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Abstract

The tumor microenvironment (TME) profoundly influences tumorigenesis, with gene expression
in the breast TME capable of predicting clinical outcomes. The TME is complex and includes
distinct cancer-associated fibroblast (CAF) subtypes whose contribution to tumorigenesis remains
unclear. Here, we identify a subset of myofibroblast cancer associated fibroblasts (myCAF) that
are senescent (senCAF) in mouse and human breast tumors. Utilizing the MMTV-PyMT;INK-
ATTAC (INK) mouse model, we found that senCAF-secreted extracellular matrix specifically
limits natural killer (NK) cell cytotoxicity to promote tumor growth. Genetic or pharmacologic
senCAF elimination unleashes NK cell killing, restricting tumor growth. Finally, we show that
senCAFs are present in Her2+, ER+, and triple negative breast cancer and in ductal carcinoma

in situ (DCIS) where they predict tumor recurrence. Together, these findings demonstrate that
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senCAFs are potently tumor promoting and raise the possibility that targeting them by senolytic
therapy could restrain breast cancer development.

TME; tumor microenvironment; senescence; CAFs; breast cancer; stromal therapy

Introduction

The tumor microenvironment plays a pivotal role in tumorigenesis by providing critical
reciprocal communication to tumor cells and the immune system. This critical interplay has
attracted great interest as it represents a novel opportunity to target the support structure
that enables tumor progression. The importance of the TME in breast cancer is underscored
by studies showing that stromal gene expression in the TME can predict patient outcome
(1). The TME is heterogenous, consisting of endothelial cells, adipocytes, immune cells,
and fibroblasts, but also the acellular components of the extracellular matrix (ECM) such
as collagen, hyaluronic acid, and fibronectin. Interestingly, in many cancers including breast
tumors, cancer associated fibroblasts (CAF) are the most numerous cells in the TME (2,3).
Recent single cell transcriptomic studies of CAFs from various tumor types revealed that
CAFs are themselves heterogeneous and can have varied effects on tumorigenesis. These
findings have increased the interest in further detailing how different CAF subtypes impact
tumorigenesis.

Single cell RNA-sequencing analyses (SCRNA-seq) of tumors from the spontaneous MMTV-
PyMT mouse model revealed distinct CAF populations (4). Bartoschek et al., identified

four CAF populations that were named based on their expression profiles, including cycling
CAFs (cCAF), matrisome CAFs (mCAF), vascular CAFs (VCAF), and developmental CAFs
(dCAF) (5). In pancreatic ductal adenocarcinoma models and orthotopic injection models of
breast cancer, additional CAF subtypes have been described, including inflammatory CAFs
(iCAF) that are characterized by expression of a large cadre of inflammatory cytokines,
myCAFs that express aSMA, and antigen presenting CAFs (apCAF) that express MHC
class 11 (6-9). Intriguingly, the pro- or anti-tumor effects of the different CAF subtypes

is dictated by their tissue of origin, further underscoring the incredible heterogeneity of
CAFs and the need to detail their impact on tumorigenesis. Moreover, CAFs also display

a high degree of plasticity. For instance, TGF-p signaling drives differentiation of myCAFs
(10) and TGF-p supplementation can lead to the blockade of JAK/STAT signaling and shift
iCAFs to a myofibroblastic state (11), which further highlights the plasticity and complexity
of CAFs and their crosstalk with the tumor microenvironment. Similar CAF subtypes have
also been identified in human breast tumors (12,13), raising the possibility that they impact
tumorigenesis.

Similar to CAFs, senescent fibroblasts promote tumorigenesis through numerous secreted
factors that can directly drive tumor growth and modulate the immune response (14,15).
Interestingly, activation of the p38MAPK-MK?2 pathway, which controls expression of pro-
tumorigenic factors collectively referred to as the senescence-associated secretory phenotype
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(SASP) in CAFs and senescent fibroblasts, governs the protumor capabilities of the stroma
(16). Senescence can be induced by a wide array of stressors ranging from DNA damage
to oxidative stress, to nutrient deprivation, to excessive cellular division (17). In response
to these stressors, cells experience chronic p53 and Rb pathway activation, leading to the
activation of senescence, which is typically characterized by expression of the cell cycle
inhibitor CDKN2a (p16), permanent growth arrest, senescence-associated -galactosidase
(SA-BGal) expression, and SASP expression. Although the specific factors are dictated by
the cell type undergoing senescence, the SASP is generally characterized by a plethora

of inflammatory cytokines, ECM proteins and those that modify the ECM, and numerous
growth factors (15). While senescence functions as a potent tumor suppressor when it arises
within incipient tumor cells, the SASP can function in a cell extrinsic manner where it has
been shown to both stimulate and limit tumorigenesis (18-23).

The varied effects of the SASP is likely due to the fact that the factors that constitute the
SASP are both cell type and tissue type dependent (24). Indeed, when tumor cells senesce,
they can secrete factors that recruit macrophages to limit tumor growth (18,20). More
recently, senescing tumor cells were shown to upregulate MHCI and IFN signaling, resulting
in CD8™ T cell killing of the senescent tumor cell (19). In a lung K-RAS driven model,
senescing tumor cells were found to express TNFa and intracellular adhesion molecule-1,
leading to increased NK cell surveillance and tumor cell killing (23). In contrast, senescing
fibroblasts can stimulate tumorigenesis in part by secreting L6, which leads to increased
numbers of immature granulocytes that limit CD8* T cell killing and increase tumor growth
(14). However, whether senescent CAFs are present in human breast tumors and if so,

what role they play, remains an open question. Intriguingly, Witkiewicz et. al., reported

that high expression of p16 in the stromal compartment of DCIS of the breast specifically
correlated with poor outcomes (25). Further analyses of the gene expression pattern in the
stromal compartment of breast cancers revealed high expression of many p38MAPK-MK2-
dependent factors that are associated with SASP (26). Together these finding raise the
possibility that senescent stromal cells are present in breast cancer lesions and contribute to
tumorigenesis.

Here using single cell transcriptomics analyses and multiplex immunohistochemistry
(mIHC), we identify a senCAF population in human breast cancer subtypes including
estrogen receptor positive (ER+), human epidermal growth factor receptor 2 positive
(HER2+), and triple negative breast cancer (TNBC) and in the murine MMTV-PyMT model
of breast cancer. Further, we find that initial biopsies from patients with recurrent DCIS
harbor senCAFs, while senCAFs are absent in the DCIS lesions of patients that do not
develop a local recurrence. In both the human and the murine samples, senCAFs express a
wide array of ECM and ECM-modifying proteins. Using the MMTV-PyMT mouse model,
we find that the ECM produced from senCAFs directly inhibits NK cell cytotoxicity and
that the elimination of senCAFs reduces tumorigenesis in an NK cell dependent manner.
Thus, our data demonstrate that senCAFs play an important role in promoting breast cancer
tumorigenesis by suppressing NK cell antitumor responses.
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Results

SenCAFs are present in breast cancer tissues

Human breast cancers contain heterogeneous populations of CAFs that exert varied effects
on host immune responses. To further characterize CAFs, we queried a single cell SCRNA-
seq dataset of human breast cancer tissues including 26 samples spanning ER+, HER2+, and
TNBC subtypes (13) (Fig. SLA-B). For our analysis, we focused on non-immune stromal
cells and identified 3 PDGFRB-expressing CAF clusters and 5 endothelial cell clusters
across all three subtypes of breast cancer samples (Fig. 1A and Fig. SIC-E). In agreement
with previous literature on CAF heterogeneity in pancreas ductal carcinoma and breast
cancer models (6-8), our analysis revealed the presence of 3 CAF populations—including

a cluster of MCAM and ACTAZ double-positive vVCAFs (5), a cluster of ACTAZand
PDGFRA double-positive myCAFs, and a cluster of PDGFRA and CXCL12 double-positive
iCAFs (Fig. 1B).

Given we had found that breast stroma expresses SASP factors (27) and it was reported

that CDKN2A (p16) is expressed in the stromal compartment of samples from recurrent
DCIS patients (25), we next asked if senescent stromal cells were present in these breast
cancer samples. To answer the question, we assessed the expression of p16, a key marker
of senescence, across the clusters. Because p16 is poorly expressed, we utilized Adaptively-
thresholded Low Rank Approximation (ARLA) imputation in our analyses, which is a
validated approach to identify poorly expressed genes (28). Surprisingly, we found that

the p16+ population expressed markers that were primarily restricted to myCAFs (Fig.

1C). Accordingly, these p16+ myCAFs also expressed elevated levels of other commonly
reported senescent cell markers including p15 (coded by CODKNZB) (Fig. 1D) and various
ECM-related SASP factors including collagen type I, collagen type XII, and MMP10 and
13 as well as SASP factors with immune-modulating capacity including CXCL9, RANKL
(coded by TNFSF11), BTH3 (coded by CD276), and TGF-B (Fig. 1E) (17,29-35). In
addition, compared to the other subsets of CAFs, myCAFs exhibited higher expression
levels of another commonly reported senescent cell marker lysosomal B-d-galactosidase
(coded by GLBI), whose activity is directly linked to the detection of senescence-associated
beta-galactosidase (SA-pGal) in senescent and aging cells (Fig. 1E and S1F)(36,37). Finally,
our differential gene expression (DGE) analysis and gene set enrichment analysis (GSEA)
confirmed that, in agreement with their reported “myofibroblastic” nature, these p16+
myCAFs had enriched expression of genes related to ECM organization, collagen fiber
assembly, and TGF-p signaling (6) (Fig. 1F and S1G). Significantly, senescence-related
genes identified by Fridman et.al., were over-represented in myCAFs compared to the other
CAF populations (Fig. 1F) (38).

