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Abstract

Colorectal cancer (CRC) is one of the leading causes of mortality among cancers. Many aspects of this cancer are under
investigation to find established markers of diagnosis, prognosis, and also potential drug targets. In this review article, we
are going to discuss the possible solution to all these aims by investigating the literature about cancer-associated fibroblasts
(CAFs) involved in CRC. Moreover, we are going to review their interaction with the tumor microenvironment (TME) and
vitamin D and their role in tumorigenesis and metastasis. Moreover, we are going to expand more on some markers produced
by them or related to them including FAP, a-SMA, CXCL12, TGF- B, POSTN, and p1-Integrin. Some signaling pathways
related to CAFs are as follows: FAK, AKT, activin A, and YAP/TAZ. Some genes related to the CAFs which are found to
be possible therapeutic targets include COL3A1, JAM3, AEBPI and, CAF-derived TGFB3, WNT2, and WNT54.
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Introduction

a. Colorectal cancer (CRC) and its treatment

As the new era has brought about unhealthy lifestyles,
it has also bequeathed us related diseases such as soared
incidence of colorectal cancer (CRC) [1]. Reportedly, CRC
is the third most prevalent cancer in the US [2].
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Currently, chemotherapy with 5-fluorouracil (5-FU) com-
bined with oxaliplatin is the first-line treatment for CRC;
however, due to its adverse effects, there is an investiga-
tion to find safer and also more efficient alternatives [3, 4].
Despite the progress in detecting appropriate biomarkers for
screening, there is still room for investigations to predict bio-
markers of metastasis, tumor staging, and to track the effec-
tiveness of the treatments [5]. Studies suggest the benefit of
cancer-associated fibroblasts (CAFs) and their products to
serve this purpose.

b. Cancer-associated fibroblasts (CAFs)

CAFs are known to be involved in different cancer types
through their excess production of fibrosis, chemokines, and
different factors such as hepatocyte growth factor (HGF),
and fibroblast growth factors (FGFs), which also mediate
their role in tumor metastasis and angiogenesis [6]. It is sug-
gested that they are originated from bone marrow-derived
mesenchymal cells, which are kindled by C-X-C motif
chemokine ligand 12 (CXCL12) signaling and transform-
ing growth factor betal (TGF-f) [7]. Moreover, they are
heterogeneous with different effects on tumors [8]. They are
an important component of the tumor microenvironment
(TME) and are affected by the operative agents of TME such
as vitamin D [9].
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«Fig. 1 An overview of CAF-related pathways associated with CRC
angiogenesis, resistance to immune checkpoint blockade, metasta-
sis, and tumorigenesis. Wnt2, wnt family member 2; ANG-2, angi-
opoietin; IL-6, interleukin-6; PDGF, platelet- derived growth factor;
G-CSF, granulocyte colony-stimulating factor; FAP, fibroblast acti-
vation protein-a; CAF, cancer-associated fibroblast; CRC, colorectal
cancer; a-SMA, alpha-smooth muscle actin; HGF, hepatocyte growth
factor; FSP1, fibroblast specific protein 1; CD163, cluster of differ-
entiation 163; DC-SIGN, dendritic cell-specific intercellular adhe-
sion molecule-3-Grabbing non-integrin; POSTN, periostin; IL-6,
interlukin-6; ADAMs, a disintegrin and metalloproteinases; DR, des-
moplastic reaction; PKC{-SOX2, protein kinase CC-sex determining
region Y-box 2; CXCRS5, C-X-C chemokine receptor type 5

