Jefferson

Thomas Jefferson University

HOME OF SIDNEY KIMMEL MEDICAL COLLEGE Jefferson D ig ital Com monS

Thomas Jefferson University

Kimmel Cancer Center Faculty Papers Kimmel Cancer Center

3-11-2024

MiR-200c Reprograms Fibroblasts to Recapitulate the Phenotype
of CAFs in Breast Cancer Progression

Zhao Lin
Thomas Jefferson University, Zhao.Lin@jefferson.edu

Megan Roche
Thomas Jefferson University, megan.roche@jefferson.edu

Victor Diaz-Barros
Thomas Jefferson University, vxd162@students.jefferson.edu

Marina Domingo-Vidal

Diana Menezes
Thomas Jefferson University, diana.menezes@jefferson.edu

Follow this and additional works at: https://jdc.jefferson.edu/kimmelccfp
& sratopabe torloglditionat enthorss
Let us know how access to this document benefits you

Recommended Citation

Lin, Zhao; Roche, Megan; Diaz-Barros, Victor; Domingo-Vidal, Marina; Menezes, Diana; Tuluc, Madalina;
Uppal, Guldeep; Caro, Jaime; Curry, Joseph; and Martinez-Outshoorn, Ubaldo, "MiR-200c Reprograms
Fibroblasts to Recapitulate the Phenotype of CAFs in Breast Cancer Progression" (2024). Kimmel Cancer
Center Faculty Papers. Paper 125.

https://jdc.jefferson.edu/kimmelccfp/125

This Article is brought to you for free and open access by the Jefferson Digital Commons. The Jefferson Digital
Commons is a service of Thomas Jefferson University's Center for Teaching and Learning (CTL). The Commons is
a showcase for Jefferson books and journals, peer-reviewed scholarly publications, unique historical collections
from the University archives, and teaching tools. The Jefferson Digital Commons allows researchers and interested
readers anywhere in the world to learn about and keep up to date with Jefferson scholarship. This article has been
accepted for inclusion in Kimmel Cancer Center Faculty Papers by an authorized administrator of the Jefferson
Digital Commons. For more information, please contact: JeffersonDigitalCommons@jefferson.edu.


https://jdc.jefferson.edu/
https://jdc.jefferson.edu/kimmelccfp
https://jdc.jefferson.edu/kimmelcc
https://jdc.jefferson.edu/kimmelccfp?utm_source=jdc.jefferson.edu%2Fkimmelccfp%2F125&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/10?utm_source=jdc.jefferson.edu%2Fkimmelccfp%2F125&utm_medium=PDF&utm_campaign=PDFCoverPages
https://library.jefferson.edu/forms/jdc/index.cfm
http://www.jefferson.edu/university/teaching-learning.html/

Authors

Zhao Lin, Megan Roche, Victor Diaz-Barros, Marina Domingo-Vidal, Diana Menezes, Madalina Tuluc,
Guldeep Uppal, Jaime Caro, Joseph Curry, and Ubaldo Martinez-Outshoorn

This article is available at Jefferson Digital Commons: https://jdc.jefferson.edu/kimmelccfp/125


https://jdc.jefferson.edu/kimmelccfp/125

Research Article

www.cell-stress.com

MiR-200c reprograms fibroblasts to recapitulate the
phenotype of CAFs in breast cancer progression
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ABSTRACT Mesenchymal-epithelial plasticity driving cancer progression in
cancer-associated fibroblasts (CAFs) is undetermined. This work identifies
a subgroup of CAFs in human breast cancer exhibiting mesenchymal-to-
epithelial transition (MET) or epithelial-like profile with high miR-200c
expression. MiR-200c overexpression in fibroblasts is sufficient to drive
breast cancer aggressiveness. Oxidative stress in the tumor microenvi-
ronment induces miR-200c by DNA demethylation. Proteomics, RNA-seq
and functional analyses reveal that miR-200c is a novel positive regulator
of NFkB-HIF signaling via COMMD1 downregulation and stimulates pro-
tumorigenic inflammation and glycolysis. Reprogramming fibroblasts to-
ward MET via miR-200c reduces stemness and induces a senescent pheno-
type. This pro-tumorigenic profile in CAFs fosters carcinoma cell resistance
to apoptosis, proliferation and immunosuppression, leading to primary
tumor growth, metastases, and resistance to immuno-chemotherapy.
Conversely, miR-200c inhibition in fibroblasts restrains tumor growth with
abated oxidative stress and an anti-tumorigenic immune environment.
This work determines the mechanisms by which MET in CAFs via miR-200c
transcriptional enrichment with DNA demethylation triggered by oxidative
stress promotes cancer progression. CAFs undergoing MET trans-
differentiation and senescence coordinate heterotypic signaling that may
be targeted as an anti-cancer strategy.
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Abbreviations:

BRCA - breast cancer; CAF — cancer-
associated fibroblast; EMP — epithelial-
mesenchymal plasticity; EMT — epithelial-
to-mesenchymal  transition, miR —
microRNA; MET - mesenchymal-to-
epithelial transition;  ROS - reactive
oxygen species; SASP — senescence-
associated secretory phenotype;
ScRNASeq — single cell RNA sequencing;
TME — tumor microenvironment.

INTRODUCTION

Metastasis and treatment refractoriness are determinants
of cancer-related mortality [1]. Metastasis is a multistage
scenario that requires carcinoma cells to escape from the
primary tumor, travel in the circulation, seed distant or-
gans and grow [1]. The tumor microenvironment (TME)
influences each of the steps in carcinoma cell dissemina-
tion [2]. In fact, a variety of stromal cells recruited to tu-
mors promote primary tumor growth and metastatic dis-
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semination [3-5]. Cancer-associated fibroblasts (CAFs) re-
program the extracellular matrix (ECM), metabolism and
immune function to promote cancer progression and
treatment resistance [6, 7].

A canonical myofibroblast state, termed pro-
tumorigenic CAFs manifest with hierarchical characteristic
features, including inflammatory signaling, metabolic de-
rangements and immunosuppression [6, 7]. Oxidative
stress and glycolytic metabolism in fibroblasts drive this
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CAF phenotype [8]. HIF and NFkB signaling frequently acti-
vated in CAFs lead to inflammatory-metabolic reprogram-
ming with upregulation of the monocarboxylate trans-
porter 4 (MCT4), lactate release, chemokine and cytokine
recruitment, and loss of the lipid raft signal transduction
protein caveolin-1 (CAV1) [9, 10]. However, the fundamen-
tal mechanisms regarding heterogeneity of CAFs such as
mesenchymal-to-epithelial transition (MET)/epithelial-
like phenotype and whether they are sufficient for cancer
progression have not been explored.

Senescent fibroblasts promote tumor growth, invasion,
and metastasis through senescence-associated secretory
phenotype (SASP), which involves the secretion of pro-
inflammatory cytokines, chemokines, growth factors, and
extracellular matrix remodeling enzymes [11-13]. Addition-
ally, senescent fibroblasts are involved in the recruitment
and activation of immune cells, leading to a shift towards
an immunosuppressive tumor microenvironment [12].
Although the secretory phenotype of senescent fibroblasts
contributing to a pro-tumorigenic TME has been studied,
the mechanisms of senescence initiation in a paracrine
fashion by adjacent carcinoma cells and its relationship
with MET are poorly understood.

Trans-differentiation driving cancer aggressiveness is a
common phenomenon [5]. In carcinoma cells, epithelial-
mesenchymal plasticity (EMP) encompassing the epitheli-
al-to-mesenchymal transition (EMT) and its reverse MET,
play key roles in metastatic dissemination of cancer [14-16].
Also, EMP is linked to stemness [17] and epigenetic repro-
gramming [18]. Increasing evidence supports the notion
that multiple types of cells foster cancer initiation and pro-
gression. Not only stem cell-like cancer cells with EMT fea-
tures, but also carcinoma cells undergoing MET or even
intermediate states can promote aggressiveness [19-21].
However, the contribution of fibroblast stemness and MET
or trans-differentiation to cancer aggressiveness is un-
known.

MicroRNAs (miRs) are 20-22 nucleotide non-coding
RNAs that mainly silence genes via targeting their 3'UTRs,
and are involved in multiple cellular processes, including
development, proliferation, and apoptosis [22]. Specifically,
studies have shown that miR-200c and miR-205 induce
MET by downregulating ZEB1/2 and upregulating E-
cadherin [23-26]. Research to date has not addressed the
role of miR-200c in CAFs as a driver of cancer aggressive-
ness. Here, we determine that reprogramming fibroblasts
via miR-200c undergoing MET with a senescent phenotype
triggered by oxidative stress is sufficient to drive breast
cancer (BRCA) progression with a pro-tumorigenic CAF
profile.