To validate protein expression of p16 in the CAFs of human breast cancer tissues, we
performed mIHC for p16 and a series of CAF signature markers suggested by sScRNA-
seq. For these analyses, we utilized a human breast tumor tissue array consisting of 51
TNBC patient samples. In the pan-cytokeratin (panCK) negative stromal region of these
samples, we identified iCAFs (COL14Al and PDGFRa double-positive, orange arrows)
and myCAFs (aSMA (encoded by ACTAZ2) and PDGFRa. double-positive, hollow and

Cancer Discov. Author manuscript; available in PMC 2025 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ye et al.

Page 5

solid white arrows), with the latter harboring a significant p16+ subpopulation (solid white
arrows) (Fig. 2A). Quantification of p16-positivity in iCAFs and myCAFs across samples
from 51 patients confirmed that p16 expression was largely restricted to the myCAF
population in human breast cancer stroma (Fig. 2B).

High p16 expression in the stromal compartment of human DCIS correlates with high
recurrence rates, but the cell type(s) expressing p16 were not evaluated (25). We thus
performed mIHC to ask if myCAFs were the source of the stromal p16 signal in these
same DCIS samples. Indeed, we found that stromal p16 signal was largely restricted to
myCAFs in the analyzed DCIS samples (Fig. 2C). More importantly, tissue samples from
the recurrence group (REC) had significantly more myCAFs (Fig. 2D) and p16-expressing
myCAFs (Fig. 2E) in their stroma. Together, our sScRNA-seq and mIHC analysis of human
samples demonstrate that p16+ myCAF is a bona fide senescent population within the
stromal microenvironment of human breast tumors and thus we refer to them as senCAFs
hereafter. Moreover, these data indicate that the presence of senCAFs correlates with tumor
recurrence and poor outcomes.

Identification of senCAFs in MMTV-PyMT mammary tumors.

Senescent fibroblasts modulate tumorigenesis in a tissue and cell type dependent manner.
Thus, we wanted to determine if senCAFs were present in a robust genetic engineered
mouse model (GEMM) of breast cancer and determine what role they played in tumor
progression. To this end, we turned to one of the most well-characterized GEMMs for
human breast cancer studies, the murine mammary tumor virus polyomavirus middle

T antigen mouse model (MMTV-PyMT, PyMT hereafter). Carcinoma stage mammary
tumors were collected from 12-week-old nulliparous PyMT mice for tissue dissociation
and downstream scRNA-seq analysis (39) (Fig. S2A-C). Non-tumor cell clusters were
identified and re-clustered for refined analysis (Fig. S2D-H). Strikingly, CAFs in PyMT
tumors could be categorized into the same 3 subpopulations as those found in the human
samples. Specifically, PyMT tumors also harbored an ActaZ and Pdgfra double-positive
myCAF population, a Pdgfraand Cxc/12 double-positive iCAF population, and an Mcam
and ActaZ double-positive vVCAF population, with all 3 populations positive for the pan-CAF
marker Pdgfrb (Fig. 3A-B and Fig. S2D). We further examined the expression of p16 across
all stromal cells identified in the dataset, including the 3 CAF clusters, a cluster of CD3+
immune cells, a cluster of antigen presenting cells (APCs), and 2 clusters of endothelial
cells (Fig. S2E-F). Similar to our findings in the human dataset, high expression of p16
was limited to myCAFs (Fig. 3C and S2F). Moreover, p16+ myCAFs from PyMT tumors
expressed SASP factors similar to those we found in the human tumor samples such as
collagens, MMPs, CXCL9, RANKL, B7H3, and TGF-p (Fig. 3C). In accordance with

our observations in the human dataset, other senescence-associated markers such as p15,
BCL-W, and GLB1 were expressed at elevated levels by p16+ murine myCAFs (Fig. 3C
and Fig. S2G-H) (36,37,40). Indeed, when we performed staining for SA-pGal on tumors
from PyMT mice, we could identify positive signals in the stromal regions (Fig. S2I).

To validate the identity of PyMT-derived p16+ myCAFs, we performed DGE and GSEA
analyses. Both of these analyses confirmed that genes related to ECM modulation, collagen
fiber assembly, and TGF-B signaling (Fig. 3D and S2J) were enriched specifically in the
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p16+ myCAF population compared to other CAFs. Remarkably, senescence-related genes
reported by Fridman et. al., were also over-represented in p16+ myCAFs compared to the
other two CAF populations (Fig. 3D) (38). Thus, our findings confirm that similar to what
we found in human breast cancer samples, senCAFs are present in the PyMT transgenic
mouse, indicating that the PyMT mouse model can be used to determine what role senCAFs
play in breast cancer.

NCAM+/p16+ CAFs within PyMT tumors are senescent

To characterize the murine senCAFs and facilitate their isolation, we further examined the
signature genes within the population. To our surprise, we found that Alcam1, which codes
for a surface-expressed adhesion molecule NCAM, was highly upregulated in myCAFs

in the PyMT dataset (Fig. 3E) and its expression level strongly correlated with that of
CdknZa (Fig. 3F). To evaluate NCAM as a marker for senCAFs, we performed mIHC

for p16, NCAM, and a series of markers that identify distinct CAF subpopulations in

PyMT tumor sections. Consistent with our SCRNA-seq results, our staining confirmed

the existence of myCAF (aSMA and PDGFRa double-positive, hollow and solid white
arrows), iCAF (PDGFRa and Ly6C1 double-positive, orange arrows), and vCAF (MCAM
and aSMA double-positive, blue arrows) populations (Fig. 4A and S3A). More importantly,
histology analysis demonstrated that p16-expression was limited to myCAFs and that all
p16+ myCAFs (solid white arrows) were positive for NCAM (Fig. 4A). Finally, we also
performed mIHC for p16 and Ki67 in PyMT tumor sections. Similar to what was reported in
human breast cancer tissues (25), quantification of p16+ cells in tumor nests versus stromal
areas (Fig. S3B) showed that the majority of p16+ tumor cells had high Ki67 positivity
(hollow arrows) indicating that they were proliferative and thus not senescent. In contrast,
the vast majority of p16+ stromal cells were negative for Ki67 (solid arrows) (Fig. 4B-C),
indicating they were growth arrested. Together these analyses firmly establish that senCAFs
are a unique population.

Confident in our sScRNA-seg-derived markers, we next sought to achieve a more extensive
characterization of each CAF population through bulk RNA-sequencing (RNA-seq). To
isolate the CAF populations, we used fluorescence-activated cell sorting (FACS) (antibody
panel: CD45, CD31, EPCAM, PDGFR@, Ly6C1, PDGFRa, MCAM, and NCAM), and
found that among the different CAF populations, the expression of NCAM was largely
restricted to myCAFs (Fig. S4A). Thus, we sorted iCAFs, vCAFs, NCAM-positive
(NCAM+) and NCAM-negative (NCAM-) myCAF populations and carried out RNA-
sequencing. Principle component analysis (PCA) revealed that the four CAF populations
were distinct (Fig. S4B). Further, our DGE analysis revealed that NCAM+ myCAFs
expressed numerous SASP genes (Fig. 4D) and confirmed their myofibroblastic identity
(Fig. S4C). Further, we found that the Fridman gene set of cellular senescence was
significantly enriched in NCAM+ myCAFs as compared to the remaining three CAF
populations (Fig. 4E) and when we performed DGE analysis of NCAM+ versus NCAM-
myCAFs (Fig. 4F). Collectively, our mIHC and bulk RNA-seq data reinforced our findings
from scRNA-seq analyses and established NCAM as a genuine surrogate marker for
senCAFs in mice; thus, we will refer to NCAM-negative myCAFs simply as myCAFs
hereafter.
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senCAFs contribute to breast cancer development

Depending on their cell of origin, SASP factors can have contradictory effects on tumor
progression. While senescent tumor cells can facilitate immune-mediated tumor cell
clearance (18-20), stromal SASP factors can directly promote tumor growth /n vitro and

in immunodeficient xenograft models (21,22) and recruit immature granulocytes capable

of limiting CD8" T cell killing and increasing tumor growth in the skin (14). The
identification of senCAFs and their robust SASP signature led us to investigate whether
these cells contributed to breast cancer tumorigenesis. To this end, we utilized the p16/
INK4a Apoptosis Through Targeted Activation of Caspase (INK-ATTAC) mouse model
(INK) developed by Baker et. al. (41,42). Briefly, the INK construct uses a minimal p16/nk4a
promoter to drive the expression of an inducible suicide gene, which allows for systematic
depletion of p16+ cells through the administration of AP20187 (AP) (41). For these studies,
we mated the PyMT and the INK mouse lines and recruited both PyMT+/INK- (INK-) and
PyMT+/INK+ (INK+) females to AP treatment as soon as the pups were weaned by 28-30
days of age (Fig. 5A). Weekly palpation of mammary fat pads (MFP) and subsequent caliper
measurements of mammary tumors revealed that the AP treatment significantly delayed
tumor onset in INK+ mice (Fig. 5B). To confirm the depletion of p16+ cells, we performed
immunohistochemistry (IHC) of p16 on tissues collected from both 7- (Fig. 5C-D) and
10-week-old mice (Fig. SSA-B). Quantification of p16+ cells in tumor nests versus stromal
areas (Fig. S3B) indicated that p16 expression was primarily detected in stromal cells but not
tumor cells, which agreed with our observations in the PyMT scRNA-seq dataset (Fig. S2C).
More remarkably, only p16+ stromal cells were reduced in INK+ mice while there was no
difference in the number of p16+ tumor cells between the two genotypes (Fig. 5D and Fig.
S5B), which suggests that senCAFs contribute to mammary tumorigenesis.