c. CAF-related molecules

CAFs have vital roles in determining the characteristics
of colorectal tumors. They can secrete factors that contrib-
ute to angiogenesis, tumor invasion, and therefore, mark-
ers for detecting colorectal tumor progression. Moreover,
B1-Integrin activation in fibroblasts which is induced by
TNIIIA2 may lead to malignancy [10]. The protein kinase
CC- sex-determining region Y-box 2 (PKC{-SOX2) axis is
considered to be an essential component in controlling CAF
tumorigenic properties in colorectal cancer [11]. Platelet-
derived growth factor (PDGF) activates CAFs via snail
through the FAK (focal adhesion kinase) pathway which in
turn promotes tumor progression and angiogenesis [12]. For
instance, they express wnt family member 2 (wnt2) which
can be a potential target in colorectal cancer immunotherapy
[13]. Wnt2 can increase pro-angiogenic signaling by increas-
ing the expression of angiopoietin (ANG-2), interleukin-6
(IL-6), placental growth factor (PGF) and, granulocyte col-
ony-stimulating factor (G-CSF) [14]. Moreover, fibroblast
activation protein-a (FAPs) secreted by CAFs have a role in
colorectal tumor angiogenesis [15]. Their role in colorectal
tumor metastasis is also significant. It is observed that CAFs
may act differently and their tendency for venous invasion
varies [16]. Data suggest that CAF markers like fibroblast
activation protein-a (FAP-a) and epithelial-mesenchymal
transition (EMT) related agents can be beneficial for track-
ing colorectal tumor development [17]. Additionally, FAP
is a factor that may cause resistance to immune-checkpoint
blockade [18]. CAFs express higher levels of alpha-smooth
muscle actin (a-SMA), HGF, fibroblast specific protein 1
(FSP1), cluster of differentiation 163 (CD163), periostin
(POSTN/PN) gene and, dendritic cell-specific intercellular
adhesion molecule-3-Grabbing non-integrin (DC-SIGN)
which are involved in colorectal cancer invasion and can
be suitable biomarkers for colorectal cancer progression
[19-21]. A disintegrin and metalloproteinases (ADAMs)
expressed by CAFs play a role in desmoplastic reaction
(DR) which signifies their role in colorectal tumor metas-
tasis [22]. Also, RAB31 (member RAS oncogene family)
secreted by CAFs is indirectly involved in colorectal cancer

metastasis via promoting HGF secretion [23]. CircSLC7A6
(a circRNA derived from the SLC7A6 gene) released from
CAFs enhances colorectal tumor metastasis by acting on
C-X-C chemokine receptor type 5 (CXCRS) receptors and a
potential antagonist is matrine [24]. Periostin derived from
fibroblasts promotes colorectal tumor progression and simul-
taneously, IL-6 secreted from colorectal tumor cells induces
periostin expression [25]. Besides, it helps cell migration via
the AKT pathway [26].

As the CAF’s role in carcinogenesis is so significant,
many efforts have been done to discover CAF-related sign-
aling pathways to control them. As a good example, some
factors are known to contribute to the transformation of
normal fibroblasts into CAFs like TGFB1 [27]. Calcium/
calmodulin-dependent protein kinase II (CaMKII) is proved
to be a mediator in the TGFf1 signaling pathway and it
might be a potential treatment for CRC [27]. CAFs receive
signals via their receptor, C—C motif chemokine receptor
5 (CCRYS). Therefore, it is an essential contributor to their
signaling pathway [28]. It is suggested that targeting CCRS5
might be a potential anti-CRC therapy [28]. Cellular cal-
cium availability plays an important role in CAF mobility
and therapeutic approaches against it can be of benefit [29].
This pathway is induced by 12-hydroxyeicosatetraenoic acid
(12(S)-HETE) which is secreted by colon cancer cells [29].
Small non-coding RNAs (Snc-RNAs) should also be taken
into consideration as diagnostic and prognostic markers [30].
These molecules are CAF-derived and they act as a mediator
between different extra-cellular matrix (ECM) components
and colon cancer cells [30]. Exosomal micro-RNAs are
known as mediators in ECM-tumor crosstalk [31]. In this
review, we will investigate the factors secreted by CAFs and
their tumorigenic, metastatic and, prognostic roles. Figure 1
provides a summary of CAF-related pathways involved in
CRC development and pathogenesis. Figure 2 reviews some
molecular pathways that regulate the function of CAFs. We
also will discuss CAF-associated therapeutic targets.

