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Abstract

Cancer-associated fibroblasts (CAFs), a significant component of the tumor microenvironment
(TME), contribute to cancer progression through the secretion of extracellular matrix (ECM),
growth factors, and metabolites. It is now well recognized that CAFs are a heterogenous
population with ablation experiments leading to reduced tumor growth and single-cell RNA
sequencing demonstrating CAF subgroups. CAFs lack genetic mutations yet substantially differ
from their normal stromal precursors. Here, we review epigenetic changes in CAF maturation,
focusing on DNA methylation and histone modifications. DNA methylation changes in CAFs have
been demonstrated globally, while roles of methylation at specific genes affect tumor growth.
Further, loss of CAF histone methylation and gain of histone acetylation has been shown to
promote CAF activation and tumor promotion. Many CAF activating factors, such as transforming
growth factor p (TGFB), lead to these epigenetic changes. MicroRNAs (miRNAS) serve as targets
and orchestrators of epigenetic modifications that influence gene expression. Bromodomain and
extra-terminal domain (BET), an epigenetic reader, recognizes histone acetylation and activates
the transcription of genes leading to the pro-tumor phenotype of CAFs.

1. Heterogeneity of CAFs: an emerging concept

Cancer-associated fibroblasts (CAFs), a major component of the tumor stroma, play

roles in all hallmarks of cancer. One of their well-known functions is the synthesis,
deposition, and remodeling of extracellular matrix (ECM) proteins, such as collagens,
laminins, and glycoproteins, which promote tumor progression and metastasis?. In addition,
CAFs can also promote tumor growth through the secretion of metabolites, extracellular
vesicles containing microRNAs (miRNASs), and growth factors. These growth factors
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include transforming growth factor g (TGFp), hepatocyte growth factor (HGF), leukemia
inhibitory factor (LIF), fibroblast growth factor 5 (FGF5), epidermal growth factor (EGF),
and connective tissue growth factor (CTGF), which have been linked to proliferation,
invasion, and therapy resistance in cancer cells=3. Further, CAFs modulate other cells in
the tumor microenvironment (TME), such as endothelial cells and immune cells, leading

to angiogenesis, inflammation, and evasion of the antitumor immune responsel. These
immune-modulating roles have been shown to contribute to resistance to immunotherapy*-5.

However, recent studies have challenged the traditional tumor-promoting role of CAFs. In
mouse models of pancreatic cancer (PC), depleting alpha-smooth muscle actin (aSMA+)
CAFs or targeting stromal signaling led to the development of aggressive, poorly
differentiated tumors and immunosuppression with decreased survival”=®. Further studies
in breast and colon cancers have also shown the tumor-restraining roles of CAFs0. These
dichotomist functions of CAFs have led to the concept of their heterogeneous nature with
both tumor-promoting and tumor-restraining roles, which is supported by single-cell RNA
sequencing (RNA-seq) in both murine and human tumors. This transcriptional heterogeneity
of CAFs allows for their division into different subgroups. While there is yet to be a
consensus homenclature for CAF subgroups, various studies have categorized CAFs based
on their transcriptional profiles into different categories. Some common CAF subtypes
include myofibroblast CAFs (myCAFs), inflammatory CAFs (iCAFs), antigen-presenting
CAFs (apCAFs), matrix CAFs (mCAF), and vascular CAFs (vVCAFs), as outlined in Table
111-13 The mechanistic contribution of these CAF subtypes to cancer pathobiology is an
active area of investigation.

CAF heterogeneity is derived partly from the various sources of precursor cells that
contribute to CAFs during cancer progression. One obvious source of CAFs is tissue
resident normal fibroblasts (NF). These cells have been shown to be activated /n7 vitro,
developing a CAF-like phenotype. Additional sources of CAF precursor cells have been
recognized, including bone marrow-derived mesenchymal stem cells (BM-MSCs), adipose
tissue-derived MSCs (AD-MSCs), adipocytes, pericytes, endothelial cells, fibrocytes, and
mesothelial cells4. Whether and to what percentage these precursor cells contribute to the
CAF population varies with cancer type. In E0771 murine breast tumors, around half of
the myCAFs were derived from local adipose tissues such as adipocytes and AD-MSCs1°.
A recent study in PC demonstrated that local pancreatic stellate cells (PSCs) contribute to
only 10% to 15% of the CAF population in a KrastSL-G12D/* - Trp53LSL-RI7ZH/* - poix]-Cre
(KPC) orthotopic cell model, demonstrating the likely contribution by distantly recruited
precursor cells1®, BM-MSCs contributed to approximately 40% of myCAFs in PC and 20%
in gastric and ovarian cancers1>17.18,

In addition to variation from cancer type, it has been suggested that the proportion of CAF
precursors varies within the cancer type!®. Supporting this, Helms et al. defined a marker
combination based on RNA-seq analysis to define PSC-derived CAFs, which was used to
examine a patient population. The study revealed that some patients harbored relatively high
levels of putative PSC-derived CAFs while others had very low levels8. Recent studies have
also suggested that some of the heterogeneity arises from the tumor genotype demonstrated
by differences in CAFs between p53-mutant and p53-null PC19. This heterogeneity was
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shown to be due to the differential contribution of PSCs to the CAF population with loss
of p53 reducing the PSC-derived CAF frequencies?8. To contribute to the CAF population,
the distant precursor cells must localize to the tumor. We have recently shown that mucin
5AC, secreted by PC cells, localizes to adipose tissue and promotes CD44/CD29 clustering,
leading to the migration of AD-MSCs20. Once recruited to the tumor, cancer, and immune
cell-secreted factors educate these precursor cells to mature into their activated form?2L.
Some of these factors include TGF-, interleukin-6 (IL-6), platelet-derived growth factor
(PDGF), extracellular vesicles containing miRNAs, hypoxia, oxidative stress, and matrix
stiffness1—3. Activation of CAFs begins early in neoplastic lesions, demonstrated by the
presence of a proinflammatory gene signature in CAFs from early lesions?L. The ability
of cancer cells to activate CAFs is demonstrated by their activation in NF or BM-MSC
co-implantation models, leading to larger tumors compared to cancer cells along22:23,