RESULTS

MET/epithelial-like profile in CAFs concatenates with high
miR-200c and its promoter hypomethylation in human
BRCA

Single cell RNA sequencing (scRNASeq) allows assessment
of intratumoral heterogeneity. Using Seurat, we analyzed
relevant markers of fibroblast clusters in publicly available
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scRNASeq data from human BRCA and normal breast tissue
samples (GEO accession code GSE161529: GSM4909254
and GSM4909296) [27]. The fibroblast subclass was vali-
dated based on high expression of the fibroblast markers
PDGFRA, S100A4, ITGB1 and COL1A1l. The CAF subgroup
was classified based on ACTA2, THY1 and collagen related
genes COL1A1, COL1A2 (Fig. 1A-C and SFig. 1A). Human
cluster gene signatures revealed that in the BRCA CAF clus-
ter 4, COL1A1, COL1A2, ACTA2, THY1 and epithelial mark-
ers (CD24, KRT8, KRT18) increased, while mesenchymal
markers (VIM, CD44) and stemness markers (MYC, CD44)
decreased compared to the fibroblast cluster 4 of normal
breast tissue (Fig. 1B, C). These findings were validated in
another publicly available scRNASeq data of BRCA (E-
GEOD-75688) [28] (SFig. 1B-F). These observations support
the existence of MET/reduced stemness in CAFs of human
BRCA.

The existence of MET in CAFs raised the question of

whether miRs and epigenetic modifications were the driv-
ers. First, MIR200CHG was highly expressed in BRCA CAFs
and absent in normal breast fibroblasts (Fig. 1D).
MIR200CHG is a long non-coding RNA, and miR-200c is
located within its intron. Further studies of the TCGA BRCA
dataset revealed that miR-200c was highly expressed in
BRCA in contrast to normal breast tissue (Fig. 1E), and
there was a positive correlation between MIR200CHG and
miR-200c (Fig. 1F). Second, the promoter of miR-200c has
six CpG enriched regions that are potential sites for cyto-
sine methylation (SFig. 2A). All six CpG sites were signifi-
cantly hypo-methylated in the tumor versus the normal
breast group of the TCGA BRCA dataset (Fig. 1G, SFig. 2B).
Moreover, miR-200c copy number variation (CNV) was
negatively correlated to promoter CpG methylation (Fig.
1H). Hence, these data from human BRCA revealed that
CAFs with a MET phenotype exist and high miR-200c levels
correlates with DNA de-methylation of its promoter.
To assess if crosstalk with carcinoma cells could induce
reprogramming of fibroblasts, a co-culture system with
carcinoma cells and fibroblasts was employed [29]. First, a
subclass of cocultured fibroblasts increased CD24 (epitheli-
al reprogramming marker) and reduced CD44 (marker of
cellular differentiation) expression (Fig. 2A). Next, fibro-
blasts under coculture conditions displayed high miR-200c
and miR-205 levels (Fig. 2B). Using BJ1 fibroblasts stably
overexpressing miR-200c (BJ1miR-200c), we observed simi-
lar effects with upregulation of CD24 and downregulation
of CD44 compared to control (miR-CNL) (Fig. 2C) and a
subset of fibroblasts displayed an epithelial-like phenotype
with keratin 8/18 (K8/18) expression (Fig. 2D). Meanwhile
miR-200c significantly induced senescence B-galactosidase
(Fig. 2E). It is well-known that miR-200c and miR-205 trig-
ger MET, hence we assessed the effects of overexpressing
miR-200c on miR205 expression in BJ1 and HS5 fibroblasts
and found that miR-200c drove miR-205 expression (Fig. 2F,
G).
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FIGURE 1: MET profile of CAFs
in human breast cancer linked
high miR200c expression to
hypomethylation of the miR-
200c promoter. (A) UMAP
visualization of assigning normal
fibroblast and CAF identity to
cluster 4 and 5 in normal breast
tissue (NT) and breast cancer
tumor tissue (TT) by scRNAseq.
Circled clusters are fibroblasts.
All cell type profiles are listed in
SFig. 1A. (B) Expression of mark-
ers in fibroblast cluster 4 from
NT and TT by DotPlot. (C)
VinPlot of expression of colla-
gen, activated fibroblast, EMP
and stemness markers in cluster
4 from NT and TT. *Seurat ad-
justed p < 0.05. (D) MIR200CHG
level in cluster 4 from NT and
TT. (E)Level of miR-200c in NT
and TT from the TCGA breast
cancer miRNAseq dataset. (F)
Correlation between
MIR200CHG and miR-200c from
the TCGA breast cancer dataset.
(G) Methylation status of miR-
200c promoter region. Six sites
are hypo-methylated in the
tumor versus normal group.
(H)Plot of the correlation be-
tween miR200c CNV and pro-
moter methylation revealing a
negative correlation. (A-D) are
based on publicly available
scRNA-seq data sets (GEO ac-

cession code GSE161529:
GSM4909254 and
GSM4909296). Data analysis

was done in R using the Seurat
package v4.3 with default pa-
rameters, padj<0.05.
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FIGURE 2: Effects of
carcinoma cells and
miR-200c on fibro-
blasts. (A) CD24 and
CD44 expression pat-
terns by flow cytome-
try in BJ1 fibroblasts
under homotypic and
co-culture  conditions
with MCF7 carcinoma
cells. (B) Fold change
of miR-200c and miR-
205 expression in BJ1
fibroblast cells co-
cultured with carcino-
ma cells compared to
homotypic culture. (C)
Flow plots showed
CD24 and CD44 level
change in BJ1 cells
overexpressing  miR-
200c and scramble
control. (D) Images of
cell morphology and
K8/18 (Red) expression
of BJ1 with precursor
miR-200c  expression
and scramble control
(scale bar: 20 um). (E)
Senescence B-
galactosidase staining
in BJ1 cells overex-
pressing miR-200c and
scramble control. (F,
G) Fold change in miR-
200c and miR-205
expression in BJ1 and
HS5 fibroblast cells
with overexpression of
miR-200c or control.
*p<0.05.
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Reprogramming fibroblasts via miR-200c induces senes-
cence, histone deacetylation and demethylation, a re-
duced stemness signature, and activation of NFkB and HIF
signaling with inflammatory-glycolytic features

To explore molecular biological pathways due to miR-200c
enrichment, we performed whole transcriptome RNAseq
with BJImiR-200c and miR-CNL. DEseq2 analysis identified
3355 genes including 1848 upregulated and 1507 down-
regulated in cells overexpressing miR-200c in contrast to
control. A volcano plot displayed the most differentially
expressed genes (Fig. 3A). Epithelial markers (KRT18, CD24),
senescence marker GLB1, histone demethylase KDM1A, an
inflammatory cytokine TGFB2, a glycolysis marker GLUT1,
fibroblast markers (S100A4, COL1A1) and growth factors
(PDGFA, PDGFB) significantly increased with high miR-200c
(Fig. 3A, B, SFig. 3A). Gene Set Enrichment Analysis (GSEA)
revealed that miR-200c upregulated senescence signatures
with histone deacetylation (HDACS) and demethylation
(HDMS) in Reactome pathways (Fig.3C, SFig.3B). HDAC-
containing complexes cooperate with histone demethylas-
es (HDMs) to induce transcriptional repression. MiR-200c
drove MET (reduced EMT), glycolysis, P53 and PI3K-AKT-
MTOR pathways in Hallmark Pathway assessment (Fig. 3D).
Glycolysis, P53 and MTOR upregulation are associated with
a senescent phenotype. PI3K-AKT-MTOR pathway is critical
to stem cell proliferation, metabolism and differentiation.
Concurrently, protein level analysis showed that miR-200c
induced an MET profile with ZEB1 loss and E-cadherin gain,
abrogated a reduced iPSC/stemness phenotype with MYC,
OCT4, SOX2, KLF4 and NANOG suppression, and induced a
senescent phenotype with P53 upregulation and p-Rb
downregulation (Fig. 3E). Conversely, anti-miR-200c in-
duced an iPSC/stemness profile with MYC, OCT4, SOX2 and
NANOG upregulation (Fig. 3E, SFig. 3C). These data demon-
strated that reprogramming fibroblasts via miR-200c un-
dergoing MET/senescence with abnormal chromatin
change and reduced stemness generated an inflammatory-
glycolytic signature.

To further investigate the potential regulatory mecha-
nisms of miR-200c, a proteomic assay was performed with
BJ1miR-200c versus control. The most differentially ex-
pressed (FC >2) genes are shown in Fig. 3F. Classical MET
comprising high keratin 8/18 (KRT8/18) and low vimentin
(VIM) was observed in BJImiR-200c. Also, lower caveolar
protein PTRF was observed in BJ1ImiR-200c, which is a fea-
ture of CAFs. Particularly, COMMD1 was dramatically di-
minished (Fig. 3F). We confirmed the regulation of
COMMD1 by miR-200c, since overexpression of miR-200c
in various fibroblasts repressed COMMD1 and anti-miR-
200c induced it (Fig. 3G). Intriguingly, COMMD1 and
H3K4me3 levels are decreased in both fibroblast and can-
cer cells under co-culture conditions relative to homotypic
culture (SFig. 4A).

