytes make up a significant majority of the stromal cell
population and can dedifferentiate to become preadipocytes/
mesenchymal-like cells during mammary gland remodeling
through a process called adipocyte mesenchymal transition
(AMT), which consequently also creates a tumor-promoting
environment (Zhu et al., 2022). In the tumor
microenvironment, adipocytes are pushed into an activated
state known as a cancer-associated adipocyte (CAA) (Dirat
et al., 2011; Zhang et al., 2012; Bochet et al., 2013; Attane and
Muller, 2020; Mukherjee et al., 2022; Wu et al., 2023), resulting in
protumorgenic metabolic reprogramming and increased collagen
secretion (Bi et al., 2016; Wang et al., 2017; Wei et al., 2019).
Overall, these findings highlight the plasticity of adipocytes in
both normal and cancerous mammary glands.

In our study, we investigated the impact of Nf1 loss of function
on the mammary stroma before tumor formation. Studies on
epithelial cells of NF1-related breast cancer has expanded our
knowledge of their direct tumorigenic mechanisms (Dischinger
et al., 2018; Zheng et al., 2020; Tovar et al., 2022), but there
remains a gap in our understanding of the impact of NF1 on the
mammary stroma. The preneoplastic stromal alternations of
inherited cancer syndromes have also been recently characterized
in the context of individuals with germline BRCA1 mutations. This
study identified a population of BRCA+/mut

fibroblast present before
cancer formation that increased epithelial proliferation, altered
epithelial differentiation, and promoted BRCA1-driven
tumorigenesis in vivo (Nee et al., 2023). Since individuals with
NF1 also have germline NF1 mutations in both stromal and
epithelial cells, these results naturally raise the important
question of whether NF1-deficient stromal cells provide a
protumorigenic niche for epithelial transformation and
contribute to the increased risk of breast cancer in individuals
with NF1. Here, we demonstrate that Nf1-deficient rat mammary
glands have increased collagen deposition in their pretumorigenic
glands. We observed increased expression of collagen and ECM
genes specifically in adipocytes that were in a dedifferentiated
preadipocyte/fibroblast-like state. Additionally, Nf1-deficient
adipose-derived stem cells (ASC) also had a decreased
adipogenic differentiation capacity. Together, our findings
demonstrate that Nf1 alters pretumorigenic mammary stroma
by increasing collagen deposition and disrupting adipocyte
differentiation.

2 Results

2.1 Nf1-deficiency results in increasedmatrix
deposition beforemammary tumor initiation

To investigate the role of Nf1 in the mammary tumorigenesis,
we previously generated three mutant lines representing distinct
states of Nf1 deficiency (Figure 1A). (Dischinger et al., 2018) In
this model, we targeted exons 21–22 (previously denoted as exons
20–21) within the CSRD (cysteine-serine rich domain) of Nf1.

The CSRD is an allosteric activator of the adjacent GRD (GAP-
related domain) and near the dimerization region of
neurofibromin (Lupton et al., 2021; Young et al., 2023).
Recent studies have revealed that hotspot mutations in the
CSRD region lead to severe phenotypes in NF1 individuals
(Koczkowska et al., 2018; Koczkowska et al., 2020). The IF/+
animals harbor an in-frame indel in exon 21, whereas the PS/+
rats have a premature stop codon in exon 21. The IF; PS-21/+ line
was derived from an in-frame indel in exon 21 (previously exon
20) and a distinct mRNA isoform with a premature stop in exon
22 (previously exon 21). By creating indels in the CSRD of one
copy of the Nf1 gene, each of these Nf1-deficient
immunocompetent rat lines developed highly penetrant,
aggressive mammary adenocarcinomas with varying times on
tumor onset. The IF/+ line, with the least impact on
neurofibromin function, had the slowest tumor onset, the PS-
20/+ and IF; PS-21/+ lines with a premature stop indel (thus
removing all the domains after the CSRD) resulted in animals
with quicker tumor onset (Figure 1B). The difference in tumor
initiation between the Nf1 indels offers distinct models in which
to study the pretumorigenic changes, with a long window of
before tumor onset in IF/+ rats compared to the rapid tumor
onset that occurs in the PS-20/+ and IF; PS-21/+ lines.

To understand the mechanism of different tumor onset, it is
vital to understand the changes that occur in preneoplastic
glands that create an environment of tumor permissiveness.
While we have previously shown an increase in mammary
epithelial branching and end bud formation during
development (Tovar et al., 2022), H&E staining also shows an
increased matrix region around the mammary ducts and end
buds of Nf1 deficient rats compared to WT. To quantify this
difference, we measured the percent area of eosin around the
ducts. At 21 days, the odds of having eosin staining are 14 times
higher in Nf1-deficient IF; PS-21/+ tissue than WT tissues (p =
0.005, Figure 1C). However, at 33 days, the odds of having eosin
staining in Nf1-deficient PS-20/+ and IF; PS-21/+ tissues are
5 times (p = 0.002) and 8 times (p < 0.001) higher respectively
compared to WT tissues (Figure 1D). At both 21 and 33 days, the
odds of having more eosin staining in Nf1-deficient IF/+ tissues
than WT tissues are not statistically significant with the odds of
having more eosin staining only 2 times higher odds (p = 0.619 at
21 days; p = 0.959 at 33 days).