CAFs lack genetic mutations yet substantially differ in functions and characteristics from
their precursor cells24-28, This has been demonstrated by the transcriptional differences
between CAF precursor cells, such as NFs and MSCs, compared to tumor-isolated
CAFs29-32_ Further, marked functional differences between NFs and CAFs are observed
during co-implantation experiments, where the presence of CAFs significantly promotes
tumor growth compared to NFs33. Therefore, recent studies focus on the epigenetic
regulation of CAFs, including changes in DNA methylation and histone modifications
during CAF maturation that may contribute to this functional difference and transcriptional
heterogeneity. Furthermore, epigenetic modifications in myofibroblasts in the context of
fibrosis are well characterized34-37. Additionally, normal differentiation of the common
CAF precursor, MSCs, is epigenetically mediated38.

Here we review the role of two main epigenetic processes: DNA methylation and

histone modifications during CAF maturation. These epigenetic modifications regulate the
expression of genes and are heritable, allowing for the continued expression of genes
associated with the CAF phenotype.

2. Epigenetic modifications during CAF maturation

2.1 DNA methylation

DNA methylation is a covalent modification occurring on approximately 70% of cytosines
in CpG sequences in normal cells3. These CpGs are often found in clusters called CpG
islands. Hypermethylation can occur at CpG islands located in gene promoters, causing

a closed chromatin state and gene repression. DNA methylation is regulated by DNA
methyltransferases (DNMTs). DNMT1 is responsible for maintenance methylation, while
DNMT3a and DNMT3b are involved in de novo methylation®®. The ten-eleven translocation
(TETs) methylcytosine dioxygenases oxidize 5-methylcytosines (5mC), leading to the
removal of DNA methylation marks. DNA demethylation can also occur passively when
methylation patterns are not maintained after cell division leading to replication-dependent
dilution of 5mCs*L.

Genome-wide hypomethylation and promoter hypermethylation are hallmarks of many
cancers and are associated with tumorigenesis. These methylation changes occur early
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in tumorigenesis and often increase with tumor progression*2. The genome-wide
hypomethylation can increase genomic instability, and hypermethylation of the CpG islands
in gene promoters can silence tumor suppressor genes affecting key cellular processes

such as cell cycle, apoptosis, DNA repair, and angiogenesis*3. DNMTSs are frequently
overexpressed in cancers and correlate with poor prognosis in patients*. On the other

hand, decreased expression and inhibition of TET enzymes occur in cancer. The miRNAs
(miR-22) overexpressed in cancers have been reported to directly target TET proteins.
Likewise, mutations in the metabolic genes /dh1/2, Sah, and Fhare found in a wide variety
of solid tumors and can inhibit TETs, leading to a profound impact on the DNA methylation
patterns*l.

2.1.1. DNA hypomethylation in CAFs—DNA methylation is a well-studied
epigenetic alteration in CAFs, perhaps due to recent advancements in genome-wide

DNA methylation profiling techniques. Cancer cells present global DNA hypomethylation
combined with local DNA hypermethylation. Several studies have suggested a similar
pattern in CAFs. As early as 1990, hypomethylation of stromal genes was demonstrated
in colon cancer*>46, More recently, this hypomethylation of colon CAFs was shown to

be more global4’. Likewise, CAF DNA hypomethylation with focal gains of methylation
was also observed in breast, gastric, and lung cancers#$-51, In lung CAFs, these DNA
methylation changes affected pathways associated with ECM/focal adhesions and the FC-
y receptor®®. Genes that were hypomethylated include runt-related transcription factor 1
(Runx1), C220rf9m, mi-R1249, and neurotrimin (AVtm)*°. Dietary folic acid is necessary
for DNA methylation®2. In a murine model, folic acid supplementation prevented this

loss of global DNA methylation in both dysplastic gastric epithelial cells and gastric
CAFs®3, and a dietary folate deficiency has been associated with an increased risk of colon
cancer®®. Additionally, a population of CAFs has the inflammatory senescence-associated
secretory phenotype (SASP)?°26, Senescent fibroblasts were also shown to have DNA
hypomethylation with focal gains of methylation®’.

2.1.2. Aberrant DNA Methylation—While the pattern of global DNA hypomethylation
holds in CAFs from several cancers, recent studies demonstrate that CAF DNA methylation
depends on the cancer type, with some CAFs showing aberrant, not just decreased
methylation (Figure 1). Whole-genome bisulfite sequencing of prostate cancer patients

in matched NFs and CAFs showed differential methylation in CAFs with 7,534 distinct
differentially hypomethylated or hypermethylated regions both in gene bodies and promoter
regions. These differentially methylated regions (DMRs) are enriched for regulatory
elements, including strong enhancers and active promoters that are associated with
functional changes in genes related to developmental processes and binding of transcription
factors such as the T-box (TBX), forkhead box (FOX), and homeobox (HOX) gene
families. Additional changes were seen in ligand-activated cell signaling, including the
TGFB pathway and estrogen receptor (ERa) signaling °8. Hypermethylated genes in CAFs
included EBF transcription factor 1, EPH receptor B6, and homeobox D8, while syndecan
2, ATP binding cassette subfamily B member 4, estrogen receptor 1, and thrombospondin

2 were hypomethylated®®. In another study using CAFs from 18 prostate cancer patients,
the methylation profile changed consistently in 80% of DMRs, while the remaining DMRs
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varied according to the severity of the disease. Consistently changed DMRs were in genes
relating to cell adhesion and ligand-activated cell signaling, including TGF, insulin, and
PDGF signaling pathways. Notably, GATA binding protein 6 was hypermethylated and
hypomethylated genes were paired like homeodomain 2 and A-kinase anchoring protein 2.
DMRs in patients with more aggressive tumors showed hypomethylation at the promoter
region of the ectodysplasin-A receptor-associated adapter protein, which was associated
with poor clinical features such as stage and increased lymph node involvement and patient
outcomes®®.