The COMMD protein family has been identified as a
negative regulator of NFkB and HIF signaling, which are
two key inflammatory pathways [30-33]. NFkB activity was
induced by miR-200c and inhibited by anti-miR-200c (Fig.
4A). Accordingly, in established NIH3T3 NFxB luciferase
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reporter fibroblasts, miR-200c increased NFkB activity in
normoxia and to a greater degree under hypoxia, while
anti-miR-200c reversed it (Fig. 4B). NFkB can mediate in-
flammatory signaling and facilitate an immune-
inflammatory milieu [10]. Stromal cells can be repro-
grammed by carcinoma cells to secrete pro-tumorigenic
growth factors, and cytokines [34]. To better understand
whether miR-200c could reprogram the cytokine profile,
serum-free cell culture media from BJ1 miR-200c and con-
trol cells were screened for the levels of 40 inflammatory
mediators after two and four days. The factors IL6R, TNFR1,
CCL5, IL6 and IL8 were expressed differentially (Fig. 4C).
Notably, the level of the chemokine CCL5 increased con-
siderably over time. CCL5 can be induced by NFkB and se-
nescence related to SASP, which activates immune-
regulatory and inflammatory processes, and contributes to
metastasis and chemo-resistance in BRCA [35]. Also, CCL5
inhibited CAV1 expression in BJ1 cells (SFig. 4B). Predicta-
bly, miR200c overexpression in fibroblasts repressed CAV1,
whereas anti-miR200c induced CAV1 (SFig. 4C, D). Moreo-
ver, the HIF antagonist PT2399 upregulated CAV1 in con-
trol BJ1 cells (SFig. 4D). Loss of CAV1 is a critical feature of
CAFs [10].

HIF signaling is a major driver of tumor progression [36].
To determine the contribution of miR-200c to HIF activity
in fibroblasts, HIF and its downstream target MCT4 were
assessed. They were upregulated by miR-200c, while anti-
miR-200c suppressed MCT4 expression (Fig. 4D). Accord-
ingly, in HIF reporter cells, miR-200c triggered HIF activity
in normoxia and to a greater level under hypoxia, while
anti-miR-200c reduced HIF activity (Fig. 4E). Moreover,
hypoxia induced miR-200c expression in fibroblasts (SFig.
4E). Finally, miR-200c induced glycolysis with lactate accu-
mulation (Fig. 4F). In sum, miR-200c drove inflammatory-
glycolytic reprogramming with HIF and NFkB activation in
fibroblasts.

MIiR-200c in fibroblasts promoted cancer cells aggressive-
ness
High mitochondrial mass with resistance to apoptosis is a
common feature of carcinoma cells. Here, we used a cocul-
ture system to investigate the effects of miR-200c in fibro-
blasts on the mitochondrial activity of carcinoma cells. First,
MCF7 carcinoma cells co-cultured with BJ1miR-200c dis-
played higher mitotracker orange signal (Fig. 5A). Second,
high miR-200c in fibroblasts inhibited MCF7 apoptosis and
promoted MCF7 proliferation (Fig .5B, C). Third, miR-200c
protected MCF7 cells from the antiestrogen tamoxifen (Fig.
5D). Fourth, serum-free conditioned media from BJ1miR-
200c induced the migration of MCF7 cells to a greater ex-
tent than controls with a reduced wound gap area (Fig. 5E).
Intriguingly, co-culture with miR-200c overexpressing
fibroblasts induced PD-L1 expression in MCF7 and AT3 car-
cinoma cells (Fig. 5F). PD-L1 is a critical component of the
immune checkpoint that suppresses anticancer immunity.
Since both PD-L1 and CCL5 were upregulated by miR-200c,
the TCGA BRCA database was studied and we found a posi-
tive correlation between CCL5 and PD-L1 (Fig. 5G). These
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data supported downstream effects of fibroblast miR-200c
on cancer progression and immune reprogramming.

In vivo miR-200c in fibroblasts induced tumor growth,
metastasis and resistance to chemo-immunotherapy
Co-injection of breast carcinoma cells with fibroblasts
overexpressing miR-200c or control were performed. The
co-injected MEFs were still present in the tumors at the
time of sacrifice (Fig. 6A), MEFs with miR-200c overexpres-
sion co-injected with AT3 triple negative breast carcinoma
cells promoted tumor growth versus controls (Fig. 6B).
Immunoblots showed that miR-200c in MEFs in vivo in-
duced expression of proteins related to metabolic repro-
gramming including TIGAR, MYC and TOMM20 (Fig. 6C).
66.7% of mice from miR200c group developed metastases
comprising the lungs, peritoneal implants and malignant
ascites, whereas only 12.5% of control mice had metastatic
disease (p<0.05) (Fig.6D-F). Specifically, metastases visual-
ized with India ink staining of lungs and ascites only oc-
curred in the miR-200c group (Fig. 6E, F).

Likewise, when BALB/c mice were inoculated with
syngeneic triple negative 4T1 breast carcinoma cells and
syngeneic NIH3T3 F200c or control, similar results were
observed. MiR-200c in NIH3T3 cells triggered tumor
growth and metastatic dissemination to multiple distant
organs including livers and lungs (Fig. 6G-I). Also, MCF7
cells co-injected with BJ1 overexpressing miR-200c gener-
ated larger tumors (SFig. 5A).

In addition, MiR-200c in fibroblasts promoted re-
sistance to immune checkpoint blockade. Mice carrying
tumors composed of syngeneic 4T1 cells and NIH3T3 F200c
developed more hepatosplenomegaly with inflammatory
features including larger spleens with hyperplasia of the

red pulp containing expanded megakaryocytes (SFig. 58, C).

Moreover, admixing carcinoma cells with F200c in vivo
enhanced PD-L1 expression, which promoted cancer im-
mune evasion (Fig. 7A, B).

Importantly, MEFs overexpressing miR-200c co-injected
with AT3 cells induced resistance to the combination of
paclitaxel and PD-L1 inhibition, while tumors with control
fibroblasts were sensitive to the combined immuno-
chemotherapy (Fig. 7C, D). The combination of Paclitaxel
and anti-PD-L1 was approved by the FDA as an immuno-
therapy regimen for triple negative BRCA.

Taken together, these in vivo experiments demonstrat-
ed that miR-200c in fibroblasts caused metastatic disease
and treatment resistance with an inflammatory-metabolic
and immunosuppressive phenotype.

MiR-200c inhibition in fibroblasts reduces tumor growth
Anti-miR-200c reduced functional mitochondrial mass in
fibroblasts, H,0, and glucose uptake (Fig. 8A-C). Intriguing-
ly, anti-miR-200c in fibroblasts reduced glucose uptake of
carcinoma cells under co-culture conditions (Fig. 8D). In
vivo studies revealed that anti-miR-200c in BJ1 fibroblasts
suppressed primary tumor growth (Fig. 8E). Furthermore,
anti-miR-200c in NIH3T3 abrogated hepatosplenomegaly
(Fig. 8F, G).
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Likewise, anti-miR-200c MEFs co-injected with AT3 cells
generated smaller tumors in contrast to controls (Fig. 8H).
Interestingly, COMMD1-KD in the context of anti-miR-200c
rescued tumor growth (Fig. 8H). Immunoblots revealed
that anti-miR-200c in MEFs reduced PD-L1, MYC and
TOMMZ20 expression in vivo (Fig. 81), which is the opposite
effect to that observed with miR-200c overexpression.

To explore molecular biological pathways for downreg-
ulation of miR-200c and COMMD1, we performed RNAseq
with these four groups of tumor tissues. Analyses revealed
strong clustering based on COMMD1 expression (Fig. 9A,
B). Based on DEseq2 and two rounds of string analyses, 47
genes were identified in the anti-miR-200c group versus
control (Fig. 9C). All the altered genes were assessed to
define the central node of such potential protein—protein
interactions (PPI) as well as the associated cellular func-
tions. The interaction network revealed that MYC had the
largest node degree, which suggested it is central to the
PPl network associated with miR-200 inhibition in fibro-
blasts. The zooming analysis revealed transcriptional re-
pression as the major function involved in the MYC-
interacting proteins. In addition, JUN had the second larg-
est node degree and was assigned to cell differentiation
and cell cycle inhibition (Fig. 9D). The immune signature of
anti-miR-200c groups was consistent with enhanced anti-
cancer immune response with enriched T cell, B cell and
IFN signatures. In COMMD1-KD versus wild type group (Fig.
9E), GSEA Hallmark pathway analyses revealed higher ROS
(reactive oxygen species) and TGFB signatures with TGFB1
and TGFB2 upregulation (Fig. 9F, G). Furthermore, an im-
mune checkpoint screen and immunophenoscore analysis
displayed immunosuppressive traits in the COMMD1-KD
group (Fig. 9H, 1). Together, these data reflect that anti-
miR200c reduced ROS signaling and activated anti-cancer
immune responses while COMMD1-KD upregulated heter-
otypic pathways including ROS and TGFB with immunosup-
pression.