Some suggested drugs against CAFs which may have a
therapeutic role in colorectal tumors include: lipid nano-
capsules loaded with acriflavine (LNC-ACF) or paclitaxel
(LNC-PTX), NSAIDs combined with vincristine and micro-
satellite instability (MSI) -N1014 [32-34].

Cancer-associated fibroblasts (CAFs)

a. Effects of microenvironment on fibroblasts

In a study performed on cultured primary human umbili-
cal vein endothelial cells (HUVECS/ECs), it was observed
that TME stiffness stimulates tumor metastasis [35].
Activin A secreted by CAFs has a major role in pro-met-
astatic changes in epithelial cells induced by TGF-f [36].
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Fig.2 An overview of pathways
and molecules acting on CAFs.
TGF-f, transforming growth
factor betal; CaMKII, calcium/
calmodulin dependent protein
kinase II; CCR5, C-C motif

Malignancy TNINIA2

hemoki tor 5; PDGF,
chemokine receptor TGF-B CaMKIll

platelet- derived growth factor;
FAK, focal adhesion kinase;
12(S)-HETE, 12-hydroxyeico-
satetraenoic acid; CAF, cancer-
associated fibroblast; CRC,
colorectal cancer

CAF

A study investigated the effect of TME’s stiffness on the
secretion of activin A from CCD18 fibroblasts [37]. They
altered CCD18 stromal cells to CAFs [37]. It was found that
higher stiffness induced tumor spreading [37]. Additionally,
it was observed that activin A had a significant role in the
tumor metastasis because by using follistatin which is its
ligand trap, tumor metastasis was halted [37]. The integrin
pathway acted as a promoter for activin A secretion [37].
Arg-Gly-Asp-Ser (RGDS) peptide was beneficial in decreas-
ing activin A secretion although not very noteworthy [37].
Follistatin also inhibited snail expression and E-cadherin
reduction which highlights the role of activin A in EMT
[37]. EMT is a process through which cells increase their
potential to metastasis and therefore, it is considered to have
an important role in tumorigenesis [38]. The serum level of
Activin A was elevated in patients with stage IV tumors and
when the TME stiffness was between 5.58—68 kPa [39-41].
Furthermore, activin A serum level was a beneficial marker
for tumor metastasis [37]. So, TGF-p promotes activin A
secretion by CAFs and this action is promoted by increased
TME stiffness which activates TGF-f [37, 42—46]. Activin
A secretion was the highest in the stiffness of 40 kPa [37].
Activin A signaling pathway may also be a potential thera-
peutic pathway [37].

In another study performed on cell lines SW620 (ATCC,
CCL-227), SW480 (ATCC, CCL-228), Human colorec-
tal fibroblast CCD-18-co (ATCC, CRL-1459), and LoVo
(ATCC, CCL-229), CAFs were shown to be of importance
in determining the metabolism of CRCs [47]. For instance,
a study suggests that CAFs cultured with CRCs more prone
to oxidative stress and autophagy produced more 1A/1B-
light chain 3 (LC3) and BCL2 interacting protein 3 (BNIP3),
which are the autophagy-related proteins [47]. Also, caveo-
lin 1 (cav-1) and autophagy metabolites were decreased [47].
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These events were reversed when oxidative stress inhibi-
tors were added to the medium [47]. For example, isocitrate
dehydrogenase [NADP(+)] 2 (IDH2), cav-1 and, glycolysis
enzymes were increased while autophagy and prolifera-
tion were decreased [47]. Moreover, it was supported that
a higher rate of autophagy was in favor of tumor cells’ sur-
vival due to increased nutrients (pyruvic acid/lactic acid)
and its defensive role against oxidative harm [47]. Finally,
autophagy and oxidative stress inhibitors were suggested as
therapeutic options for CRC [47].