Similarly, in colon cancer, differential methylation of 1,772 cytosine residues at CpG
dinucleotides was identified between NFs and CAFs. Of these, 60% were hypomethylated,
and 40% were hypermethylated in CAFs compared to NFs. This aberrant methylation
pattern leads to the upregulated expression of genes involved in metabolism/transport,
including albumin, ankyrin 1, and argininosuccinate lyase and adhesion/signaling, including
CD8&3, cholinergic receptor nicotinic alpha-1-subunit, and collagen (Co/4a6) due to promoter
hypomethylation. Decreased expression of genes involved in signaling and transcription
factors, including AT-hook transcription factor, Foxa2, Tbx1, paired box (Pax)-3, and Pax8,
was associated with promoter hypermethylation89. On similar lines, 12,364 genome-wide
DMRs were found in podoplanin (PDPN+) mouse breast CAFs compared to NF, consisting
of approximately 80% hypomethylation and 20% hypermethylation regions. Specifically,
hypomethylation and gene upregulation corresponding to tumor necrosis factor(TNF)-a and
TGFp signaling, transcription factors such as RunxZ, inflammatory responses, and hypoxia
were seen in CAFs. Hypermethylation was enriched in adipogenesis and myogenesis-related
genes®L. In primary culture from matched CAFs and NFs from 26 lung cancer patients,
there were close to 15,000 differentially methylated CpG sites, out of which 60% were
hypomethylated, including genes sulfatase 1, F0s/2, homeodomain interacting protein kinase
3, and Fgfi4, while 40% were hypermethylated involving genes, BCL2 related protein Al,
and tenascin XB in CAFs compared to NF. As smoking is a significant risk factor for

cancer development, a study comparing the global methylation differences between NFs and
CAFs showed differential methylation of close to 4,000 CpGs in CAF and NF with greater
methylation changes in ever-smokers compared to nonsmokers®2. Likewise, exposing lung
NFs to cigarette smoke condensate increased methylation at their Smad3 promoter53, While
not explicitly shown in CAFs, alcohol, another cancer risk factor and CAF inducer, can

also alter methylation8465. Additionally, aging modifies the methylation patterns in CAF
precursor cells66:67,

In addition to protein-coding genes, methylation changes have also been seen in

interspersed repeat sequences such as long interspersed nuclear element-1 (LINE-1). LINE-1
transcription produces antisense RNAs, which bind to pre-mRNAs targeting them for
argonaute-mediated RNA degradation. Hence, the genes containing LINE-1 elements are
downregulated. The coculture of breast cancer cells with NFs leads to increased methylation
of LINE-1 in the NFs®8. This LINE-1 methylation can abrogate the RNA degradation
process increasing the expression of genes having global effects on fibroblast biology, as the
human genome contains more than 500,000 copies of the LINE-1 transposone®°.
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Several studies have examined the methylation status of CAF-expressing genes important
in carcinogenesis’%-7>. In prostate cancer, methylation of glutathione S-transferase P1
(GstpI) was observed in the unique sub-microenvironments of the stromal regions’®.
Similarly, methylation-mediated silencing of Rasa/3in CAFs leads to macropinocytosis-
mediated glutamine synthesis and secretion, which then drives glutamine metabolism

in the epithelia. Inhibiting this process with either the macropinocytosis inhibitor 5-(N-
ethyl-N-isopropyl)amiloride (EIPA) or the glutamine uptake inhibitor gamma-L-glutamyl-p-
nitroanilide (GPNA) in an orthotopic xenograft model reduced the prostate cancer growth’.
In PC, methylation of SocsZ increased the expression of pro-cancerous growth factors

such as insulin-like growth factor 1 (IGF-1) and activation of STAT378. Additionally, in
lung CAFs, Smad3is silenced by hypermethylation, allowing these CAFs to sensitize

to TGFB signaling, increasing the deposition of ECM in the stroma®3. In an interesting
monozygous twin study, Brcal was methylated in one twin, and the skin fibroblasts from
the affected twin showed a CAF-like phenotype, overexpressing ECM-associated genes,
pro-tumorigenic cytokines, and CAF markers, such as a SMA, fibroblast activation protein,
and C-X-C motif chemokine ligand 12. Moreover, these Brcal methylated fibroblasts
exhibited accelerated proliferation and migration and ultimately enhanced the proliferation
of lung adenocarcinoma cells, A5497°. Importantly, methylation of specific genes in CAFs
is associated with organ-specific metastasis in PC. When cocultured with MSCs, cell lines
established from the primary tumors of mice with liver metastasis, but not those with lung
metastasis, induced the methylation of metabolism genes involved in the glucose metabolic
pathway and oxidative phosphorylation, including NAD(P)H quinone dehydrogenase 1 and
aldehyde dehydrogenase 1 family member A380.