To verify that this increase in eosin correlates with an increase in
collagen deposition that progresses with age towards tumor
formation, we stained tissues from 43-day-old rats with
picrosirius red (PSR) that allows for collagen visualization under
exposure of polarized light (Coelho et al., 2018). At 43 days, all Nf1-
deficient mammary glands had increased collagen content
compared to the WT glands. Consistent with the eosin
quantification, both Nf1-deficient PS-20/+ and IF; PS-21/+ tissues
showed approximately 150% increase in polarized light (POL)
signals compared to the WT tissues (p < 0.01; Figure 1E).
Interestingly, although still lower than the other two Nf1-
deficient genotypes, the IF/+ tissues at 43 days also had an
increase in POL signals as well, about 72% more than the WT
tissues (p = 0.02; Figure 1E). This increase in collagen indicates that
as the IF/+ rats approach an age closer to tumor formation, their
collagen content also increases.
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This indicates that collagen and matrix changes correspond to
Nf1 loss of function and rates of tumor onset. In ourmodel, increases
in collagen deposition are present earlier in PS-20/+ and IF; PS-21/+

mammary glands which have a larger loss of neurofibromin and
earlier tumor onset (6–12 weeks). In contrast, increase in collagen
changes are first observed at 43 days, in IF/+ mammary glands that

FIGURE 2
Collagen and ECM gene expression changes in mature adipocytes before tumor formation. Heatmap showing mature adipocyte expression of (A)
collagen and (B) collagen modification genes in 33-day old mature adipocytes. (C) Gene ontology (GO) pathway enrichment in IF/+ vs. WT mature
adipocytes. (D) Fold change in expression of fibronectin, fibrinogen, and tenascin genes in Nf1-deficient mature adipocytes compared to WT.
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have a minor alteration in neurofibromin and a much later tumor
onset (<10 months). These results show that the timing of increase
in collagen mirrors the timing of tumor onset in the Nf1-
deficient lines.

Additionally, to delineate whether the collagen deposition
increased solely as a result of epithelial ductal development, we
measured fibrosis in mammary glands of older IF/+ rats that did
not develop palpable tumors at 7.5 months old. Interestingly, we

FIGURE 3
Nf1-deficient IF/+ mammary mature adipocytes before tumor formation mimic a preadipocyte and fibroblast-like cell state. (A) Heatmap showing
mesenchymal lineage differentiation genes expression in 33-day oldmature adipocytes. (B) PCA plot of fibroblasts and adipocytes. (C) Enrichment plot of
fat cell differentiation gene set (GO:0045444, p = 0.08, NES = 1.29) in IF/+ vs. WT mature adipocytes.
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discovered a noticeable increase in fibrotic region around
epithelial ducts that appear to have ductal carcinoma in situ
(DCIS; Supplementary Figure S1). We are unable to measure
collagen content at later timepoints in PS-20/+ and IF; PS-21/+
lines because they develop mammary adenocarcinomas with
complete penetrance by 14 weeks of age. However, in the
slower progressing IF/+ line, increased collagen content does
persist past the epithelial gland developmental stage into
adulthood. This finding underscores the impact of Nf1 loss of
function in remodeling the rat mammary stroma during both
pubertal development and adulthood.

2.2 Nf1-deficient IF/+ mammary mature
adipocytes have increase collagen and ECM
genes expression before tumor formation

To identify which cell population and what type of collagen was
predominantly involved in the elevated collagen levels, we performed
RNAseq of adipocytes, fibroblasts and epithelial cells isolated from
mammary glands before tumor formation. Unsupervised clustering of
collagen gene expression revealed that each sample expresses different
types of collagens with very little overlap between each other
(Supplementary Figure S2). As expected, fibroblasts have the highest
expression of fibrillar collagens, such as collagen I, III, and V, yet there
were no significant differences between the Nf1-deficient and WT
fibroblasts. Epithelial cells and mature adipocytes primarily express
distinct subunits of network forming collagens. Surprisingly, we
observed that the Nf1-deficient IF/+ mature adipocytes have
increased gene expression of collagens (Figure 2A). Because
adipocytes are more well known for their endocrine and metabolic
functions, we were intrigued by these unexpected findings.