To confirm our IHC results and ask if senCAFs were depleted upon AP treatment, we
utilized our CAF antibody panel and analyzed PyMT tumors by flow cytometry. To assess
the different CAF populations, PyMT tumors were isolated from 7-week-old INK+ and
INK- mice and subjected to dissociation. Dissociated tumors were then stained according
to the CAF panel described previously (Fig. S4A). We found that while the total number

of myCAFs in the tumors was sustained (Fig. 5E), AP administration led to a significant
reduction in the percentage of senCAFs in INK+ mice (Fig. 5F). In addition, we also noted
that tumors from INK+ mice had fewer vCAFs (Fig. S5C); however, since vVCAFs were not
actively expressing p16 (Fig. 4D and S3A), the reduction was unlikely to be directly caused
by INK suicide gene activation.

The survival of senescent cells largely relies on the activity of BCL-2 and related

proteins, which are key modulators of apoptosis (40,43). Because our SCRNA-seq analysis
suggested that senCAFs expressed higher levels of BCL-W, which is a member of BCL-2
protein family, we next asked whether senCAFs could be pharmacologically depleted with
the senolytic ABT737. ABT737 is a small molecule inhibitor of the BCL-2 family of
proteins and has been reported to eliminate senescent cells effectively, including those

in premalignant lesions (40,44). Therefore, we set out to determine if ABT737 could
eliminate senCAFs and impact tumorigenesis (Fig. 5G). Similar to our findings with

the INK transgenic mouse model, ABT737 treatment was sufficient to restrict tumor
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development in PyMT mice (Fig. 5H). IHC staining of p16 on the MFP tumors suggested
that senCAFs were targeted by ABT737 (Fig. SSD-E). Moreover, we also investigated the
CAF composition of the tumors via flow cytometry and confirmed that senCAFs were
depleted upon ABT737 treatment (Fig. 51-J). We noticed that tumors from ABT737 treated
mice had fewer iCAFs (Fig. S5F); nevertheless, since iCAFs were negative for p16 (Fig.
4A and D), the reduction was likely not directly caused by the inhibition of BCL-2 family
proteins. Together, our data illustrate that senCAFs support tumorigenesis and that they are
susceptible to pharmacological therapy.

Elimination of senCAFs correlates with changes in tumor-infiltrating lymphocytes

SASP factors consist of soluble mitogens, cytokines, chemokines, and numerous ECM
proteins, which can promote tumor growth by modulating the scaffolding of tissues (17,45).
Among the list of SASP proteins expressed by senCAFs, inflammatory factors drew our
attention. Extensive studies have shown that senescent cells modulate the recruitment and
functions of various immune cells including T cells (14,46), which serve as important targets
of current cancer immunotherapies (47). Indeed, DGE analyses indicated that senCAFs of
both human and murine origin expressed elevated levels of inflammatory SASP factors,
such as RANKL, whose overexpression can result in increases of immunosuppressive
regulatory T cells (Tregs) through dendritic cell (DC) modulation (30), and TGF-B, a

factor with extensive immunosuppressive effects on not only T cells, but also DCs,
macrophages, neutrophils, and NK cells (33-35). Given the expression of these factors,

we set out to evaluate whether the depletion of senCAFs, using either the INK GEMM

or pharmacological tools, would induce any changes in the landscape of tumor-infiltrating
lymphocytes, which are front line effectors in the killing of tumor cells.

We collected tumor samples from 7-week-old AP treated INK- and INK+ mice and from
7-week-old vehicle (Veh) or ABT737 treated mice, processed the samples for scRNA-seq,
and conducted informatics analyses focusing on the CAF populations (Fig. S6A-B). Re-
clustering of the non-immune stromal clusters of the datasets confirmed the presence of
iCAFs, VCAFs, senCAFs, and myCAFs (Fig. S6C-D). We confirmed that senCAFs indeed
expressed the highest level of p16 and NCAM among all CAFs (Fig. S6C-D). Next, we
looked into the tumor-infiltrating T cell and NK cell populations (Fig. S6E-F). Interestingly,
tumors from both AP treated INK+ mice and ABT737 treated mice harbored lower
numbers of Tregs (Fig. S6G—H). Moreover, our examinations of functionally important
genes revealed that Tregs from INK+ and ABT737 groups showed lower levels of CD25
(coded by /r2ra) and FOXP3 expression (Fig. 6A-B), both of which are important for

the differentiation and proliferation of Tregs and for maintaining their suppressor function
(48,49). In addition, we found that tumor-infiltrating NK cells from INK+ and ABT737
treated mice expressed higher levels of CD11b (coded by /fgam) (Fig 6A-B), which marks
more mature NKs (50,51), and FasL (Fig. 6A) or perforin (coded by PrfI) (Fig. 6B), which
are key mediators of NK cells’ cytotoxicity (52). Together, our analyses indicate that the
elimination of senCAFs led to a more robust anti-tumoral immune microenvironment.
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senCAFs inhibit natural Killer (NK) cells to promote tumor progression

To validate our sScRNA-seq findings, we turned to flow cytometry to evaluate whether the
depletion of senCAFs in PyMT mice would lead to any alterations in the status of tumor
infiltrating T cells or innate immune cells with the capacity of modulating T cell activity,

i.e. DCs, macrophages, granulocytes, and monocytes. Overall, MFP tumors from 7-week-old
INK+ mice had already developed an antitumoral immune microenvironment compared to
those from INK— mice. Specifically, compared to their INK- litter mates, MFP tumors
collected from INK+ mice had fewer FOXP3+ CD4+ Tregs, fewer PD1+ Ki67- exhausted
CD8 T cells, fewer CD11b+ Ly6C- Ly6G+ immature granulocytes, and more XCRI+
conventional type 1 DCs (cDC1) (Fig. STA-B). In accordance with the genetic model,
senCAF elimination with ABT737 also correlated with decreases in tumor-infiltrating
immunosuppressive or immature immune cells, including FOXP3+ CD4+ Tregs, CD62L+
CD44- naive CD8 T cells, and CD11b+ Ly6C-hi immature monocytes (Fig. S7C-D).

To investigate whether T cells and the aforementioned T cell-related immune populations
were directly modulated by senCAFs, we combined anti-CD4 and CD8 antibodies into the
regimen of the PyMT/INK-AP system (Fig. S7E) to determine whether the presence of T
cells was critical to senCAFs’ tumor promoting effect. Surprisingly, neither INK- nor INK+
mice exhibited significant changes in tumor burden upon the depletion of T cells (Fig. S7F),
indicating that T cells were not responsible for the reduced tumor burdens that we observed
in INK+ tumors. Gating strategies for the aforementioned flow cytometry panels can be
found in Fig. SBA-C.

NK cells are emerging candidates for anticancer therapy. Interest in NK cells is due to their
potent cytotoxicity against tumor cells, limited reactivity to healthy tissues, and the lack of
a T cell receptor, which reduces graft-versus-host-disease (53). Because we failed to find
arole for T cells in our model, we next analyzed the status of tumor-infiltrating NK cells
via flow cytometry. Using transgenic GEMMSs, we found that the elimination of senCAFs in
INK+ mice led to no obvious increase in the quantity of NK cells within mammary tumors
(Fig. S9A), but we observed a noticeable improvement in the maturation of the population.
Specifically, we found that tumors from INK+ mice contained more CD27- CD11b-hi NK
cells, which are the most mature and cytotoxic population of NK cells (Fig. 6C) (51,54).
Additionally, we recapitulated this shift in NK cell maturation status using ABT737 (Fig.
6D and S9B). We observed no such changes in maturation status within the splenic NK cell
population (Fig. S9 C-E), arguing that the reduced tumor burden that we observed upon
senCAF elimination was a result of intra-tumoral interactions between senCAFs and NK
cells rather than systematic effects.

Although we found no significant changes in the total number of NK cells in mammary
tumors by flow cytometry (Fig. S9A), it remained possible that senCAFs impacted the
localization of NK cells within the tissues. Therefore, we performed IHC staining of p16
and NK1.1 on tissues collected from treated PyMT mice. Quantification revealed that the
depletion of senCAFs, using either INK+ mice or the senolytic ABT737, significantly
increased NK cell infiltration into tumor epithelial cell nests (Fig. 6E-H and Fig. S3B).
Co-staining with NK1.1 and EPCAM, to identify tumor cells revealed that NK cells were
indeed located near tumor nests (Fig. S9F-I). To ask if senCAFs facilitated tumorigenesis
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via NK cell modulation, we administrated 1gG control or anti-NK1.1 antibody to the INK-
and INK+ mice treated with AP (Fig. 61). Strikingly, INK- and INK+ mice depleted of NK
cells showed no difference in tumor volume by 7 weeks of age (Fig. 6J), indicating that
senCAFs exerted their tumor-supporting effect by hampering NK cell function. In summary,
our data indicate that senCAFs limit tumor growth by compromising the maturation status of
tumor-infiltrating NK cells and restraining NK cell penetration into tumors.