DNMT1 has been shown to promote the activation of fibroblasts. In the context of liver
fibrosis, DNMT1-mediated methylation leads to the conversion of hepatic stellate cells
(HSCs) into hepatic myofibroblasts81:82, Moreover, in breast cancer, DNMT1 ectopic
expression activated breast NFs and promoted their pro-carcinogenic effects, both /n vitro
and in orthotopic tumor xenografts. DNMT1 upregulation in CAFs was shown to be
mediated by an RNA binding protein, HuR, leading to decreased DNMT1 mRNA decay83.

Targeting DNA methylation with the DNA demethylating drug 5-aza-2’-deoxycytidine (5-
AZA-dC) in a PC autochthonous murine model significantly inhibited tumor progression.
Furthermore, the role of 5-AZA-dC on the stromal compartment was demonstrated by
pretreating CAFs with 5-AZA-dC and co-injecting them with tumor cells in mice leading
to an antitumor effect84. In another study, DNMT1 inhibition induced the expression of
42 genes, such as deleted in azoospermia like, gametocyte specific factorl, and //18in

PC patient derived CAFs8®. Further studies have looked at genes induced after 5-AZA-dC
treatment and found induction of IFN pathway genes in bladder CAFs8. The 5-AZA-dC
as well as a natural DNMT inhibitor, eugenol, suppressed pro-carcinogenic effects of breast
CAFs both /in vitro and in orthotopic tumor xenografts with MDA-MB-231 cell and CAF
coimplantation8”. Targeting DNA methylation is a promising clinical direction as aberrant
DNA methylation is found both in CAFs and cancer cells.
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2.2 Histone Modifications

Histone post-translational modifications (PTMs) cooperate with DNA methylation to decide
the chromatin state®8. The two most well-studied histone PTMSs are methylation and
acetylation. Unlike DNA methylation, histone PTMs are regulated by a myriad of enzymes,
with over 120 different enzymes adding or removing PTMs on histones. Histone methylation
leads to both gene activation and repression and is regulated by histone methyltransferases
(HMTs) and histone demethylases (HDMs). These enzymes add or remove one to three
methyl groups on histone lysine and arginine residues. Histone acetylation increases the
accessibility to the gene promoters and enhancers of target genes, allowing for transcription
factor binding and promoting gene expression. This process is controlled by histone
acetyltransferases (HATS) and histone deacetylases (HDACS)8.

2.2.1 Histone Methylation—Several recent studies have highlighted the importance

of histone methylation on CAF function. Maeda et al. examined H3K27me3 modification

in 12 surgically resected gastric CAFs and matched NFs. While there was intertumoral
heterogeneity, CAFs had distinct H3K27me3 patterns compared with matched NFs. Notably,
loss of H3K27me3 in CAFs was enriched in genes involved in stem cell niche, tissue
development, and stromal—epithelial interactions, such as Wnt family member 5A, noggin,
insulin-like growth factor 2, and gremlim1, leading to their increased expression®. Of these
genes, Wnitba most frequently loses H3K27me3 marks and has been reported to promote
gastric cancer cell migration and invasion90:9, Interestingly, CAFs had much higher
expression of WNT5A than gastric cancer cell lines, and inhibiting WNT5A-mediated
signaling in cancer cells with an antagonist, Box 5, reduced the protumorigenic effects

of CAF-conditioned media®. Loss of H3K27me3 was also shown in breast CAFs%2.
Additionally, in breast cancer, overexpression of the H3K36 demethylase, KDM2A, induced
p53-dependent senescence in hTERT immortalized normal human breast fibroblasts and
promoted an iCAF phenotype with enhanced secretion of cytokines, including IL-6,

IL-8, and CXCL1. The knockdown of KDM2A decreased CAF-promoted growth of MDA-
MB-231 cells in a co-implantation study®3. Furthermore, in ovarian cancer, nicotinamide N-
methyltransferase (NNMT) expression in CAFs promotes cytokine secretion and deposition
of ECM due to the depletion of S-adenosyl methionine-mediated histone hypomethylation.
The NNMT knockdown significantly increased H3K4 and H3K27 trimethylation. In a
syngeneic co-implantation model, the knockdown of stromal NNMT reduced the tumor
burden?4. Taken together, these studies demonstrate pro-tumor effects from loss of CAF
histone methylation and suggest targeting histone demethylases like KDM2A as a promising
therapeutic option (Figure 2).

2.2.2 Histone Acetylation—A common histone mark of active transcription, H3K27ac,
has been shown to be important for CAF activation in several studies. In PC stroma, the
presence of H3K27ac was shown with immunohistochemical analysis®. In gastric cancer,
ChIP-gPCR analysis shows increased H3K27ac in enhancer regions and the promoter
region of one of the highly upregulated genes in gastric CAFs, serum amyloid 1, from
patient-matched CAFs compared to NFs%. Likewise, breast CAFs were shown to have
increased H3K27ac compared to matched NFs in the promoter regions of genes, such

as Collal and pyrroline-5-carboxylate reductase 1, which are important for collagen
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biosynthesis. Mechanistically, this acetylation was mediated by the HAT, EP300, and
inhibition or knocking down of EP300 decreased collagen deposition and reduced cancer
cell proliferation under coculture conditions®’.

Cancer cell-derived exosomal HSPC111 promotes CXCL5 secretion by HSCs due to
increased H3K27ac marks at the Cxc/5 promoter. An HDAC inhibitor, Trichostatin A (TSA),
significantly enhanced HSPC111-induced CXCLJ5 expression, and TSA alone increased
H3K27ac in the Cxc/5 promoter. Importantly, CXCL5 further promoted HSPC111 exosomal
secretion from cancer cells leading to colon cancer liver metastases®. Additionally, in

a 3D lung cancer model addition of CAFs increased the I1Cs of three different HDAC
inhibitors®, Likewise, fibroblasts treated with HDAC inhibitors, sodium butyrate or
suberanilohydroxamic acid (SAHA) promoted tumor growth of preneoplastic cells and an
invasive phenotype by an associated increase in the expression of osteopontin 77 vivol9.