Recent studies have revealed that adipocytes surrounding a
tumor can become activated to form cancer-associated
adipocytes (CAAs) and have increased collagen secretion
(Dirat et al., 2011; Zhang et al., 2012; Bochet et al., 2013; Wei
et al., 2019; Zhu et al., 2022). Since the adipocytes we analyzed are
from mammary glands before tumor formation, these results
indicate that Nf1 plays a role in normal mammary adipocyte
differentiation. Next, we examined whether the IF/+ mature
adipocytes also exhibit other reported gene expression features
of CAAs. Along with increased collagen secretion, these studies
also reported that CAAs can remodel collagen architecture and
alignment through increased expression of collagen modification
genes (Wei et al., 2019). An example of a collagen modification
gene is prolyl 4-hydroxylase subunit alpha 1 (P4ha1), which is the
most important catalytic subunit of the P4H enzyme and
necessary for collagen polypeptide chains folding into stable
triple-helical molecules (Myllyharju and Kivirikko, 2004).
From our RNAseq data, P4ha1 and other collagen
modification genes have increased expression in IF/+ mature
adipocytes compared to the WT and two other Nf1-deficient
mature adipocytes (Figure 2B). Additionally, gene ontology (GO)
analysis of Nf1-deficient IF/+ mature adipocytes gene expression
compared to WT showed enrichment in pathways involved in
ECM processes and RAS-MAPK signaling (Figure 2C). Pathways
involved inMAPK signaling were expected due to neurofibromin’s role
as a negative regulator of RAS. Enrichment of pathways in ECM

processes substantiates a role for Nf1-deficient IF/+ adipocytes in
collagen deposition and a CAA-like phenotypes (Figures 2A, B).
Our analysis indicated other ECM components besides collagen may
contribute to tumorigenesis in Nf1-deficient IF/+ glands. Several genes
typically known for their role in tissue fibrosis (i.e., tenascin, fibrinogen,
and fibronectin genes) were increased in Nf1-deficient IF/+ adipocytes
(Figure 2D). Overall, these results demonstrated thatNf1-deficient IF/+
adipocytes have increased collagen and fibrosis-related ECM gene
expression preceding tumor formation.

2.3 Nf1-deficient IF/+ mammary adipocytes
mimic a preadipocyte and fibroblast-like
cell state

Another reported phenotype of CAAs is their ability to
dedifferentiate to a preadipocyte- and fibroblast-like cell through
a process called adipocyte mesenchymal transition (AMT) (Dirat
et al., 2011; Zhang et al., 2012; Bochet et al., 2013; Zhu et al., 2022).
To determine if AMT was present in the Nf1-deficient IF/+ mature
adipocytes, we evaluated adipocyte differentiation expression
signatures. Principal component analysis (PCA) of adipocyte and
fibroblast samples show that the Nf1-deficient IF/+ mature
adipocytes cluster further away from the other Nf1-deficient
genotypes, indicating that their gene expression profile has
deviated from a typical mature adipocyte (Figure 3B). Looking at
the different genes expressed at adipocyte, preadipocyte, and
fibroblast stages, our RNAseq data showed the Nf1-deficient IF/+
mature adipocytes had lower expression of mature adipocyte
markers, but higher expression of fibroblast and preadipocyte
markers. WT and Nf1-deficient PS-20/+ and IF; PS-21/+ mature
adipocytes do not have altered mesenchymal lineage gene
expression. For example, adiponectin (Adipoq) and perilipin-1
(Plin1), genes which are primarily expressed in adipose tissues
and mature adipocytes but are both downregulated in the IF/+
mature adipocytes. In contrast, fibroblast activation protein alpha
(Flap) and Cd34 are genes primarily expressed in activated
fibroblast and preadipocytes, respectively, but have increased
expression in the IF/+ mature adipocytes compared to the other
genotypes (Figure 3A). Gene set enrichment analysis (GSEA) of
the mature adipocytes revealed an enrichment in adipocyte
differentiation gene signatures (obtained from the MSigDB
database). To highlight one example, the Nf1-deficient mature
adipocytes showed an enrichment in a fat cell differentiation gene
set (GO0045444) which supports the difference in mesenchymal
lineage markers we observed (NES = 1.29, p = 0.08; FDR = 0.024;
Figure 3C). Overall, these results show that the IF/+ indel in one
Nf1 allele causes the gene expression profile of mature adipocytes
before tumor formation to mimic a preadipocyte- and fibroblast-
like cell state.

2.4 Nf1 deficiency restricts mammary
adipose-derived stem cell differentiation to
immature adipocytes

To verify the altered differentiation gene expression observed in
our RNAseq data (Figure 3), we isolated the adipose-derived stem
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cell (ASC) population from 33-day-old rat mammary glands and
differentiated them in vitro as illustrated in Figure 4A. After an
overnight collagenase digest, we cultured the stromal vascular
fraction (SVF) for 2-3 passages to enrich for the ASC population
before culturing them in commercially available differentiation
media for 2 weeks. After 2 weeks, fully differentiated cells

containing lipid droplets were counted as a measure of
differentiation ability. After 14 days in differentiation media, we
observed that Nf1-deficient IF/+ ASCs have 60% fewer cells with
lipid droplets compared to WT, thus indicating a decreased
differentiation ability (WT vs. IF/+ odds ratio = 0.4, p =
0.08; Figure 4C).