SenCAFs inhibit NK cell cytotoxicity through ECM deposition

To determine how senCAFs impact NK cells, we asked whether the two populations were
in physical contact within tumors. Indeed, IHC staining indicated that a significant number
of NK cells were in close proximity to p16+ stromal cells (Fig. 7A), suggesting that NK
cells could be educated by senCAFs. Given the proximity of senCAFs and NK cells, we
next asked which SASP factors might impact NK cells activity. SenCAF was the only
depleted population using both INK model and ABT737 treatments while myCAF numbers
were sustained (Fig. 5E-F and 1-J); hence, we reasoned that factors differentially secretly
between senCAFs and myCAFs led to modulated NK cell function. We thus revisited

our RNA-seq analysis of senCAFs versus myCAFs. Top terms from our GSEA analysis
suggested that, compared to myCAFs, senCAFs expressed increased collagen and enzymes
that modify collagen fibers (Fig. 7B and S10A). To ask if the collagen was altered by

the presence of senCAFs, we carried out second generation harmonic (SHG) imaging
microscopy of PyMT tumor sections. Our SHG analyses revealed that areas surrounding
senCAFs were surrounded by thicker collagen fibers compared to areas 50 um away from
senCAFs (Fig. 7C). In addition, by performing CellChat analysis to profile the cell-cell
communication between CAFs and tumor-infiltrating lymphocytes (55), we captured a
prominent interaction between senCAFs and NK cells—specifically, the strongest collagen-
related signaling originated from senCAFs and was primarily received by NK cells (Fig.
7D).

The ECM, an indispensable component of the tumor microenvironment, not only modulates
the migration but can also regulate the function of immune cells. NK cells express various
integrin- and non-integrin-based receptors for ECM proteins, some of which can directly
inhibit the cytotoxicity of NK cells once they engage with their ligands (56—61). To directly
assess senCAFs’ ECM deposition capacity, we turned to an /7 vitro system to model the
interaction between senCAF produced ECM and NK cells. Previously, we established a
mouse mammary fibroblast (MMF) cell line from the MFP of a heathy C57BL/6J mouse.
The MMFs were treated with doxorubicin (Doxo) for 24 hours to induce senescence.
RNA-seq analysis of the control (Ctrl) and senescent (Sen) MMFs showed that, similar to
senCAFs, the Sen MMFs showed an enrichment in Fridman senescence-associated genes
(Fig. S10B) and elevated expression of genes involved in collagen assembly (Fig7E and
S10C). Indeed, in accordance with what we observed when comparing senCAFs to myCAFs
(Fig S10D), Sen MMFs exhibited higher levels of Cdknlaand reduced expression of

cell cycle related genes including Hmgb1 and Mcns (Fig. S10E). In addition, a closer
interrogation of our Sen MMFs’ gene expression profile revealed that they showed elevated
expression of similar ECM proteins, including a plethora of collagens, as those found in
senCAFs (Fig. S10D and E). When we co-implanted MMFs with Py230 or EO771 murine
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mammary tumor cells into the inguinal fat pads of mice, Sen MMFs displayed a robust
tumor-promoting effect compared to Ctrl MMFs (Fig. 7F-G and S10F-G). Furthermore,
our assessment of NK cells infiltrating into the implanted tumors revealed that, similar to
what we observed in the spontaneous PyMT GEMM model, the presence of Sen MMFs
led to a reduced percentage of CD27- CD27-hi NK cells (Fig. 7H-I). Most importantly, in
agreement with our genetic model, Sen MMFs lost their tumor-promoting ability upon NK
cell depletion (Fig. 7J). Together, our data indicate that senCAFs and Sen MMFs promote
tumor development via modulating NK cells.

To determine the impact of MMF-secreted matrices on NK cell function, we seeded Ctrl

or Sen MMFs into pre-coated 96-well culture plates and allowed them to deposit ECM for
6 days. Next, we removed the cells using mild detergent and performed thorough washing
with PBS to preserve the assembled ECM (Fig. 7K). Immunofluorescent (IF) staining of the
MMF-lysed wells showed that Sen MMFs deposited more COL1A1 than Ctrl MMFs (Fig.
7L). To examine the interaction between the MMF-derived ECM and NK cells, we executed
ex vivo NK cell cytotoxicity assays using the ECM-containing wells. Briefly, splenic NK
cells enriched from Poly I:C stimulated C57BL/6J mice were first allowed to interact with
ECM derived from either Ctrl or Sen MMFs for 2 hours. RMA-S, a well-documented
MHC-I-deficient target cell line, was then labeled with a violet cell trace dye (CTV) and
incubated with NK cells in the presence of ECM for 16 hours. Strikingly, we found that

Sen MMF-assembled ECM significantly impeded the killing capacity of NK cells (Fig. 7M),
suggesting that ECM deposited by senCAFs directly suppresses NK cytotoxicity against
tumor cells. Taken together, our data demonstrate that senCAFs promote tumorigenesis by
producing and modulating ECM that negatively impacts NK cell killing capacity.

Discussion

The intriguingly strong correlation between senCAFs in DCIS and breast cancer recurrence
implied that they play an important role in breast cancer tumorigenesis (25). Using

both genetic and pharmacologic approaches, we show that the elimination of senCAFs
significantly delays the onset of mammary tumors. Further, we show that the interaction
between senCAFs and tumor-infiltrating NK cells not only hampers the infiltration of NK
cells to the tumor epithelial cell nests, but also directly suppresses NK cells’ cytotoxicity
against tumor cells. Our data suggest that ECM proteins secreted by senCAFs play critical
roles in the tumor-promoting effect of the CAFs, which ultimately leads to compromised
tumor immune surveillance.

To our knowledge, the impact of CAF-derived ECM on NK cell cytotoxicity has not

been extensively investigated in breast cancer models. Interestingly, previous publications
focusing on the plasticity of CAFs and NK cell maturation status have suggested the
implicit interplay between the two populations within the tumor microenvironment. For
example, TGF-p can impact the differentiation and maintenance of myCAF populations in
pancreatic ductal adenocarcinoma models (10,11). Meanwhile, intra-tumoral administration
of TGF-B neutralizing antibodies and interlukin-12 in PyMT mice results in enriched
numbers of tumor-infiltrating CD27- CD11b-hi NK cells (54). More recent literature in the
skin revealed that collagens and elastin in the stroma inhibit NK cell cytotoxicity; further,
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in agreement with our findings, stromal-derived ECM molecules can modulate NK cell
signaling once they exit the circulation and contact the stroma (60).

Our quantification of tumor burden suggested that the effect of senCAFs was most
prominent during the early tumorigenesis stage, as there was a significant delay in tumor
onset. Moreover, our NK-depletion assay combined with the PyMT/INK model and MMF-
tumor co-injection model highlighted that senCAFs’ tumor-promoting effect was mediated
through NK cells. In parallel with our findings, Buque et.al. reported that NK cell depletion
in a mammary tumor model driven by slow-release of medroxyprogesterone acetate
combined with oral administration of the carcinogen 7,12-dimethylbenz[a]anthracene results
in disadvantages in overall survival, tumor-free survival, but not time from disease detection
to death (62). This finding suggests that the anti-tumor function of NK cells is primarily
exerted during the establishment of mammary tumors, which concurs with our observations
and supports the notion that senCAFs lead to compromised NK cell function in tumor
immune surveillance during the tumor initiation stage. More importantly, such a notion
provides an explanation for why the presence of senCAFs correlates with breast cancer
recurrence (25).

Besides the impact of senCAFs on NK cell cytotoxicity, our data also showed that the
elimination of senCAFs correlated with lower numbers of tumor infiltrating Tregs and more
active CD8™ T cell status. Although we saw no significant changes in the tumor burden

of PyMT mice upon the joint depletion of CD4* and CD8* T cells, which suggested that
senCAFs did not contribute to tumorigenesis via direct modulation of T cells in the context
of our PyMT/INK model, it remains possible that senCAFs drive increases in Tregs and
impact T cell function. A recent study reported by Krishnamurty et.al. highlighted that,

in mouse models of pancreatic cancer, the effector function of intra-tumoral CD8 T cells

can be directly limited by a myofibroblastic CAF population that expresses high levels

of LRRC15 (10). Interestingly, we found that senCAFs from PyMT tumors also showed
elevated Lrrc15expression (Fig S10D), suggesting that senCAFs may have an effect on

T cell functions in other systems. Unfortunately, the PyMT model is poorly antigenic and
thus the GEMM is a poor model for studying adaptive immune responses. Indeed, data
reported from DeNardo et.al. showed that the loss of T cells had no impact on primary tumor
development in PyMT mice (63). Thus, to investigate the impact of senCAFs on T cells,

a mouse model that sustains tumor antigenicity, such as the doxycycline-inducible PyMT
model or the MMTV-PyMT-ovalbumin model, should be introduced (64,65). On the other
hand, as T cells also express receptors that lead to inhibitory signaling upon the binding with
ECM proteins (58,59), it is possible that, should senCAFs play any role in suppressing the
function of T cells, the effect could be mediated through ECM deposition as well. More
importantly, Dominguez et.al. have shown that LRRC15+ myofibroblastic CAFs can be
identified in numerous types of human cancers including breast cancer and that the signature
of LRRC15+ CAFs predicts poor response to anti-PD-L1 therapy across several individual
cancer types. This evidence raises the possibility that targeting senCAFs could potentiate the
efficacy of T cell-based immunotherapy (66).