Another study, conducted on the resected primary tumors,
suggested that CAFs contributed to peritoneal metastasis-
colorectal cancer (PM-CRC) might consume free fatty acids
(FFAs) and depend on fatty acid oxidation (FAO) [48]. Car-
nitine palmitoyltransferase IA (CPT1A) over-expression in
CAFs enhances CRC tumor metastasis [48]. These data
were confirmed by the observation that adding oleic acid
to drinking water promotes tumor growth [48]. This study
could not confirm the CAF inhibition but claimed that there
is still room for more studies on the role of FAO inhibition
on CAFs [48].

It was observed that CPT1A over-expression in CAFs™
causes altered metabolism from glycolysis to oxidative phos-
phorylation [48]. In addition, CPT1A over-expression leads
to increased secretion of vascular endothelial growth factor-
A (VEGF-A), matrix metalloproteinase2 (MMP2), and C—C
motif chemokine ligand 2 (CCL2) resulting in more inva-
sive behavior of tumor [48]. Aerobic glycolysis that plays
a role in promoting tumor metastasis may be promoted
by CAFsCPTIA-CE a5 a result of CPT1A downregulation in
tumor cells [48]. It was suggested that PM-CRC patients
may be appropriate to receive anti-angiogenic agents and
glycolysis-inhibitors due to their dependence on glycoly-
sis [48]. Additionally, it was observed that serum-derived
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carcinoembryonic antigen (CEA) stimulates fibroblasts in
a paracrine manner as well as increasing the expression of
a-SMA, VEGF and, fibronectin containing extra domain
A (Fn-EDA) in a study carried out on the primary normal
human neonatal dermal fibroblasts (ATCC PCS-201-010)
and the human carcinoma cell lines HT-29 (ATCC HTB-
38), LS174T (ATCC CL-188) [49]. It was also reported that
serum carcinoembryonic antigen (SCEA) had a role in the
switch of fibroblasts to type 2 CAFs which promote can-
cer metastasis through AKT serine/threonine kinase 1- the
protein kinase complex mechanistic target of rapamycin
complex 1/signal transducer and activator of transcription
3 (AKT1-mTORCI1/STAT3) signaling pathway [49, 50]. In
another study performed on the human SW620 (CCL-227,
lymph node metastasis) and SW480 (CCL-228, primary
tumor) colorectal adenocarcinoma cells, it was demon-
strated that colon cancer cells induce malignancy by pro-
ducing 12(S)-HETE which acts on CAFs [29]. This com-
ponent does so by its mediatory action on CamKs and Ca*
resulting in phosphorylation of myosin light chain 2 (MLC2)
and circular chemo-repellent induced defects (CCID) for-
mation [29]. Consistent with these data, diminished CCID
development was observed as Ca’" was chelated with
1,2-Bis(2-aminophenoxy)ethane-N, N, N', N'-tetraacetic acid
tetrakis(acetoxymethyl ester) (BAPTA-AM), rhosin inhib-
ited Rho-associated kinase (RHO/ROCK) and, MLC2 block-
ade by hindering myosin light chain kinase (MYLK) [29].
RHO had positive feedback on Ca>* release and by blocking
it calcium which is an essential component in tumor mobil-
ity [29]. As a result, it was suggested that drugs that act on
calcium accessibility may be a good option to fight against
metastasis [29].

Vitamin D or 1,25(OH)2D3 was suggested as a protective
factor against CRC through its role in inhibiting CAFs in a
study on the tissue samples from colon primary tumor and
morphologically normal colonic mucosa [51]. Its upregula-
tion on CAFs was shown to be a good prognostic factor
which indicated a better prognosis [51].