FIGURE 4
Nf1 deficiency restricts mammary adipose-derived stem cells (ASCs) differentiation to immature adipocytes. (A) Workflow of isolating and
differentiating stromal vascular fraction (SVF) into ASCs and differentiating them further into mature adipocytes. (B) Brightfield images of ASC
differentiation at day 5, 10, and 14, as well as Oil Red O staining at day 14. Brightfield images were acquired at 10 × magnification, scale bar is 400 µm. Oil
RedO images were acquired at 4 ×magnification, scale bar is 300 µm. (C)Quantification of cells containing lipid droplets at day 14 (WT vs. IF/+ odds
ratio = 2.39, p = 0.08; n = 3 rats per genotype).

Frontiers in Cell and Developmental Biology frontiersin.org08

Arumugam et al. 10.3389/fcell.2024.1375441

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1375441


2.5 Nf1 deficiency does not decrease
adipose-derived stem cell populations in the
mammary stromal vascular fraction

Mature adipocytes and preadipocytes differentiate through a
multistep process originating frommesenchymal stem cells (MSCs),
and in adipose tissues specifically, these tissue resident MSCs are
known as ASCs (Berry and Rodeheffer, 2013; Berry et al., 2015;
Brown et al., 2022). To investigate whether the reduced
differentiation ability of the Nf1-deficient IF/+ ASC that we
observed (Figure 4) was due to a decreased ASC population, we
used flow cytometry to quantify the amount of ASC present in the
SVF of our rat mammary glands (Figure 5A). After red blood cell
removal, we derived a lineage-negative population by eliminating
CD45+ hematopoietic cells, CD31+ endothelial cells, and E-Cad +

epithelial cells. Using three stem cell markers, CD34+ CD29+ CD90+,
we further stratified the ASC population, before excluding CD54+

fibroblasts (Rodeheffer et al., 2008; Berry and Rodeheffer, 2013;
Berry et al., 2015; Jeffery et al., 2015; Jeffery et al., 2016). The
abundance of the resulting ASC population (Lin- CD34+ CD29+

CD90+ CD54−) was measured compared to the whole SVF
population. Even though substantial heterogeneity of ASC was
observed within the genotypes, we did not detect a decrease of
the Lin- CD34+ CD29+ CD90+ CD54− ASC population in Nf1-
deficient IF/+ rats compared to WT (Figures 5B, C). Together, our
differentiation assays and flow cytometry analysis indicate that Nf1-
deficient IF/+ adipocytes have impaired differentiation that is not
due to a decrease in the adipocyte progenitor population. In addition
to demonstrating that Nf1 does not impact the early stages of
differentiation, these data suggest a potential of Nf1 regulating

FIGURE 5
Nf1 deficiency does not decrease adipose-derived stem cell (ASC) population in the mammary stromal vascular fraction (SVF). (A) Workflow of
isolating ASC population from 33-day old rat mammary gland SVF using FACS. (B) Flow cytometry analysis of Lin- CD34+ CD29+ CD90+ CD54-rat
mammary gland ASC. (C) Percent ASC population present in pooled SVF population.
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the later stages of adipocyte differentiation instead, specifically
through PPARγ signaling.

3 Discussion

Recent breast cancer studies have highlighted the important role that
NF1 dysregulation has in both NF1-related and sporadic breast cancers
with the focus being on epithelial cells (Zheng et al., 2020; Tovar et al.,
2022). With the goal of uncovering non-epithelial contributions to NF1-
related breast cancer tumorigenesis, we measured alterations in the Nf1-
deficient mammary stromal region before tumor formation. Here we
show for the first time that Nf1-deficiency impacts mammary stroma
and the extracellular matrix, especially collagen formation, before
mammary tumor formation. In the field of NF1 research, studies
evaluating collagen in NF1-mediated tumorigenesis have only been
conducted in the context of skin wound healing and neurofibromas
(Peltonen et al., 1986; Atit et al., 1999; Brosseau et al., 2021; Kershner
et al., 2022). Intriguingly, the increased expression of collagen during
wound healing inmouse dermal fibroblasts withNf1mutation is distinct
from fibroblast collagen abnormalities due to RAS activation (Atit et al.,
1999). Additionally, upregulation of protumorigenic collagen expression
inNf1neurofibromafibroblasts has been recently discovered using single
cell RNA sequencing (Brosseau et al., 2021; Kershner et al., 2022).
Despite the known impact of collagen in breast cancer as well as other
NF1-related tumors, the contribution of collagen in NF1-associated
breast cancer has not been characterized. The findings in the study
demonstrate that Nf1-deficient rats with the earliest tumor onset have a
significant increase in collagen expression compared to theNf1-deficient
rats with later tumor onset. Notably, these collagen and matrix changes
were observed weeks before tumor formation typically occurs in these
Nf1-deficient glands. These results indicate that increased collagen
deposition by Nf1-deficient stromal cells is associated with earlier
tumor development.