Senescence is thought to arise in cells in response to tissue and/or systemic level stress
(15). If true, we would have expected to find evidence of senescence in all cell types
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including the various CAF subtypes. However, our extensive interrogation of human and
murine breast tumors revealed the senCAFs are largely restricted to the myCAF subtype.
This finding raises the intriguing possibility that rather than being a general response to
stress, senescence is a specific program that is activated in response to stress. Identifying
how this program is activated and how it differs across tissues will reveal why senescence is
restricted to myCAFs and is an important area of future investigation.

Our work has identified a senescent CAF population that directly limits NK cell killing

and promotes tumorigenesis. Given these cells are present in human DCIS that recur and
human breast cancer samples of ER+, HER2+, and TNBC subtypes, our work suggests

that targeting senescent CAFs with senolytics may benefit breast cancer patients. While we
found that breast senCAFs promote tumor growth by limiting NK cell activity, in parallel
with our findings, Belle et.al. find a senescent myofibroblastic CAF population in pancreatic
cancer that contributes to tumor progression by modulating macrophages and dendritic cells,
which impact T cell immunity. Although the mechanisms may vary across tissues, senescent
CAFs display immunosuppressive and tumor-promoting effects across different types of
cancer.

Methods and Materials

Animal studies

All mice were housed and all animal procedures were approved by Washington University’s
Institutional Animal Care and Use Committee (IACUC).

Immunohistochemistry)/immunofluorescent staining and quantification

Specific information on vendor, catalog number, and dilution ratio of any antibody used for
IHC or IF staining is listed in Supplementary Table 1.

Harvested tumors were fixed in 10% normal buffer formalin at room temperature for 24—
48 hours, washed in phosphate buffered saline (PBS), and preserved in 70% ethanol at 4
Celsius until being processed into formalin-fixed paraffin-embedded (FFPE) blocks. FFPE
sections of 57 pm thickness were stained on a Leica BOND Automated IHC/ISH Stainer.
For p16 staining, mouse tumor sections were first stained with anti-CDKN2A (pH 6.0
antigen retrieval) in combination with rabbit anti-rat antibody using the BOND Polymer
Refine Detection System. For p16-NKZ1.1 dual staining, mouse tumor sections were first
stained with anti-CDKN2A as described above and then stained with anti-NK1.1, which
was then developed using the BOND Polymer Refine Red Detection System. Slides were
mounted and scanned using a Zeiss Axio Scan.Z1 slide scanner, and the resulting images
were analyzed using Indica Lab’s HALO computational pathology software. For NK cell
infiltration analyses, tumor and stromal areas were identified and measured by the tissue
classifier tool using Indica Lab’s Halo software. Then, NK1.1+ cells were identified and
counted using the multiplex IHC module using the same software.

For NK1.1-EPCAM dual staining, mouse tumor sections were first stained with anti-
NK1.1(pH 6.0 antigen retrieval) and developed using the BOND Polymer Refine Detection
System and then stained with anti-EPCAM, which was then developed using the BOND
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Polymer Refine Red Detection System. Slides were mounted and scanned using a Zeiss
AXxio Scan.Z1 slide scanner, and the resulting images were analyzed using Indica Lab’s
HALO computational pathology software. For NK cell infiltration analyses, tumor and
stromal areas were identified and measured by the tissue classifier tool using Indica Lab’s
Halo software. Then, NK1.1+ cells were identified and counted using the multiplex IHC
module using the same software.

mlIHC staining on human or mouse tissue sections were performed on a Leica BOND
Automated IHC/ISH Stainer using the BOND Polymer Refine Detection System in
combination with goat anti-rabbit Fab fragment, rabbit anti-rat antibody, 3-Amino-9-
ethylcarbazole (AEC) chromogenic substrate (Abcam ab64252) and hematoxylin (DAKO
S3301). Human DCIS tissue sections were first stained with anti-CDKN2A antibody (pH
6.0 antigen retrieval). After the staining was finished, slides were mounted with aqueous
mounting media (Vector H-5501) and scanned. The slides were then submerged in TBS-T
buffer at 4° Celsius overnight to remove the coverslip. After 3 washes in diH20, the

slides were incubated in 50% ethanol for 5 minutes and then transferred to acidified (1%
HCI) 70% ethanol and incubated for 10 minutes with agitation to remove AEC chromogen
and hematoxylin. The slides were then incubated with 100% ethanol for 15 minutes with
agitation and was rehydrated and stored in TBS-T at 4° Celsius until next staining cycle.
Such staining-scanning-stripping cycle was repeated for each of the following markers in
the listed order: a SMA (pH 6.0 antigen retrieval), PDGFRa (pH 8.0 antigen retrieval),
and pan-Cytokeratin (pH 8.0 antigen retrieval). Human breast tumor tissue array sections
were processed using the staining-scanning-stripping procedures as described above and
stained for the following markers in the listed order: CDKN2A (pH 6.0 antigen retrieval),
aSMA (pH 6.0 antigen retrieval), COL14A1 (pH 6.0 antigen retrieval), PDGFRa (pH

8.0 antigen retrieval), and pan-Cytokeratin (pH 8.0 antigen retrieval). Mouse tumor tissues
were processed using the staining-scanning-stripping procedures as described above and
stained for the following markers in the listed order to probe CAF subpopulations: Ly6C1
(pH 6.0 antigen retrieval), CDKN2A (pH 6.0 antigen retrieval), NCAM (pH 6.0 antigen
retrieval), CDKN2A (pH 6.0 antigen retrieval), aSMA (pH 6.0 antigen retrieval), MCAM
(pH 6.0 antigen retrieval), and PDGFRa (pH 8.0 antigen retrieval). Mouse tumor tissues
were processed using the staining-scanning-stripping procedures as described above and
stained for the following markers in the listed order to probe p16 and Ki67: CDKN2A
(pH 6.0 antigen retrieval) and then Ki67 (pH 8.0 antigen retrieval). All scanned bright field
images for mIHC staining were deconvoluted into pseudo-fluorescent images and merged
using Indica Lab’s HALO computational pathology software.

IF staining on /n vitro assembled ECMs was conducted as described below. Preserved ECM
was first fixed using 4% paraformaldehyde at room temperature for 10 minutes and washed
twice with PBS. ECM was then blocked with a blocking solution (5% normal goat serum
and 2.5% bovine serum albumin in PBS) for 30 minutes and stained using anti-COL1A1
for 1 hour at room temperature. PBS was used to wash the ECM twice prior to the addition
of an Alexa Fluor 594-conjugated secondary antibody. The ECM was incubated with the
secondary antibody for 30 minutes at room temperature in the dark and then washed with
PBS twice. The stained ECM was finally imaged using an inverted fluorescent microscope.
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Second-harmonic imaging microscopy and data analysis

Tumor sections were first stained on a Leica BOND Automated IHC/ISH Stainer using the
BOND Polymer Refine Red Detection System. Slides were unloaded from the BOND after
the incubation of alkaline phosphatase-linked compact polymer and the Fast-Red signals
were developed using a Vulcan Fast Red kit (Biocare Medical, Vulcan Fast Red Chromogen
Kit 2) to obtain signals that can emit fluorescence in Texas Red channel.

SHG was performed on the prepared samples. SHG images were obtained on a Nikon
A1RHD25 MP two-photon confocal microscope with a 40x objective. SHG images were
obtained simultaneously with detectors equivalent to Texas Red to detect p16+ cells and
images were overlapped. Collagen analysis was performed using CT-Fire analysis software
(67). Collagen fibers across three FOV per tumor slice (x3 mice) were quantified for width
(um). To identify the effect of p16+ cells on local fibers, fibers within 8um of red p16+ cells
were quantified. Individual fibroblasts have been shown to communicate with each other by
deforming collagen as far as 50pum (68—70). To ensure fibers are minimally affected by p16+
cells, fibers at least 60um away from p16+ cells were quantified.

In vivo drug treatment, tumor measurement, and flow cytometry

The FVB PyMT mouse line was purchased from Jackson Laboratory. The C57BL/6J INK
mouse line was a kind gift from Dr. Darren Baker and was backcrossed to FVVB background.

PyMT+/INK- and PyMT+/INK+ mice were weaned by 4 weeks of age and recruited to
studies. AP20187 (ApexBio, B1274) was delivered via intra peritoneal injections at a
dosage of 10 mg/kg, 3 times per week. For ABT737 studies, PyMT+ mice were weaned
and recruited by 4 weeks of age to be randomly assigned to treatment groups. ABT737
(ApexBio, A8193) or corresponding vehicle solution was delivered via intra peritoneal
injections at a dosage of 25 mg/kg, once a week. Both AP20187 and ABT737/vehicle
treated mice received the last drug injection within 24 hours prior to sacrifice. For any mice
recruited for immune cell depletion assays, monoclonal antibodies (Supplementary Table 1)
were first administrated at 500 ug/mouse via intra peritoneal injections. Following the first
dose, antibodies were then administrated at 250 ug/mouse every four days. Mice recruited
for all immune cell depletion assays were randomized before the assignment of antibody
treatment groups.

All PyMT mice recruited to tumor studies were monitored for tumor burden. Briefly,
mammary fat pad palpation and caliper measurement was performed every week under
isoflurane anesthesia. Once a tumor reached measurable size (width and length both reached
3.5 mm), the measurements were recorded for volume calculation following the equation:
Volume = Length - Widtt/2. For each mouse, tumor volume was reported as the sum of

the volumes of all ten mammary glands. Because we are studying breast cancer we have
restricted our analyses to females. The genotype of all mice were blinded during tumor
assessment.