Oxidative stress, DNA demethylation and histone acetyla-
tion regulated miR-200c expression

NFkB and HIF transcription factors are regulated by redox
signaling and ROS [37]. Flow cytometry revealed that carci-
noma cells produced more ROS than fibroblasts (SFig. 6A,
B) and co-culture induced ROS in fibroblasts (Fig. 10A).
Interestingly, ROS levels significantly increased in BJ1 cells
overexpressing miR-200c (Fig. 10B). This is consistent with
upregulated KDM1A/LSD1 in fibroblasts with miR-200c and
generation of H,0, (Fig. 3B, Fig. 10C).

Next, we studied the effects on miR-200c levels by the
redox modulator H,O, and the ROS scavenger N-acetyl
cysteine (NAC). MiR-200c upregulation was observed with
the pro-oxidant H,O, and reversed with NAC (SFig. 6C).
Moreover, miR-200c expression was elevated in a dose-
dependent fashion when BJ1 and HS5 fibroblasts were
exposed to H,O, (SFig. 6D). Also, COMMD1 was reduced
with H,0, exposure and rescued by NAC in BJ1 fibroblasts
(SFig. 6E). Altogether, these findings indicate that ROS and
miR-200c form a positive feedback loop and oxidative
stress suppressed COMMD1.
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Global DNA methylation was measured by 5-mC percentage in sorted co-culture and homotypic BJ1 cells or with redox modulators. (F) Fold change of miR-200c and miR-205 in BJ1 fibroblasts exposed to drugs regulating the
epigenetic repressive state. (G, H) Promoter DNA methylation of miR-200c in fibroblasts. BJ1 cells under homotypic or co-culture condition or exposure to H.O; for 4 days. *p<0.05. (I) Model of fibroblasts and carcinoma cells
cross talk regulated by miR-200c. In the TME, ROS causes DNA hypomethylation of fibroblasts, which promotes miR-200c transcription. Reprogramming fibroblasts via miR-200c towards MET/senescence reduces stemness,
induces aberrant chromatin changes and histone demethylation mediated by KDM1A demethylase through an FAD-dependent amine oxidase reaction with H.0 release. Meanwhile it induces miR-205 and reduces COMMD1
expression along with NFkB and HIF activation. Furthermore, these reprogrammed fibroblasts promote cancer aggressiveness.
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The current study demonstrated that the miR-200c ex-
pression of fibroblasts was regulated by DNA methylation
as an epigenetic silencing mechanism. DNA methylation
maintains EMT programs in carcinoma cells [38]. Reduced
genome-wide 5 methyl-cytosines (5-mC) were observed in
fibroblasts under co-culture conditions and exposure to
H,0,, whereas NAC could rescue it (Fig. 10D, E). To verify
whether epigenetic modification modulated the expression
of miR-200c and miR-205, HS5 and BJ1 fibroblasts were
treated with the DNA cytosine methylation inhibitor 5-Aza-
2'-deoxycytidine (5-Aza) and the histone deacetylase inhib-
itor SAHA. As expected, miR-200c and miR-205 levels in-
creased dramatically with four days of treatment (Fig. 10F,
SFig. 6F). However, when 5-Aza was washed out for 4
hours, both microRNAs decreased markedly (Fig.10F,
SFig.6F). Moreover, gain of CD24 and loss of CD44 ratio
were observed with Aza treatment for 4days in hTERT-BJ1
cells (SFig.6G). These observations revealed a direct role of
DNA methylation and histone deacetylation on the tran-
scriptional modulation of miR-200c and miR-205 in fibro-
blasts.

To further investigate the promoter methylation status
of miR-200c, we performed comparative bioinformatics
coupled with DNA methylation analysis and gPCR. CpG
islands, which are CpG dinucleotide-rich regions, often co-
localize with promoters, and methylation of the cytosines
of the CpG dinucleotides leads to transcriptional silencing
40, We therefore focused on the promoter region of miR-
200c. Sequence analysis revealed two well-defined CpG
islands upstream of the miR-200c/141 cluster. Two pairs of
primers were generated to detect methylation. As antici-
pated, methylation repression occurred in fibroblasts un-

der co-culture condition and exposure to H,0; (Fig. 10G, H).

Hence, miR-200c transcription is regulated by DNA methyl-
ation.

DISCUSSION

This study identifies a novel mechanism of pro-tumorigenic
heterogeneity in CAFs (Fig. 11). We have deciphered that a
subgroup of CAFs in human BRCA undergo a reprogram-
ming process that resembles MET/epithelial-like profile
with high miR-200c expression. Reprogramming fibroblasts
via miR-200c towards MET/senescence reduces stemness
and induces aberrant chromatin changes, especially his-
tone demethylation by KDM1A demethylase with hydrogen
peroxide release. We report here that miR-200c in fibro-
blasts as a novel positive regulator of NFkB-HIF signaling
via COMMD1 depletion, recapitulates the cardinal inflam-
matory-glycolytic features of CAFs and promotes tumor
growth, metastasis and resistance to immuno-
chemotherapy. Whereas miR-200c inhibition in fibroblasts
not only reduces ROS and NFkB-HIF activity but also induc-
es an anti-cancer immune profile and restrains tumor
growth. Conversely, COMMD1 suppression abrogates the
effects of antimiR-200c.

Mechanistically, we determine that miR-200c in fibroblasts
is regulated by epigenetic reprogramming. The crosstalk
between cancer cells and fibroblasts induces oxidative
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stress, which drives DNA demethylation, and in particular,
leads to promoter hypo-methylation of miR-200c in fibro-
blasts with enriched miR-200c transcription. Moreover, we
have validated that there is a positive feed loop mecha-
nism whereby miR-200c is sufficient to stimulate oxidative
stress via histone demethylation (HDMS) upregulation.

We have discovered that miR-200c promotes trans-
differentiation of fibroblasts toward a MET/senescent phe-
notype with reduced ZEB1, increased E-cadherin and miR-
205, and suppressed COMMD1, which is a target gene of
miR-205 and inhibitor of NFkB and HIF activity. COMMD1
plays pleiotropic roles in cancer progression modulating
oxidative stress, DNA damage response, as well as NFkB
and hypoxia mediated transcription [39]. Reprogramming
fibroblasts via miR-200c is sufficient to recapitulate the
canonical features of CAFs with NFkB and HIF activation
comprising loss of CAV1 and gain of GLUT1, MCT4. The
current study expands the understanding of cross-
activation mechanisms between NFkB and HIF [40, 41].

Metabolic and inflammatory reprogramming are hall-
marks of cancer [42]. Here we determine that the senes-
cence of fibroblasts is induced via miR200c through SASP
with the secretion of pro-inflammatory cytokines TGFB2,
chemokine CCL5 and growth factor PDGFA, PDGFB. Further,
we delineate the mechanisms of reprogramming fibro-
blasts by miR-200c to recapitulate the pro-tumorigenic
effects of CAFs, leading to aggressive cancer with paracrine
effects on carcinoma cells with increased mitochondrial
activity, reduced apoptosis, excessive proliferation and
immunosuppressive features (Fig. 10l). Conversely, anti-
miR-200c in fibroblasts induces antitumor effects with in-
hibition of NFkB and HIF activity and invigorating the anti-
cancer immune profile.

In this study, fibroblasts with a reduced stemness phe-
notype via miR-200c drive cancer progression. There is
conflicting data regarding the relationship between EMT-
MET and stemness [14-16]. Intermediate states of EMT-
MET may drive stemness features rather than the two ex-
treme states, which may explain the apparent paradox.
Cancer stem cells are a small subpopulation of cells within
tumors and hypothesized to be the primary driver of can-
cer growth and metastasis as well as therapeutic resistance
and cancer recurrence. A better understanding of stem cell
phenotypes in carcinoma and stromal cells and their ef-
fects on cancer aggressiveness are urgently needed. The
contribution of miR-200c to cancer aggressiveness may be
compartment specific and differ between carcinoma and
stromal cells. Future studies will need to determine the
precise mechanisms by which miR-200c affects stem cell
differentiation while maintaining its classical pathway and
senescent features.