Next, we evaluated which stromal populations were driving altered
matrix deposition in the pretumorigenic Nf1-deficient mammary
glands. Our initial assumption was that fibroblasts were the
predominant cell responsible for increasing matrix deposition, but
RNAseq data led us to focus on the mammary adipocytes.
Interestingly, the RNAseq analysis revealed that Nf1-deficient IF/+
adipocytes before tumor formation express more collagen and
collagen modification genes, which are commonly associated as a
feature of fibroblasts. Pathway enrichment analysis identified
pathways involved in MAPK signaling, ECM deposition, and
adipocyte differentiation. Additionally, Nf1-deficient adipocytes have
a fibroblast- and preadipocyte-like expression profile and decreased
expression of mature adipocyte markers. To determine if Nf1 loss was
impacting adipocyte differentiation, we isolated ASCs from the SVF
population of rat mammary gland before tumor formation and
observed decreased differentiation of Nf1-deficient IF/+ ASCs;
however, flow cytometry analysis demonstrated that the abrogated
differentiation was not due to a decrease in the Lin- CD34+ CD29+

CD90+ CD54−ASC population. These results indicate that thisNf1 loss
of function promotes a preadipocyte-like phenotype, but this cell state
change does not originate in the ASC population.

In addition to identifying a role for Nf1 in promoting adipocyte
plasticity, these findings also uncover important questions regarding
Nf1 loss in breast cancer initiation. The most crucial question is why

AMT only observed in mature adipocytes from Nf1-deficient IF/+
that have the slowest tumor onset (compared to PS-20/+ and IF; PS-
21/+ Nf1-deficient lines). There are several potential explanations
for this distinct stromal phenotype. First, we may be missing the
short window of the tumor microenvironmental alterations that
occur in the rapid tumor onset that occur in Nf1-deficient PS-20/+
and IF; PS-21/+ glands. Alternatively, these distinct stromal
differences may be due to distinct signaling changes present in
the IF/+ indel (only impacting the CSRD domain) compared to the
premature stop indels in the rapid tumor lines. This difference
indicates thatNf1 has cell-specific functions and potentially different
corresponding signaling mechanisms.

While our work and other studies have shown that the epithelial
transformation is in part due to the NF1 corepressor function of ERα
(Zheng et al., 2020), it is unclear whether NF1-ER signaling impacts
adipocyte differentiation to promote a protumorigenic
environment. Our Nf1-deficient models have both altered ER and
RAS signaling (Dischinger et al., 2018). There are several studies
elucidating the role of RAS in regulating PPARγ activity that can be
applicable in the context of NF1 deficiency (Figure 6A). PPARγ is
the master regulator of adipocyte differentiation (Siersbaek et al.,
2014) and is required for mature adipocytes to fully differentiate and
maintain their differentiated state (Wu et al., 1999; Rosen et al.,
2002; Park et al., 2012). The RAS effector ERK has been shown to
phosphorylate PPARγ at Ser112 and consequently suppress PPARγ
transcriptional activity (Shao et al., 1998; Choi et al., 2015).
Concurrently, inhibition of KRAS has also been shown to
promote in vitro adipogenic differentiation in the 3T3-L1 and
C2C12 preadipocyte cell lines (Yu et al., 2021). Alternatively,
RAS can indirectly suppress PPARγ activity through TAZ, the
main downstream effector protein of the Hippo pathway. In its
active state, TAZ is a transcriptional regulator that binds to PPARγ
and prevents DNA binding; but in its inactive state, TAZ is
phosphorylated and undergoes proteasomal degradation (Hiemer
and Varelas, 2013). RAS can prevent phosphorylation and
degradation of TAZ, thus suppressing adipocyte differentiation
(Hong et al., 2014). Interestingly, a recent study also
demonstrated that TAZ binding to PPARγ is increased with
ERK-mediated phosphorylation of PPARγ at Ser112. Therefore,
loss of NF1 function may impact adipocyte differentiation
through RAS, PPARγ, and Hippo signaling alterations (El
Ouarrat et al., 2020). Importantly, the lack of change in ASC
abundance, implies that NF1 may modulate later stages of
adipocyte differentiation through PPARγ. Our future studies into
these signaling mechanisms will provide vital insights into adipocyte
plasticity not only in breast cancer, but also in ovarian cancer which
is another cancer that occurs in an adipose-rich organ and is also
highly prevalent among NF1 patients (Landry et al., 2021).