Mice were perfused with PBS-heparin solution upon sacrifice and tissue collection. Tumors
were collected from the thoracic mammary glands of the mice and digested in DMEM
F-12 media (Gibco 11320033) containing 2 mg/mL collagenase and 2 U/mL DNase for 25
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minutes at 37° Celsius. Dissociated tissue suspension was then filtered through a 70 um
strainer and centrifuged at 1500 round per minute (rpm) for 5 minutes. Cell pellets were then
washed using FACS buffer (1% bovine serum albumin, 1 mM EDTA, 0.05% sodium azide
in PBS) and incubated with Fc receptor blocking antibody for 10 minutes on ice. Cells were
stained according to the panels of interested populations (Fig. S7 and S8; Supplementary
Table 1) for 30 minutes on ice. Stained samples were assayed on a BD LSRFortessa X20
flow cytometer (T cell panel, DC/myeloid panel, and CAF panel) or a Cytek Aurora 4L
16V-14B-10YG-BR full spectrum cytometer (NK panel). Collected flow cytometry data
were analyzed using FlowJo Software.

Tumor sample preparation for sequencing and subsequent data processing

Tumor samples were processed and stained for FACS as described above (Supplementary
Table 1). For CAF bulk RNA-seq, tumors were collected from 3 10-week-old PyMT mice.
Tumor samples stained according to the CAF panel (Fig. S4A) and were sorted on a BD
FACS Ariall 4 lasers cell sorter. About 5,000-10,000 cells were sorted for each CAF
population and collected into Eppendorf tubes containing 2-Mecaptoethanol supplemented
cell lysis buffer (Qiagen RNeasy Micro Kit 74004). RNA was then purified following

the instructions of Qiagen RNeasy Micro Kit and submitted for sequencing at Genome
Technology Access Center, where all samples were prepared according to library kit
manufacturer’s protocol, indexed, pooled, and sequenced on an Illumina NovaSeq 6000.
Count-per-million matrices generated post sequencing and were then normalized and filtered
in Partek Bioinformatics software. DGE analyses were performed using Partek’s GSA
function, and the resulted gene lists were pre-ranked and submitted for GSEA analyses
based on p-values and log2 fold change values.

For scRNA-seq analysis of tumors from 7-week-old PyMT mice, 2 biological replicates
were pooled for each treatment group. Dissociated tumors were then stained for CD45.
Stained samples were sorted on a Sony Synergy 5 laser, 22 colors cell sorter to separate
CD45+ and CD45- cell populations. The collected samples were processed for library
generation following the instructions of 10x Genomics Chromium X instrument (10x
Genomic, Pleasanton CA). The quality of the prepared libraries was assessed and submitted
for sequencing at the Genome Technology Access Center. Output from Cell Ranger
Software was imported into R Studio and analyzed using Seurat (71). For each Seurat object,
genes expressed by less than 3 cells and cells expressing less than 1,000 or more than 8,000
genes were excluded. Cells with higher than 15% mitochondrial RNA content and cells
with less than 100 or more than 250,000 counts were excluded as well. SCTransform was
performed to normalize the expression matrix (72). PCA and UMAP dimensional reduction
was performed using the first 25 PCA components. We then conducted FindNeighbors and
FindClusters functions to cluster cells. The FindAllMarkers function was used to identify
signature genes for each cluster. Lymphocytes populations including T cell clusters and NK
cell clusters were re-clustered for in-depth analysis. CellChat analysis was performed to
investigate the cell-cell communication between the lymphocytes and non-immune stromal
cells including endothelial cells (Pecami+) and CAF subpopulations (Krt8/Krt18/Krt14/
Krtl7/Epcam-, Pdgfrb+) (55).
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For scRNA-seq analysis of tumors from 12-week-old PyMT mice, 2 biological replicates
were included for the analysis. Dissociated tumors were sorted to obtain a live cell-

enriched single cell suspension. The collected samples were processed for library generation
following the instructions of 10x Genomics Chromium X instrument (10x Genomic,
Pleasanton CA). Output from Cell Ranger Software was imported to R Studio and analyzed
using Seurat (71). For each Seurat object, genes expressed by less than 3 cells and cells
expressing less than 200 or more than 6000 genes were excluded. Cells with higher than
10% mitochondrial RNA content and cells with less than 100 or more than 20,000 counts
were excluded as well. Log-based normalization (NormalizeData function) was performed
to normalize the expression matrix, FindVariableFeatures and ScaleData arguments were
then applied to the dataset. PCA and adaptively-threshold low-rank approximation (ALRA)!
was conducted as well (28). UMAP dimensional reduction was performed using the first 20
PCA components. We then conducted FindNeighbors and FindClusters functions to cluster
cells at a resolution of 0.8. The FindAllMarkers function was used to identify signature
genes for each cluster. Non-tumor cell populations (negative for Krt 8, 18, 14, 17, and
Epcam) were re-clustered and filtered again to assure the lack of tumor cells in the new
object. The resulted object was then subject to in-depth analysis of endothelial cells (positive
for Pecam) and CAF subpopulations (positive for Pdgfrb). DGE analyses between clusters
were performed using MAST analysis and the obtained gene lists were pre-ranked for GSEA
analysis based on p-values and log2 fold change values (73). All visualizations of gene
expression were performed based on the ALRA assay of the dataset.

For scRNA-seq analysis of human breast cancer dataset (13), the matrix was downloaded
from European Genome-Phenome Archive (EGA) EGAS00001005173. For the Seurat
object, genes expressed by less than 3 cells and cells expressing less than 200 or

more than 6000 genes were excluded. Log-based normalization (NormalizeData function)
was performed to normalize the expression matrix, FindVariableFeatures and ScaleData
arguments were then applied to the dataset. PCA and ALRA was conducted as well (28).
UMAP dimensional reduction was performed using the first 20 PCA components. We then
conducted FindNeighbors and FindClusters functions to cluster cells at a resolution of

0.1. The FindAllMarkers function was used to identify signature genes for each cluster.
Non-tumor (negative for KR78, 18, 14, 17, and EPCAM) non-immune cell populations
were re-clustered for in-depth analysis of endothelial cells (positive for PECAMI) and CAF
subpopulations (positive for PDGFRB). DGE analyses between clusters were performed
using MAST analysis. Given that p-values of several genes were smaller than the lower
limit of Excel’s computational power and were thus automatically rounder to 0, the MAST-
derived gene lists were pre-ranked for GSEA analysis based on log2 fold change values
(73). All visualizations of gene expression were performed based on the ALRA assay of the
dataset.

Mouse mammary fibroblasts (MMFs) cell line establishment

Inguinal mammary fat pads were collected from a healthy C57BL/6J mouse and digested
in sterile DMEM F-12 media (Gibco 11320033) containing 2 mg/mL collagenase and 2

U/mL DNase for 25 minutes at 37 Celsius. Tissue suspension was then filtered through a
70 um strainer and centrifuged at 1500 round per minute (rpm) for 5 minutes. Cell pellets
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were then washed using sterile full DMEM F-12 media (10% fetal bovine serum and 1x
penicillin-streptomycin (Gibco 15140122) in DMEM F-12). Cells were resuspended in full
DMEM F-12 media and transferred to a tissue culture-treated petri dish and then kept in a 37
° Celsius incubator at 5% CO,. After 30 minutes of cell attachment, supernatant was gently
removed from the petri dish and replaced by fresh full-serum DMEM (DMEM (Sigma
D6429) supplemented with 10% fetal bovine serum and 1x penicillin-streptomycin (Gibco
15140122)). The petri dish was hereafter kept at 37 Celsius 5% CO, 3% O, and monitored
regularly. Cells were lifted with 0.25% Trypsin-EDTA solution (Gibco, 25200072) and
subcultivated once they reached confluence. Division rate of the cells gradually reached

the slowest at the 4t to 5t passage with part of the cells survived the bottle neck and
reattained sustainable robust growth rate beyond the 10t passage. These cells were then
expanded and cryopreserved in large batches. Flow cytometry was conducted to assure the
EPCAM/CD31/CD45-negativity of the cells (Fig. S11). Cells of the 12" passage were used
in all experiments involving MMFs.

In vitro cell culture and MMF senescence induction

The EO771 and MMF cell lines were cultured in full-serum DMEM. The Py230 cell

line was cultured in F-12K (ATCC 30-3004) supplemented with 5% fetal bovine serum,
0.1% MITO+ serum extender (Corning 355006), and 1x penicillin-streptomycin (Gibco
15140122). All of the cell lines were routinely tested as negative for mycoplasma. Tumor
cells were cultured under 5% CO, while MMFs were cultured under 5% CO5, and 3% O,.
Upon senescence induction, MMFs were treated with 100 nM Doxo for 24 hours. After
the drug treatment, Doxo-containing media was aspirated from the culture dish and the cell
layer was carefully rinsed twice with PBS. Fresh media was added to the plate and was
changed every 3 days. Senescence was fully established 7 days after the addition of Doxo.

Bulk RNA-seq analysis of MMF samples

Vehicle-treated control MMFs and Doxo-treated senescent MMFs were washed twice
with PBS when cells were attached to the bottom of culture plates. 2-Mecaptoethanol
supplemented cell lysis buffer (Qiagen RNeasy Mini Kit 74104) was directly added to the
cell layers and the cell lysis suspension was collected. RNA was then purified following
the instructions of Qiagen RNeasy Mini Kit and submitted for sequencing at the Genome
Technology Access Center, where all samples were prepared according to library kit
manufacturer’s protocol, indexed, pooled, and sequenced on an Illumina NovaSeq 6000.
Count-per-million matrices generated post sequencing were then normalized and filtered
in Partek Bioinformatics software. DGE analyses were performed using Partek’s GSA
function, and the resulting gene lists were pre-ranked and submitted for GSEA analyses
based on p-values and log2 fold change values.