Collectively, the trans-differentiated/senescent profile
of fibroblasts induced by epigenetic regulation of miR-200c
drives a pro-tumorigenic phenotype of CAFs with inflam-
matory-metabolic reprogramming coupled with activation
of heterotypic pathways. Further studies are needed to
determine whether this unique CAF phenotype via miR-
200c can be targeted therapeutically.
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FIGURE 11: Graphical Summary. In the TME, the interaction between fibroblasts and carcinoma cells stimulates oxidative stress with reactive
oxygen species (ROS) release. ROS in fibroblasts triggers DNA hypomethylation leading to miR-200c transcriptional enrichment. MET in fibro-
blasts via miR-200c induces senescence, miR-205 and suppresses COMMD1 that activates NFkB and HIF signaling and recapitulates the phe-
notype of CAFs with downregulation of CAV1 and upregulation of MCT4 as well as cytokines, growth factors and lactate release. Paramountly,

these reprogrammed fibroblasts promote cancer aggressiveness.

MATERIALS AND METHODS

Establishment of cell lines with stable expression of miR-200c
and COMMD1-KD

Precursor miR-200c (HmiR0180-MR03-10), anti-miR-200c
(HmMiR-AN0302-AMO04) and control (CmiR0O001-MR03, CmiR-
ANO0001-AMO04) lentiviral plasmids were purchased from Gen-
eCopoeia. Four fibroblast cell lines were used to generate
stable cell lines overexpressing miR-200c, anti-miR-200c or
controls. MEFs and NIH/3T3 fibroblast cells were isolated from
C57BL/6 and BALB/C embryos respectively. BJ1 and HS5 hu-
man fibroblasts were isolated from foreskin and bone marrow
stroma respectively.

Mouse COMMD1 sgRNAs (GUCUAUUGCAUCUGCAGACA,
CCCGAAGGCCGUUGUCCCAG and CCAGCU-
CUAUUAUGGCAACA) were purchased from Synthego. Trans-
fection was performed according to the manufacturer’s proto-
col.

Cell Culture and treatment

Human MCF7 and MDA-MB-231 breast carcinoma cells, and
4T1 BALB/C breast carcinoma cells as well as human HS5 and
NIH 3T3 fibroblasts were purchased from ATCC. AT3 breast
carcinoma cells in a C57BI6/) background were a kind gift from
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Dr. Scott Abrams at Roswell Park Cancer Center. Human skin
fibroblasts immortalized with human telomerase reverse tran-
scriptase catalytic domain but non-transformed hTERT-BJ1
(BJ1) were purchased from Clontech. Cells were grown in
DMEM medium supplemented with 10% fetal bovine serum,
100 units/ml penicillin, and 100 units/ml streptomycin. Cells
were treated as follows: SAHA (SML0061, Sigma) 1 uM, 5-Aza-
2'-deoxycytidine (5-Aza) (A3656, Sigma) 3 uM, H,0, (516813,
Sigma) 40-100 uM, N-acetyl cysteine (NAC) (A7250, sigma)
10mM, PT2399 (Selleckchem) 3 uM for 24 or 96 hours. Fresh
media containing the pharmacological compounds was
changed every 24 hours.

Co-culture system

In co-culture, fibroblasts and carcinoma cells were seeded at a
4:1 ratio in 12-well plate, and the total number of cells per
well was 1x10°. As controls, homotypic cultures of fibroblasts
and carcinoma cells were plated with the same total number
of cells as co-culture. To obtain two cell populations, fibro-
blasts with an RFP/GFP tag were co-cultured with carcinoma
cells with a GFP/RFP tag and underwent flow cytometry analy-
sis and cell sorting.
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Antibodies

COMMD1 (NBP2-4633, Novusbio), ZEB1 (NBP2-13159,
Novusbio), Sox2 (ab97959, Abcam), KLF4 (ab151733, Abcam),
Oct-4 (2750, Cell Signaling), MYC (5605, Cell Signaling),
NANOG (D73G4)(4903, Cell Signaling), K8/18 (20R-Cp004,
Fitzgerald Industries), P53 (SC-126, Santa Cruz Biotechnology),
Phospho-NFkB p65 (Ser536) (93H1)(3033, Cell Signaling),
HIF1A(610959, BD), HIF2A(NB100-122, Novusbio), MCT4(sc-
50329, scbt), CAV1(610407, BD ), B-actin (A5441, Sigma), tu-
bulin  (T4026, Sigma), FITC-conjugated anti-CD24, PE-
conjugated anti-CD24, APC-conjugated anti-CD44, APC-
conjugated anti-PD-L1 (BD Biosciences).

Proteomic assay

2D DIGE (two-dimensional difference gel electrophoresis) and
mass spectrometry protein identification were run by Applied
Biomics (www.appliedbiomics.com). Briefly, image scans were
performed immediately following the SDS-PAGE with Typhoon
TRIO (GE Healthcare) by the protocols provided. The scanned
images were then analyzed by Image QuantTL software (GE-
Healthcare) and subjected to in gel analysis and cross-
gel analysis using DeCyder software version 6.5 (GE-
Healthcare). The ratio of protein differential expression was
obtained from in gel DeCyder software analysis. The selected
spots were picked by Ettan Spot Picker (GE-Healthcare) follow-
ing the DeCyder software analysis and spot picking design. The
selected protein spots were subjected to in-gel trypsin diges-
tion, peptide extraction, desalting and followed by MALDI-
TOF/TOF.

RNA-seq assay

hTERT-BJ1 fibroblasts with miR-200c overexpression and con-
trols were cultured in DMEM medium without FBS and sodium
pyruvate for two days. Tumor tissues were collected from
mice co-injected with AT3 and MEF WT antimiR-
CNL(G1)/antimiR-200¢(G2), = COMMD1 KD  antimiR-
CNL(G3)/antimiR-200c(G4). Total RNA was then isolated with
Qiagen kit. Whole Transcriptome (total RNA, coding and lin-
cRNA-seq) was performed at Thomas Jefferson Next Genera-
tion Sequencing facility.

Quantitative RT-PCR

Cells were harvested and total RNA was isolated using trizol
(invitrogen). TagMan miRNA assays (Applied Biosystems) were
used to quantify the expression of miRNAs according to the
manufacturer’s instructions. The mean cycle threshold (CT)
value was determined from three PCR replicates. Data was
reported using the 2-22Ct method. Experiments were normal-
ized to RNU48.

B galactosidase

The ratio of B-galactosidase in the BJ1 cells was measured
using the senescence B-galactosidase kit (cell signaling) ac-
cording to the manufacturer’s protocols. BJ1 fibroblasts over-
expressing miR-200c (F200c) or control were cultured in 10%
nuserum DMEM media for four days.

Immunoassays

The levels of cytokines and chemokines in the culture media
were assessed using the human inflammation antibody array
(RayBiotech) according to the manufacturer’s protocols. BJ1
fibroblasts overexpressing miR-200c (F200c) or control were
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cultured in serum-free DMEM media. Cytokine and chemokine
levels in cell-free culture media were measured by antibody
arrays at day 2 and 4.

Luciferase Reporter Assay

NIH3T3 fibroblast cells expressing NFkB or HIF luciferase re-
porter with miR-200c overexpression or anti-miR-200c and
control were seeded in 12-well plates with 1x10°5 of cells per
well. The next day, the media was changed to 10% nuserum in
DMEM and cells were incubated under normoxia and hypoxia
overnight. Luciferase activity was measured as described 2°.

Flow cytometry analysis

CellROX assay: Fibroblasts and cancer cells were seeded under
homotypic culture or co-culture for two to four days. Cells
were stained with APC-conjugated CellROX and FACS analysis
was performed.

Carcinoma cells with an RFP tag were seeded in homotypic
culture or co-cultured with fibroblasts for four days. Cells were
stained with APC-conjugated anti-PD-L1 antibody.

Click-iT EAU Flow Cytometry Assay kit (C10418, Life Tech-
nologies) and FxCycle™ Far Red Stain (F10348, Life Technolo-
gies) for cell cycle analysis was performed in standard fashion
as described*3. Apoptosis was quantified using Pl or DAPI and
annexin-V-APC as described [44].

Wound healing assay

MCF7 cancer cells growing in 12-well plate as confluent mono-
layers were mechanically scratched using a 10 pl pipette tip to
create the wound. Subsequently, cells were washed with PBS
solution twice, and placed in serum-free DMEM media from
BJ1 F200c and scramble control cultures. As indicated, wound
gaps were microscopically recorded and the wound gap area
was compared among groups to measure the cell migratory
capacity.

Lactate assay

Cells were seeded in growth media and the next day changed
to media without FBS and sodium pyruvate. Cell culture media
was collected on ice and centrifuged at 14000g at 4°C for 5
minutes. Lactate levels were measured with a lactate colori-
metric/fluorometric assay kit (Biovision).