Further evidence also supports that HDAC inhibitors promote the pro-cancer phenotype

of CAFs in PC. The HDAC inhibitor, SAHA (Vorinostat), enhanced the aggressiveness of
cancer cells via promoting CAF secretion of tumor-supportive, proinflammatory cytokines
CXCL1 and IL-8. This was demonstrated both /in7 vitroand in subcutaneously implanted
MIA PaCa-2 cells. Moreover, HDAC?2 was shown to bind the regulatory regions for a

large group of proinflammatory genes in CAFs, especially Ap1101. Therefore, blocking

this deacetylation would promote the expression of these tumor-supportive genes. However,
another study using PSCs found that HDAC inhibition decreased cell proliferation, aSMA
expression, and collagen synthesis1%2. These dichotomist results could possibly be explained
by the small proportion of PSCs that contribute to the PC CAF population!®. Overall,
histone acetylation has been shown to promote CAF activation and tumor-promoting
function. Therefore, the use of HDAC inhibitors like TSA and SAHA needs caution, while
HAT inhibitors, c646, and A-485, could be promising therapeutic drugs.

3. Mediators of epigenetic regulation in CAFs

3.1 Transforming Growth Factor B (TGFp)

One of the well-recognized soluble factors leading to CAF activation is TGFf. Notably,
TGFp is well characterized to induce epigenetic changes, both DNA methylation and
histone modifications193-106, |n the context of CAFs, TGF has been shown to regulate
DNA methylation. Lung NF treated with TGFp exhibited reduced DNA methylation,
recapitulating changes seen between CAFs and NFs*9. Furthermore, breast NFs treated
with TGFp enhanced DNMT3B expression leading to methylation at the promoter region
of miRNA200s, setting up an autoregulatory loop of TGF-p1/miR-200s/miR-221/DNMT3B
leading to sustained activation of CAFs even in the absence of cancer cells1%7. Using

a different approach of knocking out the TGFB receptor (TGFBR) or TGFP antagonist
treatment of prostate CAFs increased DNMT1 expression and activity by decreasing
proteasome-mediated DNMT1 degradation leading to increased DNA methylation at
promoter regions'98. The genes involved in DNA damage repair and metabolizing reactive
oxygen species (ROS) carry higher promoter hypermethylation with TGFBR knockout,
leading to a biological consequence of DNA damage indicated by y-H2AX and Rad52
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expressiont08, This hypermethylation of ROS metabolizing genes can lead to increased ROS
levels inducing further epigenetic changes and differentiation of NF to myofibroblasts109.

As DNA methylation and histone modifications cooperate to cause changes in chromatin
structure, it is not surprising that TGF also leads to histone modifications. In fact, an
HDAC 1/3/8 inhibitor, Scriptaid, prevented the TGFp-induced maturation of endothelial
cells into myCAFs. Functionally, this selective HDAC inhibitor decreased TGFp induced
expression of ECM components and reduced CAF contractility, stiffness, and the invasion
of CAF/ D4M tumor cell spheroid cocultures. Moreover, Scriptaid decreased tumor growth
in murine melanoma B16F10 models using both Scriptaid intraperitoneal injections and
pretreatment of CAFs with Scriptaidl19, In addition to histone acetylation, TGFp also
regulates histone methylation during CAF maturation. In immortalized mouse embryonic
fibroblasts, TGFp increased protein arginine methyltransferase 1 and 4 (PRMT1 and
PRMT4) expression in a Snail1-mediated manner leading to H3 and H4 methylation at the
fibronectin promoter. Importantly, this methylation was required for fibroblast activationl11,
Furthermore, TGFBR2 knockout in human prostate CAFs elevated H3 trimethylation lysine
9 (H3K9me3) levels while it decreased H3K9AC18, Overall, these studies show that TGFp
plays a significant role in promoting epigenetic changes during CAF maturation, which in
turn modulates the growth of cancer cells.

3.2 Other factors

In addition to the well-known CAF activator, TGFp, several other CAF activating factors
have been shown to lead to epigenetic changes during CAF maturation (Figure 3). The
proinflammatory cytokine LIF induces CAF maturation leading to ECM remodeling, cancer
cell invasion, and poor clinical outcomel12, Albrengues et al. showed that LIF initiates
epigenetic modifications in human primary dermal fibroblasts, leading to the constitutive
activation of JAK1/STAT3 signaling through the upregulation of DNMT3b13, Importantly,
JAK/STAT3 signaling leads to CAF differentiationl14. Further studies have examined

the role of other proinflammatory cytokine-driven epigenetic reprogramming in CAFs.
Specifically, IL-1a, IL-1B, and tumor necrosis factor a (TNFa) downregulate the expression
of histone methyltransferase, EZH2, leading to demethylation of H3K27me3 and enhanced
peritoneal tumor formation of gastric cancer through JAK/STAT3 signaling in a mouse
model1, Furthermore, in breast cancer, IL-6 activates NFs through the JAK2/STAT3
pathway, which is mediated by DNMT183:116_|n addition to cytokines, cancer cell-secreted
metabolites have been shown to mediate epigenetic changes during CAF maturation. For
example, in PC, the neoplastic cell produced lactate increased a-ketoglutarate (aKG)
production in MSCs, leading to TET activationl1’.