In vitro ECM assembly

The ECM assembly procedure was developed based on previous literature (74). Gelatin
solution (0.2% in PBS) was used to coat 96-well plates at 37° Celsius. The plates were then
washed twice with PBS prior to the addition of glutaraldehyde (1% in PBS) for crosslinking
reaction. After the plates were washed twice with PBS, 1M glycine solution was added into
the plates to quench the crosslink reaction for 20 minutes at room temperature. The plates
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were then washed once with PBS. PBS supplemented with 1x penicillin-streptomycin was
added to each well. The plates were finally sealed with parafilm and stored at 4° Celsius for
a maximum of 3 days prior to cell seeding.

Once cellular senescence was fully established post Doxo treatment, MMFs were lifted
using 0.25% Trypsin-EDTA solution (Gibco, 25200072) and prepared into cell suspension.
Gelatin coated plates were retrieved from 4° Celsius and washed twice with PBS. Full-serum
DMEM was added to the wells and the plates were kept at 37° Celsius for at least 1 hour

to warm up and equilibrate the gelatin layer. MMFs were seeded into pre-warmed plates

in full-serum DMEM (12,000 cells/well) and were allowed to attached to the bottom of

the wells overnight. The next morning, media was aspirated and the wells were washed
once with PBS prior to the addition of ECM assembly media (DMEM supplemented with
0.2% fetal bovine serum, 1x penicillin-streptomycin and 50 pg/mL freshly prepared sodium
ascorbic acid, 200 uL per well) which was refreshed every other day. ECM assembly was
performed under 5% CO» and 3% O, and was accomplished 6 days after the seeding of

the MMFs. To preserve ECM, wells were first washed twice with PBS. Cell lysis solution
(0.5% Triton and 20 mM NH4OH in PBS) was added to the wells and incubated for 5-8
minutes at 37° Celsius. PBS was then added to the wells to dilute the lysis solution. The
plates were then sealed and store at 4° Celsius overnight. The next morning, the plates were
washed three times with PBS. PBS supplemented with 1x penicillin-streptomycin was then
added to each well. The plates were finally sealed with parafilm and stored at 4° Celsius for
a maximum of 6 weeks.

NK cytotoxicity assay

The experimental setup for NK cytotoxicity assays was developed based on previous
literature (52). RMA-S cell line (mycoplasma positive) was a kind gift from Dr. Roberta
Faccio. A 96-well plate with preserved ECM was first retrieved from 4° Celsius and washed
once with PBS. NK media (interleukin-15 and 2-Mecaptoethanol supplemented full RPMI
media (RPMI (Gibco 11875-093) supplemented with 10% fetal bovine serum, 1x penicillin-
streptomycin, 1mM sodium pyruvate (Corning 25-000-Cl), 1x MEM nonessential amino
acids (Corning 25-025-ClI), 10 mM HEPES buffer (Corning 25-060-Cl), and 1X GlutaMAX
(Gibco 3050-061)) was added to each well (50 pL per well). The plates were transferred

to a 37° Celsius incubator for later use. Spleens were harvested from mice stimulated with
Poly I:C (300 ug/mouse) 20-24 hours prior to the sacrifice. NK cells were enriched from
the spleens using a negative selection enrichment kit (Stemcell Technologies Cat# 19855).
NK cells were suspended in the NK media at 2x10° cells/mL and 100 pL cell suspension
was added to each well (100 pL. NK media was used instead for target cell-only wells).

The plate was briefly centrifuged to 200 rcf and then incubated at 37° Celsius for 2 hours.
Meanwhile, RMA-S cells were labeled with CellTrace Violet and resuspended at 0.8x106
cells/mL. By the end of NK-ECM incubation, 50 uL RMA-S suspension was added to each
well. The plate was then briefly centrifuged to 200 rcf and kept in a 37° Celsius incubator
for 16 hours. After the incubation, each well was stained with 8 UL of 7-AAD and analyzed
on a BD LSRFortessa flow cytometer. The % Specific Killing value was calculated as %
[7-AAD+ of CTV+ cells] (etfector+Target) well — [%7-AAD+ of CTV+ cells] target only well-
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Orthotopic co-implantation of MMF and tumor cells and subsequent bioluminescence
imaging (BLI)

MMFs (8x108 cells/mL) and firefly luciferase-expressing Py230 or EO771 tumor cells
(16x106 cells/mL) were suspended in a 50-50 mixture of PBS and Matrigel (Corning
356231). Each wildtype C57BI/6 mouse was surgically implanted with 50 pL of the cell
suspension to its inguinal MFP. For any mice recruited for immune cell depletion assays,
monoclonal antibodies (Supplementary Table 1) were first administrated at 500 ug/mouse
via intra peritoneal injections 2 days prior to the MMF-tumor co-injection. Following the
first dose, antibodies were then administrated at 250 ug/mouse every four days. BLI was
performed routinely after the orthotopic injection and the imaging results were analyzed
using Live Imaging software (PerkinElmer). All mice utilized in the orthotopic co-injection
experiments were randomly assigned to receive either control or senescent MMFs along
with tumor cells. All mice utilized in the immune cell depletion assays were first randomly
assigned to receive either 1gG or anti-NK1.1 antibody and then randomized to receive either
control or senescent MMFs along with tumor cells.

Statistical Analyses

All data were analyzed and plotted using Prism. Please refer to figure legends for details on
statistical tests used for any specific analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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senCAFs limit NK cell-mediated killing thereby contributing to breast cancer
progression. Thus, targeting senCAFs could be a clinically viable approach to limit tumor

progression.

Statement of Significance

Cancer Discov. Author manuscript; available in PMC 2025 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Ye et al.

: ~_ {8
TR LI

Figure 1. Senescent CAFsarepresent in human breast tumors.

(A)

UMAP of stromal cells from 26 human breast cancer samples of ER+ (n=11),

HER2+ (n=5), and TNBC (n=10) cases. (B) Violin plots of CAF signature markers:
VCAF—MCAM+, ACTAZ2+, DES+, NOTCH3+; myCAF—PDGFRA+, ACTAZ+, THBS2+,
POSTN+; ICAF—PDGFRA+, CXCLI12+, COL14A1+, ALDHI1AI+. (C) Feature plot and

viol

in plot for the expression of CDKNZA (p16) in selected stromal cell types. (D)

Feature plot and violin plot for the expression of COKNZB (p15) in selected stromal
cell types. (E) Dot plot displaying gene expression parameters including percentage of
cells (size of black dots) and expression levels (colored scale bar) of a designated gene
within a specific population (y-axis). Features include senescence markers (CODKNZA (p16)
and CDKNZB (p15) and SASP factors (GLBI, COL1AI1, COL12A1, MMP10, MMP13,
CXCL9, TNFSF11, CD276, and TGFBI). (F) Gene set enrichment analyses of the myCAF
population compared to all other CAF populations show enrichment in pathways including
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extracellular matrix organization, collagen assembly, and Fridman senescence. Normalized
Enrichment Score (NES), p-value, and False Discovery Rate (FDR) are shown in each plot.
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Figure 2. p16 expression is present in myCAFs and the presence of p16+ myCAFs correlates with
DCISrecurrence.

(A) mIHC were performed on 51 human breast cancer tumor tissue samples using p16 (red),
pan-cytokeratin (PanCK; cyan), PDGFRa (magenta), alpha-smooth muscle actin (aSMA,;
green), and COL14A1 (yellow) specific antibodies and nuclei were counterstained with
hematoxylin and shown as dark blue. Individual stains were pseudo colored as indicated
and then merged (first panel). myCAFs are denoted with hollow (p16-) and solid (p16+)
white arrowheads. iCAFs are denoted with hollow orange arrowheads. (B) Quantification of
percentage of p16+ cells in myCAF and iCAF subpopulations using human breast cancer
tumor tissue arrays (n=51). (C) mIHC were performed on tumor DCIS samples using

p16 (magenta), aSMA (green), PDGFRa (red), and pan-cytokeratin (PanCK; cyan) specific
antibodies and nuclei were counterstained with hematoxylin and shown as dark blue. Cells
triple positive for p16, aSMA, and PDGFRa are denoted by white arrowheads. Individual
stains were pseudo colored as indicated and then merged (first panel). (D) Quantification
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of myCAFs (PDGFRa+ aSMA+ cells) in stroma (PanCK- cells) from multiplex IHC of
DCIS samples that recurred (REC, n=7) or did not recur (No REC, n=9). (E) Quantification
of p16+ myCAFs (PDGFRa+ aSMA+ cells) in stroma (PanCK- cells) from multiplex IHC
of DCIS samples that recurred (REC, n=7) or did not recur (No REC, n=9). Unpaired one-
tailed student t-test performed for all statistical analyses shown in this figure. All numerical
data are represented as mean £ SEM, *p<0.05, **p<0.01, ***p<0.001.
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Figure 3. Senescent CAFsarepresent in MM TV-PyM T murine mammary tumors.
(A) UMAP of stromal cells from 12-week-old MMTV-PyMT tumors (n=2). (B) Violin plots

of CAF signature markers: myCAF—Pdgfrat, Actaz+, Thbs2+, Postr+; iICAF—Pdgfrat,
Lyb6cl+, Cxcl12+, Colldal+; vCAF—Mecam+, Acta2+, Des+ Notch3+. (C) Dot plot
displaying gene expression parameters including percentage of cells (size of black dots)
and expression levels (colored scale bar) of a designated gene within a specific population
(y-axis). Features include senescence markers (CadknZa (p16) and Cadkn2b (p15)) and SASP
factors (G/b1, Collal, Col12al, Mmpl0, Mmpl3, Cxcl9, Tnfsfll, Cd276, and Tgfb3). (D)
Gene set enrichment analyses of the myCAF population compared to vVCAF and iCAF
showed in pathways including extracellular matrix organization, collagen assembly, and
Fridman senescence. NES, p-value, and FDR are shown in each plot. (E) Feature plot and
violin plot for the expression of AMcaml in selected stromal cell types. (F) Correlation curve
of Ncam1 and CdknZa (p16) expression in mammary stromal cell populations.
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Figure4. NCAM 1 marks senescent CAFsin MMTV-PyMT tumors.
(A) mIHC analyses were performed on 10-week-old MMTV-PyMT tumors using p16