DNA methylation analysis

DNA was isolated from cell lines using FitAmp General Tissue
DNA Isolation Kit (P-1003-1, Epigentek). Global DNA methyla-
tion 5-mC% change was detected by 5-mC DNA ELISA Kit
(D5325, ZYMO Research). CpG islands were predicted using
the CpGPlot in EMBOSS from EMBL-EBI. DNA Methylation at
premiR-200c promoter region containing CpG rich islands
were screened using OneStep gMethyl™kit (D5310, ZYMO
Research). Primer sequences were as follows: premiR-
200cMe-F2 (CAGGATGGGTAACTGTGTGTG), premiR-200cMe-
R2 (CAGAAGTGCCTAGACTGAACTAAC), premiR-200cMe-F3
(AAGTCCCACCTCCTCTAACC) and premiR-200cMe-R3
(GTGTCGCTAGTGTGAAGTTACC).

PD-L1 IHC assay

Mouse tumor paraffin sections were de-paraffinized and re-
hydrated. Antigen retrieval was performed in 10 mM citrate
buffer pH 6.0 for 10 min with a pressure cooker followed by
blocking endogenous peroxidase with 3% H,0, for 15 min.
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Blocking was also performed for endogenous biotin with an
avidin-biotin blocking kit. Samples were incubated with 10%
goat serum overnight at 4°C. The next day, sections were
stained with anti—PD-L1 rabbit primary antibody and incubat-
ed with a biotinylated goat-anti-rabbit 1gG antibody followed
by an avidin-biotinylated horseradish peroxidase complex.
Immune-complexes were visualized using the Opti-View DAB
IHC Detection Kit followed by an Opti-View Amplification Kit.
Immunoreactivity and samples were counterstained with he-
matoxylin.

Animal studies

The Institutional Animal Care and Use Committee (IACUC) at
Thomas Jefferson University approved all animal protocols
(01875, 01607). All experiments were performed in accord-
ance with National Institutes of Health guidelines and the
study is reported in accordance with ARRIVE guidelines. Only
female mice were used in this study.

To evaluate the tumor-promoting effects of miR-200c in
fibroblasts, syngeneic NIH3T3 F200c, anti-miR-200c and con-
trol were co-injected with 4T1 cells subcutaneously in the
abdominal mammary gland of BALB/c female mice. Carcinoma
cells (1 million) and NIH3T3 fibroblasts (0.3 million) were re-
suspended in 100 pl of sterile PBS just before injection. After
18 days post-injection, tumors were excised to determine
their size. Volumes were calculated using the formula (X2Y)/2.
P values less than 0.05 were considered significant based on
the Mann-Whitney U test. Lungs, livers, spleens and blood
were collected to determine metastases and assess clonogen-
icity quantitatively as described [45]. Tissues were collected
from mice, lysed and cells were cultured for selection with 60
UM of 6-thioguanine for 12 days.

Combination treatment with anti—PD-L1 antibody and
Paclitaxel in a syngeneic mouse breast cancer model were
performed in C57BL/6 female mice. 1.5x10° mouse embryonic
fibroblasts (MEFs) overexpressing miR-200c or scramble con-
trol were co-injected subcutaneously with 5x10> AT3 cells.
Paclitaxel (8 mg/kg) or DMSO was administered intraperitone-
ally on day 15, 22, 29, and 36 after tumor implantation. Mice
were treated intraperitoneally weekly with 200 pg of anti-
mouse PD-L1 monoclonal antibody or mouse 1gG (clone MOPC
21; BioXcell) on day 18, 25, and 32. Mice were sacrificed, and
tumors were excised six weeks post-injection. Lungs and peri-
toneal implants were collected to determine metastases.

MEFs (1.5x10%) WT/COMMD1 KD overexpressing anti-miR-
200c or scramble control were co-injected subcutaneously
with AT3 cells (5x10°). Tumors were excised 24 days post-
injection to determine their size.

hTERT-BJ1 cells overexpressing miR-200c, anti-miR-200c
and control were co-injected with MCF7 cells into the mam-
mary fat pads of female athymic NCr nude mice (NCRNU; Ta-
conic Farms; at six weeks of age). Carcinoma cells (1x106 cells)
and BJ1 fibroblasts (3x10° cells) were suspended in 100 pl of
sterile PBS prior to injection. Oophorectomy and estrogen
supplementation with 17-estradiol pellet placement (0.72
mg/pellet) were performed two days before injection of the
estrogen receptor-positive cell lines MCF7. Tumors were ex-
cised four weeks post-injection to determine their size.

Single-cell RNA-seq analysis

Publicly available scRNA-seq data sets (GEO accession code
GSE161529: GSM4909254 and GSM4909296 and E-GEOD-
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75688) were downloaded. The detailed pre-processing of
analysis including QC thresholds, cell annotation and down-
stream Seurat analysis objects are available from Chen et al.
[46]. Gene read counts were generated for all samples using
Cell Ranger v3.0.2 based on human GRCh38 reference v3.0.
Subsequent data analysis was done in R using the Seurat
package v4.3 with default parameters, padj<0.05.

Quality control and cell filtering based on (1) the total
number of mapped reads for that cell (library size), (2) the
number of genes detected and (3) the proportion of reads
mapping to the mitochondria. A lower bound of 500 was gen-
erally applied to the number of detected genes for each cell
type. An upper limit of 0.2 was placed on the mitochondrial
proportion with 80—100% of cells below this threshold.

Dead cells were excluded by retaining cells with less than
20% mitochondrial reads, leaving cells for downstream analy-
sis. We performed batch correction with default parameters.
Log normalization, variable feature identification (FindVaria-
bleFeatures), and z-scoring (ScaleData) were applied to the
merged object of all cells, and principal component analysis
(RunPCA) with subsequent Uniform Manifold Approximation
and Projection (UMAP) dimensionality reduction and graph-
based clustering of cells were performed. Markers for each
cluster were identified using Seurat’s FindAllMarkers com-
mand and clusters were assigned to cell populations using
published signature genes. Gene expression for genes of in-
terest was then quantified across cell type groupings.

Statistical analysis

Data was expressed as means * standard error of the mean.
One-way or two-way analysis of variance (ANOVA) was ap-
plied to grouped analysis using GraphPad Prism 8 software.
The unpaired Mann-Whitney U test was used for statistical
comparison of tumor weight and volume in vivo. The R
(http://www.R-project.org) was adopted to analyze RNAseq,
TCGA breast cancer database data and GEO single cell RNA
sequencing data. Statistical significance was defined as p-
values of less than 0.05.

AUTHOR CONTRIBUTION

Z. L. and U. M.-O. were involved in the study design and
wrote the manuscript. Z. L., M. R,, V.D.B. and M. D.-V. per-
formed the experiments. Z. L., M. R,, V.D.B., M. D.-V, D.W-
M, M. T., G. U,, J.M.C,, J.C. and U. M.-0. were involved in
data analysis and interpretation.

ACKNOWLEDGMENTS
The authors thank Dr. Jose Martinez for critical reading of
the manuscript.

This study was supported by National Institutes of
Health Grants NCI K08-CA175193 and NCI R37-CA234239
to U. M.-O. Support for the SKCC Bioimaging, Flow Cytome-
try, Pathology, MetaOmics and Bioinformatics, and Labora-
tory Animal Facility was provided by National Institutes of
Health Grant NCI 5 P30 CA-56036 to the Sidney Kimmel
Cancer Center at Thomas Jefferson University. The graph-
ical summary was created with BioRender.com, Agreement
number:ZW267BAGXIJ.

CONFLICT OF INTEREST
The authors declare no competing interests.

Cell Stress | Vol. 8


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4909254
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4909296

Z. linetal. (2024)

COPYRIGHT

© 2024 Lin et al. This is an open-access article released
under the terms of the Creative Commons Attribution (CC
BY) license, which allows the unrestricted use, distribution,
and reproduction in any medium, provided the original
author and source are acknowledged.