Along with these cancer cell-secreted molecules, hypoxia also induced NF epigenetic
reprogramming leading to the development of a pro-glycolytic phenotype with a CAF-like
transcriptome. In human breast NFs, hypoxia leads to hypoxia-inducible factor 1 (H/F-1a)
promoter hypomethylation and elevated HIF-1a. levels, which remained high even upon
reoxygenation118, HIF-1a directly activated the transcription of metabolic genes encoding
glucose transporters and glycolytic enzymes, allowing CAFs to provide metabolic support
to proliferating cancer cells119120_ A study in PC showed that direct cell-to-cell contact was
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necessary for the induction of SocsZ methylation in BM-MSCs’8. Furthermore, in dermal
NFs, UVA exposure increased Notch2 promoter methylation, leading to the downregulation
of Notch2. Loss of downstream Notch signaling in these NF promoted increased tumor

cell proliferation mediated through higher levels of diffusible growth factors, inflammatory
cytokines, and matrix-remodeling enzymes?21.

4. MiRNAs in epigenetic regulation during CAF maturation

MiRNAs are an important constituent of the epigenomic regulatory network as they

serve as targets and orchestrators of DNA methylation, RNA modifications, and histone
modifications'22. This give-and-take of epigenetic pathways and miRNAs creates a feedback
loop that has a well-documented influence on gene expression within the tumor cells and
fibroblast populations. During CAF maturation, the surrounding TME drives the transition
from NFs to CAFs. The miRNAs have been implicated in this transitory process through
their ability to both contribute to and respond to the surrounding microenvironment. A study
conducted by Li et al. deconstructed the crosstalk between tumor cells, PGE2 signaling,

and CAF, IL-6 signaling in gastric cancer. They identified hypermethylation of miR-149 in
CAFs, via H. pylon-induced COX2/PGE2 pathway, which regulates proinflammatory IL-6
secretion leading to the induction of epithelial-mesenchymal transition (EMT) and stem-like
traits in SGC-7901 cancer cells promoting gastric cancer tumorigenesis. In NFs, miR-149
inhibits fibroblast activation and tumor-promoting functions, as demonstrated by increased
SGC-7901 colony formation, invasion, and migration with conditioned media derived from
antagiomiR-149 treated NF. Further, these findings were validated in subcutaneously co-
implanted SGC-7901 and NF cells. However, hypermethylation-induced silencing allows
for CAF activation in a manner that takes advantage of the crosstalk between CAFs

and tumor cells during their codependent evolution123. A separate study assessed miRNA
expression in primary canine NF after coculturing with C2 mast tumor cells, which induced
downregulation of miR-27a and members of the let-7 family in NF. This is interesting in

the context of tumor transformation as cyclin G1 (CCNG1), a miR-27a target, is a growth-
promoting cell cycle regulator'24, Additionally, ROS, which promotes CAF maturation and
modifies the proportion of CAF subtypes, is regulated by miRNAs in AD-MSCs125:126,
Specifically, miR-29a-3p and miR-30c-5p downregulate DNMT3A, reducing its ability to
methylate the upstream regulatory region and suppress the expression of the antioxidant
enzyme superoxide dismutase 2 (Sod2), which is prudent in the highly hypoxic TME of
many cancers'2. The resulting low oxidative stress could suppress CAF maturation and
tumor progression and disseminationl2’.

A notable consideration of the CAF lifecycle is the epigenetic mechanisms governing

the sustained activated state of CAFs post-maturation. Hypermethylation is a prominent
epigenetic regulatory process, with miRNA promoters commonly being subject to
hypermethylation, leading to miRNA silencing28. While most studies are centered around
these processes in tumor cells, it is possible to extrapolate the foundation of these

findings to CAF epigenomic regulation. In fact, the capacity to form regulatory feedback
loops allows CAFs to support their protumorigenic nature independent of tumor-CAF
crosstalk. Considerably, most studies fail to address the capacity of CAFs to remain

active in the absence of tumor cells. Holes in this field of research are being addressed
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in some studies; for example, a study conducted in breast cancer has shed light on an
epigenetic regulatory loop that maintains pro-tumorigenic CAF activationl07. This study
dissected the miR-200s/miR-221/DNMT3B signaling axis and demonstrated that DNMT3B
methylation reduces the levels of miR200s, which helps establish the activated state of
CAFs. Additionally, the miR-200s/miR-221/DNMT3B signaling axis sustained TGFp1
signaling, which maintained the activated CAF state. In fact, destroying the autocrine
TGFB1/miR200s/miR221/DNMT3B signaling restored the NF phenotype by demethylation
of the miR200 promoters1%7.

5. Epigenetic readers: BETs are promising targets for CAFs

Epigenetic readers are proteins with docking sites that recognize and bind to different
modifications laid down by epigenetic modifiers called “writers”129, These readers can be
categorized into bromodomains, which recognize acetylated lysine residues on histones, and
chromodomains, which recognize methylated lysine residues on histones and are linked to
transcriptional repression through the formation of heterochromatin®30. Currently, studies

on chromodomains in CAFs are limited. Mechanistic studies show that bromodomain

and extra-terminal domain (BET) proteins are regulators of multiple genes involved in
carcinogenesis, and targeting this family is a promising therapeutic approach. BET inhibitors
such as JQ1 and OTXO015 can disrupt the interaction between BET proteins and acetylated
histones, thus suppressing the transcription of multiple oncogenes. In the context of

CAFs, there are three proposed mechanisms by which BET inhibitors could function.