(red), NCAM (green), PDGFRa (magenta), alpha-smooth muscle actin (aSMA) (cyan),
Ly6C1 (orange), and MCAM (blue) specific antibodies and nuclei were counterstain with
hematoxylin and shown as white (left: 1x; right: 25x). Individual stains were pseudo colored
as indicated and then merged (first panel). myCAFs are denoted with hollow (p16-) and
solid (p16+) white arrowheads. iCAFs were mostly p16- and are denoted with hollow orange
arrowheads. (B) mIHC analyses were performed on 10 weeks old MMTV-PyMT tumors
using p16 (red) and Ki67 (green) and nuclei were counterstained with hematoxylin and
shown as dark blue (left: 5x; right: 25x). Greater than 70% of p16+ tumor cells were also
positive for Ki67 and are denoted with hollow arrowheads. p16+ stromal cells were mostly
negative for Ki67 and are denoted with solid arrowheads. (C) Quantification of percentage
of Ki67+ cells out of p16+ tumor or stromal compartments as shown in B (n=4). (D) Four
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CAF populations were sorted from 10-week-old MMTV-PyMT mammary tumors (n=3)

and subjected to bulk RNA-Seq analyses. Shown is heatmap highlighting CAF markers,
senescence markers, and SASP factors. (E) Gene set enrichment analyses of the NCAM+
myCAF population compared to the remaining 3 CAF populations showed enrichment of the
Fridman senescence signature. (F) Gene set enrichment analyses of the NCAM+ myCAF
compared to the NCAM- myCAF population also showed enrichment of the Fridman
senescence signature. NES, p-value, and FDR are shown in each plot. Unpaired one-tail
student t-test was performed for C. All numerical data are represented as mean + SEM. ****
p<0.0001.
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Figure5. Senescent CAFsdrive MM TV-PyMT tumorigenesis.
(A) AP treatment regimen of MMTV-PyMT (INK-) and MMTV-PyMTXINKATTAC+

(INK+) mice. (B) Tumor volume measured with calipers weekly for INK- (n=16) and
INK+ (n=19) mice. 2-way ANOVA was performed to compare the tumor growth; **p<0.01.
(C) Representative IHC images for p16 expression in 7-week-old INK- and INK+ mice
show predominant staining in stromal cells. (D) Quantification of p16 staining in tumor
versus stromal compartment shown in (C) indicates that only stromal p16+ cells are lost

in INK+ mice (n=5) compared to INK- mice (n=4). (E) Quantification of total myCAF
population in tumors from 7 weeks old INK- versus INK+ mice. n=8 for each group. (F)
Quantification of senCAF populations in tumors from 7 weeks old INK- versus INK+ mice.
n=8 for each group. (G) Senolytic (ABT737) treatment regimen of MMTV-PyMT mice. (H)
Tumor volume measured with calipers at week 7 for vehicle (Veh, n=8) and ABT737 (n=10)
treated mice. (I) Quantification of total myCAF population in MMTV-PyMT mice treated
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with vehicle (Veh, n=9) or ABT737 (n=10). (J) Quantification of senCAF populations in
MMTV-PyMT mice treated with Veh (n=9) or ABT737 (n=10). Unpaired one-tail student
t-test was performed for all panels except for B. All numerical data are represented as mean
+ SEM. *p<0.05; **p<0.01; ns, not significant.
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Figure 6. Senescent CAFsalter NK cells activation status and infiltration to increase tumor
formation.

(A) Violin plot of indicated gene expression in different immune populations from 7-week-
old AP treated MMTV-PyMT INK- and INK+ mice. (B) Violin plot of indicated gene
expression in different immune populations from 7-week-old MMTV-PyMT mice treated
with Veh or ABT737. (C) Flow cytometric quantification of intra-tumoral CD27-CD11b-hi
NK cells in INK- (n=7) and INK+ (n=9) mice treated with AP. (D) Flow cytometric
quantification of intra-tumoral CD27-CD11b-hi NK cells in MMTV-PyMT mice treated
with Veh (n=5) or ABT737(n=6). (E) Representative IHC image for NK cells (NK1.1, red)
and p16 (brown) in tumor sections from 7-week-old INK- (n=7) and INK+ (n=6) mice
treated with AP. (F) Quantification of NK cells per tumor area from same mice shown in E.
(G) Representative IHC image for NK cells (NK1.1, red) and p16 (brown) in tumor sections
from 7-week-old MMTV-PyMT mice treated with Vehicle (Veh, n=8) or ABT737 (n=8).
(H) Quantification of NK cells per tumor area from same mice shown in G. (1) NK cell

Cancer Discov. Author manuscript; available in PMC 2025 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ye et al.

Page 36

depletion strategy in MMTV-PYMT (INK-) and MMTV-PyMTXINKATTAC+ (INK+) mice
treated with AP. First dose of anti-NK1.1 or 1gG isotype control antibody was administrated
at 500 ug/mouse. The remaining doses were administrated every 4 days at 250 ug/mouse.
(J) Tumor volume measured with calipers at week 7 for INK- versus INK+ mice depleted
of NK cells (anti-NK1.1) or treated with control IgG, n=8. Unpaired one-tailed student
t-test was performed for all statistical analyses shown in this figure. All numerical data are
represented as mean + SEM. *p<0.05; **p<0.01; ***p<0.001; ns, not significant.
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Figure 7. Senescent CAF-derived extracellular matrix limits NK tumor cell killing.
(A) Representative IHC image for NK cells (NK1.1, red) and p16 (brown) in tumor

sections from 7 weeks old PyMT mice at 10X (left) and 40X (right) shows a close
association between senCAFs and NK cells. (B) Gene set enrichment analyses of the
senCAF population compared to the myCAF population showed enrichment of the collagen
formation signature. NES, p-value, and FDR are shown in the plot. (C) Left: Representative
image of Collagen (blue) and p16+ stromal cells (red). Collagen fibers imaged via second
harmonic generation microscopy and analyzed via CT-FIRE/Curve align software. Fibers
within 8um of red p16+ stroma defined as p16+ (red arrowheads) and fibers at least

60pum away from p16+ stroma defined as p16- (green arrowheads). Right: Quantification

of collagen fibers near p16- and p16+ stroma. Statistical difference determined via student
t-test (n=3 mice, 3 FOV/mouse, unpaired student t-test, data are represented as mean +
SEM., ****p< 0.0001). (D) Cell chat analyses of collagen dialog between the different
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CAF and immune cell populations in tumors from 7-week-old PyMT mice. (E) Gene set
enrichment analyses of the doxorubicin treated (i.e., senescent) compared to vehicle treated
(i.e., control) fibroblasts also showed enrichment of collagen formation. NES, p-value,

and FDR are shown. (F) 200,000 Py230 breast cancer cells labeled with luciferase were
co-injected with 100,000 Ctrl or Sen fibroblasts and tumor growth was monitored by

live animal bioluminescence imaging (BLI). Representative BLI of day 13 post tumor
injection is shown. (G) Tumor growth was assessed by BLI on indicated time points (2-way
ANOVA was performed to compare the tumor growth; data are represented as mean = SEM.
*p<0.05). (H) Quantification of CD3- NK1.1+ cells in Py230 tumors co-implanted with Ctrl
(n=6) or Sen (n=6) fibroblasts on day 10 post tumor injection. (I) Quantification of CD27-
CD11b-hi NK cells in Py230 tumors co-implanted with Ctrl (n=6) or Sen (n=6) fibroblasts
on day 10 post tumor injection. (J) Tumor volume quantified with BLI for mice receiving
Py230 tumor cells co-injected with Ctrl versus Sen fibroblasts under NK cell depletion
treatment (day 13 post tumor inoculation). Py230-Ctrl fibroblasts group on IgG treatment,
n=6; Py230-Sen fibroblasts group on IgG treatment, n=7; Py230-Ctrl fibroblasts group on
anti-NK1.1 treatment, n=6; Py230-Sen fibroblasts group on anti-NK1.1 treatment, n=>5.

(K) Schematic of collagen deposition protocol. (L) Representative immunofluorescence

of collagen 1A1 following the procedure outlined in K. (M) NK cell killing of tumor

cells when plated on ECMs from Ctrl (n=6) or Sen (n=6) fibroblasts. Unpaired one-tailed
student t-test was performed for all statistical analyses shown in this figure unless otherwise
specified. All numerical data are represented as mean + SEM. *p<0.05; **p<0.01; ns, not
significant.
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