REFERENCES

1. Anderson RL, Balasas T, Callaghan J, Coombes RC, Evans J, Hall JA,
Kinrade S, Jones D, Jones PS, Jones R, Marshall JF, Panico MB, Shaw JA,
Steeg PS, Sullivan M, Tong W, Westwell AD, Ritchie JWA; Cancer
Research UK and Cancer Therapeutics CRC Australia Metastasis
Working Group (2019). A framework for the development of effective
anti-metastatic agents. Nat Rev Clin Oncol 16(3): 185-204. doi:
10.1038/s41571-018-0134-8

2. Joyce, JA. & Pollard, JW (2009). Microenvironmental regulation of
metastasis. Nat Rev Cancer 9(4): 239-252. doi: 10.1038/nrc2618

3. Karnoub AE, Dash AB, Vo AP, Sullivan A, Brooks MW, Bell GW,
Richardson AL, Polyak K, Tubo R, Weinberg RA (2007). Mesenchymal
stem cells within tumour stroma promote breast cancer metastasis.
Nature 449(4): 557-563. doi: 10.1038/nature06188

4. Allinen M, Beroukhim R, Cai L, Brennan C, Lahti-Domenici J, Huang
H, Porter D, Hu M, Chin L, Richardson A, Schnitt S, Sellers WR, Polyak K
(2004). Molecular characterization of the tumor microenvironment in
breast cancer. Cancer Cell 6(1): 17-32. doi: 10.1016/j.ccr.2004.06.010

5. Shibue T, Weinberg RA (2017). EMT, CSCs, and drug resistance: the
mechanistic link and clinical implications. Nat Rev Clin Oncol 14(10):
611-629. doi: 10.1038/nrclinonc.2017.44

6. Sahai E, Astsaturov |, Cukierman E, DeNardo DG, Egeblad M, Evans
RM, Fearon D, Greten FR, Hingorani SR, Hunter T, Hynes RO, Jain RK,
Janowitz T, Jorgensen C, Kimmelman AC, Kolonin MG, Maki RG,
Powers RS, Puré E, Ramirez DC, Scherz-Shouval R, Sherman MH,
Stewart S, TIsty TD, Tuveson DA, Watt FM, Weaver V, Weeraratna AT,
Werb Z (2020). A framework for advancing our understanding of
cancer-associated fibroblasts. Nat Rev Cancer 20: 174-186. doi:
10.1038/s41568-019-0238-1

7. LeBleu VS, Kalluri RA (2018). Peek into cancer-associated
fibroblasts: origins, functions and translational impact. Dis Model
Mech 11(4): dmm029447. doi: 10.1242/dmm.029447

8. Liao Z, Chua D, Tan NS. Reactive oxygen species: a volatile driver of
field cancerization and metastasis (2019). Mol Cancer 18(1): 65. doi:
10.1186/512943-019-0961-y

9. Erez N, Truitt M, Olson P, Arron ST, Hanahan D (2010). Cancer-
Associated Fibroblasts Are Activated in Incipient Neoplasia to
Orchestrate Tumor-Promoting Inflammation in an NF-kappaB-
Dependent  Manner. Cancer Cell 17(2): 135-147. doi:
10.1016/j.ccr.2009.12.041

10. Martinez-Outschoorn UE, Sotgia F, Lisanti MP (2015). Caveolae
and signalling in cancer. Nat Rev Cancer 15(4): 225-237. doi:
10.1038/nrc3915

11. Krtolica A., Parrinello S, Lockett S, Desprez PY, Campisi J (2001).
Senescent fibroblasts promote epithelial cell growth and
tumorigenesis: a link between cancer and aging. Proc Natl Acad Sci U
S A98(21): 12072-12077. doi: 10.1073/pnas.211053698

12. Park SS, Choi YW, Kim JH., Kim HS, Park TJ (2021). Senescent tumor
cells: an overlooked adversary in the battle against cancer. Exp Mol
Med 53(12): 1834-1841. doi: 10.1038/s12276-021-00717-5

OPEN ACCESS | www.cell-stress.com

19

MET via miR-200c in CAFs drives breast cancer progression

Please cite this article as: Zhao Lin, Megan Roche, Victor Diaz Bar-
ros, Marina Domingo-Vidal, Diana Whitaker-Menezes, Madalina
Tuluc, Guldeep Uppal, Jaime Caro, Joseph M Curry and Ubaldo
Martinez-Outschoorn (2024). MiR-200c reprograms fibroblasts to
recapitulate the phenotype of CAFs in breast cancer progression.
Cell Stress 8: 1-20. doi: 10.15698/cst2024.02.293

13. Faget DV, Luo X, Inkman MJ, Ren Q, Su X, Ding K, Waters MR, Raut
GK, Pandey G, Dodhiawala PB, Ramalho-Oliveira R, Ye J, Cole T, Murali
B, Zheleznyak A, Shokeen M, Weiss KR, Monahan JB, DeSelm CJ, Lee
AV, Oesterreich S, Weilbaecher KN, Zhang J, DeNardo DG, Stewart SA
(2023). P38MAPKa stromal reprogramming sensitizes metastatic
breast cancer to immunotherapy. Cancer Discov 13(6): 1454-1477.
doi: 10.1158/2159-8290.CD-22-0907

14. Lu W, Kang Y(2019). Epithelial-Mesenchymal Plasticity in Cancer
Progression and Metastasis. Dev Cell 49(3): 361-374. doi:
10.1016/j.devcel.2019.04.010

15. Gupta PB, Pastushenko |, Skibinski A, Blanpain C, Kuperwasser C
(2019). Phenotypic Plasticity: Driver of Cancer Initiation, Progression,
and Therapy Resistance. Cell Stem Cell 24(1): 65-78. doi:
10.1016/j.stem.2018.11.011

16. Celia-Terrassa T & Jolly MK (2020). Cancer Stem Cells and
Epithelial-to-Mesenchymal Transition in Cancer Metastasis. Cold
Spring Harb Perspect Med 10(7): a036905. doi:
10.1101/cshperspect.a036905

17. Nieto MA (2013). Epithelial plasticity: a common theme in
embryonic and cancer cells. Science 342(6159): 1234850. doi:
10.1126/science.1234850

18. Skrypek N, Goossens S, De Smedt E, Vandamme N, Berx G (2017).
Epithelial-to-Mesenchymal Transition: Epigenetic Reprogramming
Driving Cellular Plasticity. Trends Genet 33(12): 943-959. doi:
10.1016/j.tig.2017.08.004

19. Esposito M, Mondal N, Greco TM, Wei Y, Spadazzi C, Lin SC, Zheng
H, Cheung C, Magnani JL, Lin SH, Cristea IM, Sackstein R, Kang Y(2019).
Bone vascular niche E-selectin induces mesenchymal-epithelial
transition and Wnt activation in cancer cells to promote bone
metastasis. Nat Cell Biol 21(5): 627-639. doi: 10.1038/s41556-019-
0309-2

20. Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY, Brooks
M, Reinhard F, Zhang CC, Shipitsin M, Campbell LL, Polyak K, Brisken
C, Yang J, Weinberg RA(2008). The epithelial-mesenchymal transition
generates cells with properties of stem cells. Cell 133(4): 704-715. doi:
10.1016/j.cell.2008.03.027

21. Pastushenko |, Brisebarre A, Sifrim A, Fioramonti M, Revenco T,
Boumahdi S, Van Keymeulen A, Brown D, Moers V, Lemaire S, De
Clercq S, Minguijén E, Balsat C, Sokolow Y, Dubois C, De Cock F,
Scozzaro S, Sopena F, Lanas A, D’Haene N, Salmon |, Marine JC, Voet T,
Sotiropoulou PA, Blanpain C(2018). Identification of the tumour
transition states occurring during EMT. Nature 556(7702): 463-468.
doi: 10.1038/s41586-018-0040-3

22. Gebert LFR., MacRae IJ (2019). Regulation of microRNA function in
animals. Nat Rev Mol Cell Biol 20(1): 21-37. doi: 10.1038/s41580-018-
0045-7

23. Korpal M, Lee ES, Hu G, Kang Y (2008). The miR-200 family inhibits
epithelial-mesenchymal transition and cancer cell migration by direct
targeting of E-cadherin transcriptional repressors ZEB1 and ZEB2. J
Biol Chem 283(22): 14910-14914. doi: 10.1074/jbc.C800074200

Cell Stress | Vol. 8


https://pubmed.ncbi.nlm.nih.gov/?term=Guo+W&cauthor_id=18485877
https://pubmed.ncbi.nlm.nih.gov/?term=Liao+MJ&cauthor_id=18485877
https://pubmed.ncbi.nlm.nih.gov/?term=Eaton+EN&cauthor_id=18485877
https://pubmed.ncbi.nlm.nih.gov/?term=Ayyanan+A&cauthor_id=18485877
https://pubmed.ncbi.nlm.nih.gov/?term=Zhou+AY&cauthor_id=18485877
https://pubmed.ncbi.nlm.nih.gov/?term=Brooks+M&cauthor_id=18485877
https://pubmed.ncbi.nlm.nih.gov/?term=Reinhard+F&cauthor_id=18485877
https://pubmed.ncbi.nlm.nih.gov/?term=Zhang+CC&cauthor_id=18485877
https://pubmed.ncbi.nlm.nih.gov/?term=Shipitsin+M&cauthor_id=18485877
https://pubmed.ncbi.nlm.nih.gov/?term=Campbell+LL&cauthor_id=18485877
https://pubmed.ncbi.nlm.nih.gov/?term=Polyak+K&cauthor_id=18485877
https://pubmed.ncbi.nlm.nih.gov/?term=Brisken+C&cauthor_id=18485877
https://pubmed.ncbi.nlm.nih.gov/?term=Yang+J&cauthor_id=18485877
https://pubmed.ncbi.nlm.nih.gov/?term=Weinberg+RA&cauthor_id=18485877

Z. Lin et al. (2024)

24. Korpal M, Kang Y(2008). The emerging role of miR-200 family of
microRNAs in  epithelial-mesenchymal transition and cancer
metastasis. RNA Biol 5(3): 115-119. doi: 10.4161/rna.5.3.6558

25. Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, Farshid
G, Vadas MA, Khew-Goodall Y, Goodall GJ (2008). The miR-200
family and miR-205 regulate epithelial to mesenchymal transition by
targeting ZEB1 and SIP1. Nat Cell Biol 10(5): 593-601. doi:
10.1038/ncb1722

26. Neves R, Scheel C, Weinhold S, Honisch E, lwaniuk KM, Trompeter
HI, Niederacher D, Wernet P, Santourlidis S (2010). Uhrberg M. Role of
DNA methylation in miR-200c/141 cluster silencing in invasive breast
cancer cells. BMC Res Notes 3: 219. doi: 10.1186/1756-0500-3-219

27. Pal B, Chen Y, Vaillant F, Capaldo BD, Joyce R, Song X, Bryant VL,
Penington JS, Di Stefano L, Tubau Ribera N, Wilcox S, Mann GB;

kConFab; Papenfuss AT, Lindeman GJ, Smyth GK, Visvader JE. A (2021).