In summary, findings presented in study have uncovered the
previously unknown role of Nf1 in regulating mammary collagen
deposition and adipocyte plasticity (Figure 6B). These newly
characterized roles of Nf1 bring us closer to answering the
clinically relevant question of why NF1 patients have an
increased risk of developing breast cancer with poorer prognosis
compared to the general population. Understanding the impact of
adipocyte plasticity in breast cancer will allow us to identify potential
vulnerabilities that can be leveraged for breast cancer early detection
and treatment (Horsley, 2022; Tu and Karnoub, 2022). Additionally,
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it also creates exciting new research questions regarding the
signaling mechanism of NF1 in distinct cell types as well as other
aspects of adipose-related symptom manifestation in
individuals with NF1.

4 Methods and materials

4.1 Animals

Female and male immunocompetent Nf1-deficient Sprague
Dawley rats were bred in-house at the Van Andel Research
Institute. The four genotypes include WT, and three Nf1-

deficient lines: IF/+, PS-20/+, and IF; PS-21/+. Male Nf1-
deficient rats were bred to wild-type female rats and female
pups were used at the indicated developmental time-point.
Animals were housed two to a cage, had ad libitum access to
food and water, and were kept under a 12 h light - 12 h dark cycle.
All animal protocols were approved by the Van Andel Research
Institute Animal Care and Use Committee.

4.2 Tissue histological processing

Mammary tissues were formalin fixed and paraffin embedded
utilizing routine histological procedures. Sections for H&E staining

FIGURE 6
Schematic of the role of NF1 in mammary adipocyte differentiation. (A) Potential mechanism of how loss of NF1 suppresses PPARγ signaling during
the final stages of adipocyte differentiation through the MAPK and Hippo signaling pathways. (B) Adipose-derived stem cells (ASCs) differentiate into
preadipocytes before finally differentiating into mature adipocytes. In the context of NF1 deficiency, we show that mammary ASCs are restricted to the
preadipocyte stage with fibroblast-like properties and can potentially secrete protumorigenic extracellular matrix before tumor formation.
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were cut at 5 μm thickness and was performed by Van Andel
Institute Pathology and Biorepository Core using a Leica Rotary
microtome. Staining was performed on the Tissue-Tek Prisma Plus
autostainer, using the Sakura H&E Kit #1. Slides were scanned
at ×20 magnification on either a Leica Aperio XT or a Leica Aperio
AT2 scanning system by the Van Andel Institute Pathology and
Biorepository Core.

4.3 H&E collagen area analysis

The H&E collagen area analysis was conducted by Van Andel
Institute Optical Imaging Core. Full resolution svs images of H&E-
stained mammary tissue sections were imported into QuPath
(version 0.4.2) for analysis (Bankhead et al., 2017). QuPath’s
Estimate Stain Vector tool was used to automatically deconvolve
the H&E stain color vectors for each section. A region of interest
(ROI) contouring the mammary gland and excluding large blood
vessels and lymph nodes was manually generated for each tissue
section. A pixel classifier was then created using QuPath’s Pixel
Classifier Tool to measure the collagen within the mammary gland
ROI. The pixel classifier used an eosin stain-based threshold of 0.05,
pixel resolution of 1.0062 um (equivalent to a two factor down
sample), and Gaussian blur of 1.5; positive pixels were converted
into an area measurement within QuPath. The areas of the
mammary gland contours and pixel classifier measurements were
exported into a csv file for further statistical analysis.

4.4 Picrosirius red (PSR) staining

Picrosirius red (PSR) staining was conducted by Van Andel
Institute Pathology and Biorepository Core using a standard
protocol (Dolber and Spach, 1987). Briefly, tissue sections 5-μm-
thick tissue sections were deparaffinized, treated with
phosphomolybdic acid before staining with Sirius red. Slides were
washed in hydrochloric acid and 70% EtOH before cover slipping
for polarized light imaging.

4.5 Polarized light microscopy

Polarized light images were acquired by Van Andel Institute
Optical Imaging Core on a Zeiss AxioScan 7, using an EC Plan-
Neofluar 20x/0.5 N.A. Pol M27 air objective, and ZEN Blue
software (version 3.7). Tissues were illuminated with a Colibri 7 TL
LED light source, imaged in brightfield at 5% intensity and 200 μs
exposure, and by circularly polarized light at 10% intensity and 3.78 m
exposure, sequentially. Samples were detected by an AxioCam705 color
CMOS camera with 5-megapixel resolution. Resulting images were
24 bits and at 0.173 × 0.173 um scaling per pixel.

4.6 PSR polarized light analysis

Full resolution czi images of polarized light collected from
picrosirius red-stained mammary tissue sections were imported
into QuPath for analysis by Van Andel Institute Optical Imaging

Core. A ROI contouring the full tissue section was manually
drawn for each slide. A pixel classifier was created using QuPath’s
Pixel Classifier Tool to measure the area covered by the signal
from polarized light within the ROI. A training image was created
from 12 equal sized rectangular regions from three different
sections using QuPath’s create training image tool. This
resulting training image was annotated for examples of signals
from the polarized light (n = 53) and background (n = 33) and
used for training the pixel classifier using an artificial neural
network at 1.38 μm/pixel resolution. All other settings in the pixel
classifier were left at their default options. The trained pixel
classifier was applied to the ROIs of all images to segment the
total area covered by the polarized light signal. The segmented
areas were exported from QuPath into a csv file for further
statistical analysis.