First, as previously discussed in this review, TGFp has a multifaceted role in regulating

the differentiation and heterogeneity of CAFs. A previous study in cardiac fibroblasts
demonstrates reduced TGFB levels upon BET inhibition31. An additional study done in

PC CAFs adds weight to this theory as it showed that TGF increases the occupancy

of the BET family member, bromodomain-containing protein 4 (BRDA4), at the promoter
regions of the profibrogenic and proinflammatory genes Co/1al and //6 where it served to
recruit transcriptional factors and machinery. The inhibitor, JQ1, prevents BRD4 binding and
acts as a suppressor of the TGFP pathway!32. The second proposed mechanism is through
inhibiting hedgehog (Hh) signaling, another major activator of CAFs. In mouse embryonic
fibroblasts, JQ1 reduces GL1, a major Hh target gene, transcription by preventing BRD4
binding®32. While both these studies show BRD4 functions through recruiting transcriptional
machinery, BRD4 is also able to recruit chromatin remodeling complexes!33. Lastly, BET
inhibition could target the non-epigenetic function of BRD4 in which it interacts with

the acetylated NFxB p65 subunit leading to suppression of proinflammatory genes and
induction of cell cycle arrest in CAFs. In fact, a study done by Wen et a/. established the
foundation for the aforementioned theories by demonstrating that BET inhibition decreases
the protumorigenic functions of CAFs in colorectal cancerl34. A study conducted by Kim et
al. demonstrated the effectiveness of BET inhibitors in the context of CAF maturation. ATF3
and CSL, which are transcriptional repressors of growth factors, proinflammatory cytokines,
and matrix remodeling proteins, work together to negatively regulate CAF activation13®,
These genes are downregulated in fibroblasts from precancerous actinic keratoses, skin
lesions, and skin squamous cell carcinomal3%:136, BET inhibition can counteract the effects
of ATF3 or CSL loss and suppress CAF tumor-promoting properties in an 77 vivo model

Biochim Biophys Acta Rev Cancer. Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kehrberg et al. Page 12

of SCC13 cells co-injected with CAFs13, Likewise, BET inhibition in PC CAFs reduces
inflammatory cytokine and growth factor secretion, attenuates desmoplasia, and significantly
reduces subcutaneous tumor growth!32, These studies support the theory that BET inhibition
can be exploited in targeting the tumor promoting functions of CAFs.

6. Perspectives/Conclusions

The combination of dense stroma and inherent drug resistance of the tumors are obstacles
that hinder cancer therapeutic interventions. Remarkably, targeting CAFs has the potential
to supersede both of these major obstacles. CAFs are major constituents of the impermeable
stroma that plagues most therapeutic interventions. Aside from behaving as a physical
barrier, CAFs facilitate the crosstalk between tumor cells and the surrounding TME237, The
CAF secretome enhances chemoresistance by maintaining cancer stemness, inducing EMT,
and promoting cancer cell survivall38.139_ |n addition, many characteristic cancer-driving
features of the tumor are ultimately rooted in the genetic instability observed within the
tumor subpopulation, resulting in challenges at preclinical and clinical levels. In light of this,
the genetic stability demonstrated by CAFs conceptually invites the model of developing
therapeutics that target tumor-promoting CAFs.

An additional consideration of CAF regulation is their lifecycle. Similar to the approaches
taken with chronic fibrosis, in which a mass of myofibroblasts deposit a surplus of ECM
through their recruitment, proliferation, and maturation, it stands to reason that each stage
of the CAF lifecycle should also be considered in the context of cancer!4%.141 Upon

further inspection of each CAF phase—priming, maturing, fully mature, and senescent-a

few concerns arise regarding targetability. The priming phase likely requires constant stimuli
from the TME, which is already a challenge to target with tumor-directed therapies, so the
feasibility of this approach is low with our existing knowledge 142. However, increasing
understanding of the events and players involved in priming provides an opportunity for
their targeting. As for the senescent phase, there is speculation about whether this is an
obligatory fate for CAFs140.143_ At the stage of full CAF maturation, stromal heterogeneity
and the microenvironment are intertwined; therefore, treatment would have to be tailored to
targeting interactions between all the TME constituents, which are still poorly understood.
Targeting the early maturation phase, though a seemingly irreversible process, holds
promise. This conjecture is founded on the premise that the reversible/irreversible regulation
of CAF maturation is epigenetic in nature, and targeting the epigenetic modifiers could
potentially result in the transdifferentiation to an inactive fibroblast phenotype.

Another, albeit intertwined, field of study, epigenetics, also provides druggable targets. As
discussed in-depth throughout this review article, DNA methylation, histone methylation,
and acetylation are key regulatory cogs of the epigenetic machinery, and dysregulation in
this space is a bona fide hallmark of cancer. Epigenetic regulation is crucial in sustaining
CAF heterogeneity as well as their transition from NF to activated fibroblastsl41. The
dysregulation of epigenetic modifications in cancer provides an opportunity for therapeutic
intervention.
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While there have been positive strides in epigenetic targeting for hematological
malignancies, the same cannot be said for solid tumors'#44. Perhaps this is due to differential
epigenetic regulation in the CAF population of solid tumors. It is important to note

that most studies have been done to investigate epigenetic targeting of the tumor cells
themselves!4°. However, as discussed, common epigenetic drugs such as the FDA-approved
histone deacetylase inhibitor, SAHA, actuality promote the pro-cancer phenotype of CAFs.
Future development of epigenetic drugs for solid tumors must take into careful consideration
both the tumor and stromal populations. Literature screens support the notion that epigenetic
therapies might be more effective in combination with other cytotoxic agents or in reversing
acquired therapeutic resistancel46. Examples of epigenetically targeting chemoresistance
include targeting both DNA and histone modifications with the combination of 5-AZA-

dC and the histone deacetylase inhibitor belinostat for ovarian cancer46. The FDA-
approved histone deacetylase inhibitors include SAHA and Romidepsin for cutaneous T-cell

lymphoma and Panobinostat against multiple myeloma, while many more are in clinical
trials147:148,

Epigenetic modifications provide an elegant and holistic explanation of how CAFs function
and adapt to accommodate the varying needs and demands of the tumor. Developing a robust
understanding of the underlying epigenetic mechanisms driving CAF biology will aid in
circumventing CAF-driven resistant phenotypes, which could be key to solving the core
issues in the field of aggressive carcinoma today.
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Figure 1. DNA methylation changes during CAF maturation.
CAFs undergo both DNA hypermethylation and hypomethylation, leading to increases and

decrease in signaling pathways causing CAF activation.
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Figure 2. Epigenetic writers, erasers, and readersthat promote or inhibit CAF maturation.
Epigenetic enzymes add, remove, or interact with histone PTMs and DNA methylation.