Single-cell RNA expression atlas of normal, preneoplastic and
tumorigenic states in the human breast. EMBO J 40(11): e107333. doi:
10.15252/embj.2020107333

28. Chung W, Eum HH, Lee HO, Lee KM, Lee HB, Kim KT, Ryu HS, Kim S,
Lee JE, Park YH, Kan Z, Han W, Park WY (2017). Single-cell RNA-seq
enables comprehensive tumour and immune cell profiling in primary
breast cancer. Nat Commun 8: 15081. doi: 10.1038/ncomms15081

29. Ko YH, Domingo-Vidal M, Roche M, Lin Z, Whitaker-Menezes D,
Seifert E, Capparelli C, Tuluc M, Birbe RC, Tassone P, Curry JM,
Navarro-Sabaté A, Manzano A, Bartrons R, Caro J, Martinez-
Outschoorn U (2016). TP53-inducible Glycolysis and Apoptosis
Regulator (TIGAR) Metabolically Reprograms Carcinoma and Stromal
Cells in Breast Cancer. J Biol Chem 291(51): 26291-26303. doi:
10.1074/jbc.M116.740209

30. Burstein E, Hoberg JE, Wilkinson AS, Rumble JM, Csomos RA,
Komarck CM, Maine GN, Wilkinson JC, Mayo MW, Duckett CS (2005).
COMMD proteins, a novel family of structural and functional
homologs of MURR1. J Biol Chem 280(23): 22222-22232. doi:
10.1074/jbc.M501928200

31. van de Sluis B, Muller P, Duran K, Chen A, Groot AJ, Klomp LW, Liu
PP, Wijmenga C (2007). Increased activity of hypoxia-inducible factor 1
is associated with early embryonic lethality in Commd1 null mice. Mol
Cell Biol 27(11): 4142-4156. doi: 10.1128/MCB.01932-06

32. Bartuzi P, Hofker MH, van de Sluis B (2013). Tuning NF-kappaB
activity: a touch of COMMD proteins. Biochim Biophys Acta 1832(12):
2315-2321. doi: 10.1016/j.bbadis.2013.09.014

33. Healy MD, Hospenthal MK, Hall RJ, Chandra M, Chilton M, Tillu V,
Chen KE, Celligoi DJ, McDonald FJ, Cullen PJ, Lott JS, Collins BM, Ghai R
(2018). Structural insights into the architecture and membrane
interactions of the conserved COMMD proteins. Elife 7: e35898. doi:
10.7554/elife.35898

34. Liu S, Ginestier C, Ou SJ, Clouthier SG, Patel SH, Monville F,
Korkaya H, Heath A, Dutcher J, Kleer CG, Jung Y, Dontu G, Taichman R,
Wicha MS (2011). Breast cancer stem cells are regulated by

OPEN ACCESS | www.cell-stress.com

20

MET via miR-200c in CAFs drives breast cancer progression

mesenchymal stem cells through cytokine networks. Cancer Res 71(2):
614-24. doi: 10.1158/0008-5472.CAN-10-0538

35. Yi EH, Lee CS, Lee JK, Lee YJ, Shin MK, Cho CH, Kang KW, Lee JW,
Han W, Noh DY, Kim YN, Cho IH, Ye SK (2013). STAT3-RANTES
autocrine signaling is essential for tamoxifen resistance in human
breast cancer cells. Mol Cancer Res 11(1): 31-42. doi: 10.1158/1541-
7786.MCR-12-0217

36. Semenza, GL (2014). Oxygen sensing, hypoxia-inducible factors,
and disease pathophysiology. Annu Rev Pathol 9: 47-71. doi:
10.1146/annurev-pathol-012513-104720

37. Martinez-Outschoorn UE., Peiris-Pages M., Pestell RG., Sotgia F,
Lisanti MP (2017). Cancer metabolism: a therapeutic perspective. Nat
Rev Clin Oncol 14(2): 11-31. doi: 10.1038/nrclinonc.2016.60

38. Jones PA, Takai D (2001). The role of DNA methylation in
mammalian epigenetics. Science 293(5532): 1068-1070. doi:
10.1126/science.1063852

39. Riera-Romo M (2018). COMMD1: A Multifunctional Regulatory
Protein. J Cell Biochem 119(1): 34-51. doi: 10.1002/jcbh.26151

40. Rius J, Guma M, Schachtrup C, Akassoglou K, Zinkernagel AS, Nizet
V, Johnson RS, Haddad GG, Karin M (2008). NF-kappaB links innate
immunity to the hypoxic response through transcriptional regulation
of HIF-1alpha. Nature 453(7196): 807-811. doi: 10.1038/nature06905

41. Triner D, Shah YM (2016). Hypoxia-inducible factors: a central link
between inflammation and cancer. J Clin Invest 126(10): 3689-3698.
doi: 10.1172/1CI84430

42. Hanahan D, Weinberg RA (2000). The hallmarks of cancer. Cell
100(1): 57-70. doi: 10.1016/s0092-8674(00)81683-9

43. Roche ME, Lin Z, Whitaker-Menezes D, Zhan T, Szuhai K, Bovee
JVMG, Abraham JA, Jiang W, Martinez-Outschoorn U, Basu-Mallick A
(2020). Translocase of the outer mitochondrial membrane complex
subunit 20 (TOMMZ20) facilitates cancer aggressiveness and
therapeutic resistance in chondrosarcoma. Biochim Biophys Acta Mol
Basis Dis 1866(12): 165962. doi: 10.1016/j.bbadis.2020.165962.

44. Domingo-Vidal M, Whitaker-Menezes D, Martos-Rus C, Tassone P,
Snyder CM, Tuluc M, Philp N, Curry J, Martinez-Outschoorn U (2019).
Cigarette Smoke Induces Metabolic Reprogramming of the Tumor
Stroma in Head and Neck Squamous Cell Carcinoma. Mol Cancer Res
17(9): 1893-1909. doi: 10.1158/1541-7786.MCR-18-1191

45. Pulaski BA, Ostrand-Rosenberg S (2001). Mouse 4T1 breast tumor
model. Curr Protoc Immunol Chapter 20:Unit 20 22.
doi:10.1002/0471142735.im2002s39

46. Chen Y, Pal B, Lindeman GJ, Visvader JE, Smyth GK (2022). R code
and downstream analysis objects for the scRNA-seq atlas of normal
and tumorigenic human breast tissue. Sci Data 9(1):96. doi:
10.1038/s41597-022-01236-2

Cell Stress | Vol. 8


https://pubmed.ncbi.nlm.nih.gov/?term=Bert+AG&cauthor_id=18376396
https://pubmed.ncbi.nlm.nih.gov/?term=Paterson+EL&cauthor_id=18376396
https://pubmed.ncbi.nlm.nih.gov/?term=Barry+SC&cauthor_id=18376396
https://pubmed.ncbi.nlm.nih.gov/?term=Tsykin+A&cauthor_id=18376396
https://pubmed.ncbi.nlm.nih.gov/?term=Farshid+G&cauthor_id=18376396
https://pubmed.ncbi.nlm.nih.gov/?term=Vadas+MA&cauthor_id=18376396
https://pubmed.ncbi.nlm.nih.gov/?term=Khew-Goodall+Y&cauthor_id=18376396
https://pubmed.ncbi.nlm.nih.gov/?term=Goodall+GJ&cauthor_id=18376396

	MiR-200c Reprograms Fibroblasts to Recapitulate the Phenotype of CAFs in Breast Cancer Progression
	Let us know how access to this document benefits you
	Recommended Citation
	Authors

	tmp.1716242247.pdf.tEHKx