4.7 Mammary fat pad digestion

Freshly isolated fourth mammary fat pads (MFP) were digested
into a single cell suspension as described in Dischinger et al. (2018)
and Tovar et al. (2020). Briefly, the fourth mammary fat pads from
female rats are removed and digested overnight. Mature adipocytes
are present in the top lipid layer and are carefully collected for RNA
extraction. Red blood cells are depleted by centrifugation and lysis,
respectively. The remaining cells are negatively selected using
Miltenyi CD31 and CD45 biotin conjugated antibodies. Next,
addition of Miltenyi anti-biotin microbeads allows capture of the
antibody tagged lineage positive populations on an LS column with a
Miltenyi QuadroMACS magnet. The eluted mammary epithelial
cells (MECs) and fibroblasts are cultured in ultra-low attachment
(ULA) plates for 48 h to deplete fibroblasts and isolate only MECs.
Alternatively, to deplete MECs and isolate only fibroblast, cell pellets
are cultured using differential attachment method or with fibroblast
media containing gentamicin.

4.8 RNA extraction

For RNA extraction of whole fat pads and tumors, fresh
harvested samples were cut up and added to MPbio lysing matrix
E tube. Cells were homogenized for 20 s in an MPbio homogenizer,
then RNA was isolated from the supernatant using the Trizol-
chloroform-isopropanol RNA extraction method. For RNA
extraction of mature adipocytes, RNA was isolated using the
Trizol-chloroform-isopropanol RNA extraction method. For RNA
extraction from cultured epithelial cells and fibroblast, 1.2×105 cells
were plated into one well of a six-well plate. At 90%–100%
confluency, RNA was isolated using QIAGEN QIAshredder
(QIAGEN #79654) and RNeasy Kit (QIAGEN #74104)
manufacturer’s instructions.

4.9 Construction and sequencing of
directional mRNA-seq libraries

Libraries were prepared by the Van Andel Institute Genomics
Core from 500 ng of total RNA using the KAPA mRNA Hyperprep
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kit (v4.17) (Kapa Biosystems, Wilmington, MAUnited States). RNA
was sheared to 300–400 bp. Prior to PCR amplification, cDNA
fragments were ligated to IDT for Illumina TruSeq UD Indexed
adapters (Illumina Inc., San Diego CA, United States). Quality and
quantity of the finished libraries were assessed using a combination
of Agilent DNA High Sensitivity chip (Agilent Technologies, Inc.),
QuantiFluor® dsDNA System (Promega Corp., Madison, WI,
United States), and Kapa Illumina Library Quantification qPCR
assays (Kapa Biosystems). Individually indexed libraries were pooled
and 50 bp, paired-end sequencing was performed on an Illumina
NovaSeq6000 sequencer using an S2 sequencing kit (Illumina Inc.,
San Diego, CA, United States) to an average depth of 45M reads per
sample. Base calling was done by Illumina RTA3 and output of NCS
was demultiplexed and converted to FastQ format with Illumina
Bcl2fastq v1.9.0.

4.10 RNA sequencing data analysis

Raw reads were first trimmed of adapters with Trim_Galore
(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/)
and then mapped to Rnor 6.0 assembly with STAR v2.5.2b using
options “--twopassMode Basic” and “--quantMode GeneCounts” to
directly output counts for all features from the ensemble annotation 6.
0.90 (Dobin et al., 2013). A negative binomial generalized log-linear
model was then fit to the filtered count data with edgeR using the
weighted trimmedmean of M-values to normalize for library size and
composition biases (Robinson et al., 2010). Different genotype or
tissue groups were contrasted, and p-values were generated using
empirical Bayes quasi-likelihood F-tests, and then adjusted using the
BH method; adjusted p-values less than 0.05 were considered
significant. Heatmaps were generated from library-size normalized
counts centered across genes (z-scores) using the R package
ComplexHeatmap (Gu et al., 2016). Using the normalized counts
per million, the fold change against matched genotype normal
mammary gland expression was calculated for tumor samples and
shown as log2 (fold change) capped at −3 and 3.

4.11 Gene ontology (GO) and gene set
enrichment analysis (GSEA)

The gene ontology (GO) functional enrichment analysis was
performed using g:Profiler (version e106_e.g.,53_p16_65fcd97) with
g:SCS multiple testing correction method applying significance
threshold of q < 0.05 (Raudvere et al., 2019). Results were
plotted using ggplot2 (v3.3.6) (Wickham, 2016). For GSEA,
protein-coding genes were first pre-ranked by fold change of
mutant vs. WT and loaded onto GSEA v4.3.2 (Subramanian
et al., 2005). Analysis was performed on adipocyte differentiation
gene signatures obtained from theMSigDB database (Liberzon et al.,
2011; Liberzon et al., 2015).