Inhibiting these enzymes can have positive or negative effects on CAF function.
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Figure 3. Common CAF subtypes are derived from various CAF precur sors after exposureto
CAF activating factors.

Factors secreted by cancer cells and other TME cells cause CAF precursors to mature into
CAFs through epigenetic mechanisms.
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Table 1:

Characteristic features of the unique cancer-associated fibroblasts subtypes.

Page 28

CAF subtype CAF subtype markers CAF subtype functions References
LRRC15+ CAF LRRC15 Poor response to anti-PD-L1 cancer immunotherapy | Dominguez et al.14?
increases with tumor progression

PDPN+ CAFs PDPN Worse prognosis Hu et al. 150, Friedman et
al 151

FAP+ CAF FAP Block CD8+ antitumor T cells Zhang et al.1%2, Feig et
al.153 Grout et al. 154

Steady state-like CAF PI16, DPP4 Similar to NF Foster et al.1%®

Mechanorespo nsive CAF

aSMA, POSTN, FSP1,
PDGFRa

Express mechanosensitive signaling mediators and
ECM components

Foster et al 155

Immunomodul atory CAF

111r1, Myd8s, l16st,
Cxcll

Modulates inflammatory TME

Foster et al.155

CD10+GPR77 + CAF

CD10, GPR77

Sustain cancer stemness, promote cancer formation
and chemoresistance

Su et al, 156

ECM CAF

MMP14, LOXL2,
POSTN

ECM remodeling, fatty acid metabolism,
peroxisome, invasion, shorter overall survival

Li et al.157, Valdés-Mora et
al 158

PDGFRa+ SAAl+ CAF

PDGFRa, SAAL

Stimulate tumor growth in mice

Djurec et al 159

Cancer-restraining CAF

Meflin

Favorable patient outcome, tumor vessel perfusion,
regulate collagen structure

Mizutani et al 160

Activated metabolic state
CAF

PLA2G2A, CRABP2

Highly active glycolysis, increased metastasis,
and poor prognosis, found in patients with low
desmoplasia

Wang et al 161

Igfbp5+ CAF IGFBP5, FN1, LY6C1 Found in early PanIN lesions Schlesinger et al 162

Complement-secreting C3,C7,CFD Complement system, regulates immune and Chen et al 163

CAF inflammation response

Classical CAF COL1AL, FAP ECM deposition Chen et al.163

FAP+ aSMA+ CAF aSMA, FAP Dense ECM deposition, decreases T-cell infiltration, | Grout et al.154
present in early-stage tumors

MYH11+ aSMA+ CAF aSMA, MYH11 Dense ECM deposition, which decreases T-cell Grout et al.154
infiltration, appears in more advanced tumors

S100A4+ CAF FSP1 ECM remodeling, antigen presentation Friedman et al.151

CcD53high CAF CD53 Small proportion of CAFs, cytoplasmic intermediate | Sebastian et al.164
filament, matrix glycoproteins, integrins, MMP
inhibitors

Crabp1Mish CAF CRABP1 Small proportion of CAFs, ECM proteins, Sebastian et al.164
collagens, laminins, MMPs

Mesothelial CAF UPK1B, MSLN, Portal fibroblast and mesothelial markers Affo et al.16°

KRT19

Portal CAF

PRELP, PDGFRa,

Minority CAF population, widely interacts with

Chiavarina et al. 166

MMP23B other TME cells, decreases angiogenesis, tumor
restraining function
Vascular smooth muscle CNN1, MYH11 Unknown Chiavarina et al. 166

CAF

Entoderm-related CAF

COL1AL, POSTN,
CTHRC1

Secrete growth factors, negatively associated with
the abundance of M1 macrophages

Zhao et al.167

Adhesion-related CAF

RGS5, NDUFA4L 2,
ADIRF

Adherens junctions, decreases patient survival

Zhao et al. 167
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CAF subtype

CAF subtype markers

CAF subtype functions

References

Vascular-related CAF

IGLC7, SPINK4, TFF1

Vasculature development

Zhao et al.167

Mesenchyme-related CAF

CXCL14, TMEM176B,
F3

Immune checkpoint interactions with other CAF
subtypes

Zhao et al.167

Endoplasmic reticulum-
related CAF

SERPINEL, IGF1,
S100A10

IL-6 signaling, negatively associated with the
abundance of M2 macrophages

Zhao et al. 167

Cell cycle-related CAF

HIST1H4C, TK1,
BIRCS5

Increases patient survival, interacts with other CAF
subtypes via the TIMP1-CD63 signaling pathway

Zhao et al.167

Divergent CAF

PAX3, NRP2, EDNRB

Mesenchymal/neural crest development and
amoeboidal cell movement

Costea et al.168

Interferon-regulated CAF

SLC14A1

Induced by IFN signaling, confers stemness to
cancer cells via the WNTS5A paracrine pathway,
unfavorable clinical outcomes

Ma et al 169

STAR+ CAF

STAR, TSPANS,
ALDH1A1

Enriched after chemotherapy

Loret et al 170
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