4.12 SVF and ASC isolation

SVF isolation was adapted from Picon-Ruiz et al. (2020).
After mammary fat pad digestion and red blood cell removal as

described above, the SVF fraction was washed with PBS, filtered
through a 70-μm cell strainer, resuspended, and plated at 3×105

cells/cm2. After 2-3 passages in DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin, the cells remaining in
culture were taken as the ASC population.

4.13 ASC differentiation

Adipogenic differentiation was induced using Human
MesenCult™ Adipogenic Differentiation Kit (STEMCELL
Technologies #05412). According to manufacturer’s
protocol, DMEM media was replaced with differentiation
media once the ASC culture reached 90%–100% confluency.
ASC culture was differentiated for 14 days with media changes
every 3 days before they were used for downstream
applications.

4.14 Oil red O staining

After 14 days in adipogenic differentiation media, cells were
stained with Oil Red O following a standard histological protocol
(Suvarna et al., 2019). Briefly, cells were fixed with 4%
paraformaldehyde for 1 h at room temperature, then
incubated with 60% isopropanol for 5 min before staining
with Oil Red O (Sigma-Aldrich #O0625) for 30 min. After
staining, cells were washed with distilled water, stained with
Hematoxylin (Vector Laboratories #H-3401) for 1 min and
finally washed with tap water for bluing before
visualization/imaging.

4.15 Flow cytometry analysis and sorting of
mammary SVF

For flow cytometry analysis, 1 × 106 cells in 100 μL were
stained for 30 min at room temperature using the following
antibodies: CD90-BUV395 (BD, #740260, 0.1 mg/μL), ECAD-
AF405 (Novus Bio, #NBP2-98433AF405, 1.74 mg/μL), CD45-
BV605 (BD, #740371, 0.4 mg/μL), CD29-SB702 (Thermo,
#67–0291–82, 0.1 mg/μL), CD34 (Thermo, #PA5-47849,
1 mg/μL) with secondary AF488 (Thermo, #A-11015, 1 mg/
μL), CD24-PE (Thermo, #562104, 0.2 mg/μL), CD54-R718
(BD, #751649, 0.1 mg/μL), CD140a-APC (BD, #568234,
0.2 mg/μL), and CD31-PECy7 (Thermo, #25–0310–82,
0.025 mg/μL). All fluorescence minus one (FMO) and single
stain controls were stained in HF buffer (HBBS 1X with calcium
chloride and magnesium chloride, supplemented with 2% FBS
and 1% Pen/Step). Full panel staining was done with HF buffer
and 10 μL Brilliant Stain Buffer Plus (BD Horizon #566385) per
sample. Finally, cells were washed, stained with 0.005 μg/mL
DAPI, filtered, and acquired on the Cytek Biosciences Aurora
spectral flow cytometer by the Van Andel Institute Flow
Cytometry Core. Data was analyzed using FlowJo v10.8.1.
For in vitro phenotypic validation, cells were similarly
stained and then sorted on the BD FACSymphony S6. Sorted
cells were cultured in DMEM with 10% FBS and 1% Pen/Strep.
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4.16 Statistical analysis

4.16.1 H&E images eosin quantification
For the day 21 data, we used a mixed-effects beta regression model

from the glmmTMBpackage (Brooks et al., 2017) adjusted for stainer and
the scanner types. We also included a random intercept for each unique
image. Comparisons between genotypes were performed using emmeans
(Lenth, 2022). Comparisons are given on the log-odds ratio scale or odds
ratio scale and have been adjusted for multiple comparisons using the
dunnettx method. For the day 33 data, we used a mixed-effects beta
regression model from the glmmTMB package (Brooks et al., 2017) that
included a random intercept for each unique image. The model was
adjusted for the scanner type. There was perfect separation of the stainer
and scanner types in the day 33 data, so only one of these variables was
used in our models. Comparisons between genotypes were performed
using emmeans (Lenth, 2022). Comparisons are given on the log-odds
ratio scale or odds ratio scale and have been adjusted for multiple
comparisons using the dunnettx method. All analyses were conducted
using R v4.1.0 (https://cran.r-project.org/) with an assumed level of
significant of α = 0.05.

4.16.2 PSR-POL light quantification
A beta regression model adjusted using Tukey method for

multiple comparisons was used to estimate percent of polarized
light signals in all samples. To compare percent polarized light in
Nf1-deficient genotypes to theWT, we used emmeans (Lenth, 2022).
Results are given on the log odds ratio scale.

4.16.3 ASC differentiation
We used negative binomial mixed effects models with random

intercepts for each animal, to estimate and compare the number of
cells with lipid droplets against the WT. Tests are performed on the
log scale and results are reported on the odds ratio scale.
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