The role of CAFs in tumorigenesis
of colorectal cancer

The role of CAFs in angiogenesis was confirmed by observ-
ing VEGF-positive CAFs in the metastatic CRC [52]. These
CAFs may be originated from mesenchymal-to-mesothelial
transition (MMT) [52]. In another study, it was detected
that colorectal tumorigenesis in mice was diminished by
down-regulation of periostin [25]. Periostin is a compo-
nent of non-structural matrix proteins and it is produced by
CAFs [21, 53]. It was also detected that down-regulation of
PN led to reduced proliferative cell number. Therefore, it
was implied that it had a role in epithelial cell proliferation

along with tumorigenesis [25]. In addition, Yes-associated
protein 1/ WW-domain-containing transcription regulator
1 (YAP/TAZ) knockdown resulted in a major decrease in
cell proliferation regardless of PN enrichment which is con-
sistent with the idea that PN induces cell proliferation via
YAP/TAZ pathway [25]. PN triggers YAP via the integrin-
FAK-Src pathway [25]. Decrease in PN led to a decrease
in IL6 in tumor cells and stimulation of YAP by PN led
to increased levels of IL6 [25]. Also, PN production was
enhanced through IL-6-STAT3 signaling [25].

In a study aimed at finding the correlation between PN
and CRC, it was found that PN can induce hostile acts
of the tumor via integrin (ITG) a5p1 and ITGa6B4 in an
AKT-dependent manner [26]. Also, it was observed that
after introducing PN to the medium the levels of pAKT and
pERK raised [26]. Thus, PN was suggested as a valuable
marker to determine poor prognosis [26]. Combination treat-
ment with agents targeting autophagy and PN-ITG-AKT-
dependent signaling pathway was suggested as a promising
therapy against CRC [26]. Furthermore, it was supported
that angiogenesis and ECM remodeling are carried out by
the collaboration of snail-producing fibroblasts [12]. Con-
sistent with this data, it was suggested that there is a cor-
relation between snaill expression and CD34, an indicator
for angiogenesis [12]. Endothelial activation by PDGF was
facilitated by snaill [12]. Snaill might be a good option to
estimate the benefit of treatment for the patient [12]. Table 1
provides a summary of tumorigenesis-related factors.

The role of CAFs in the metastasis
of colorectal cancer

CAFs are very heterogenous and they vary in expressing
different factors including «SMA, vimentin, and FAP [54].
These factors are not always an indicator of stimulated fibro-
blasts [54]. Bone morphogenic proteins (BMPs) are secreted
by epithelial cells to maintain their stability [55]. Especially
it is realized that BMP2 and BMP7 have a significant tumor
suppressor role by inhibiting invasion and EMT [56-60].
Gremlinl (GREM1) which is expressed by CAFs and to
a lesser extent by cancer cells can cause tumor metastasis
[61-63]. Tumor budding (TB) is another factor that is impor-
tant in determining metastatic potential [64]. In addition, TB
plays an important role in lymph node metastasis (LNM)
of submucosal invasive colorectal cancer (SiCRC) [64, 65].
Another study suggested that the utility of TB may vary
among individuals [66].

It was also observed that FAP-1 overexpression, which
is almost exclusively expressed by CAFs, was an essential
LNM determinant [15, 66, 67]. FAP-1 might be a useful
indicator to assess LNM in SiCRC through its role in induc-
ing cancer growth [66]. It can both, directly and indirectly,
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play a key role in identifying ECM [66]. Directly by damag-
ing ECM and indirectly by maintaining protease/protease
inhibitor balance [15, 67, 68]. FAP-1 can modify collagen
fibers and other proteins in the ECM and this process might
grant treatment options for researchers [17, 69].

Another study suggested that CRC progression is moni-
tored by CAFs through the wnt pathway and especially
wnt2 which mediates CRC-CAF interaction and is secreted
in a paracrine fashion [54]. Factors important in determin-
ing tumor invasion such as TNM stage, LNM, invasion to
vessels, angiogenesis and, recurrence are highly associated
with wnt2 expression [14, 54]. Also, wnt2 was not related
to tumor location [54]. This finding was consistent with pre-
vious data suggesting that wnt2 secretion from CAFs pro-
moted CRC metastasis and invasion through muffling den-
dritic cell (DC) differentiation by stimulating suppressor of
cytokine signaling-3 (SOCS3) production in DC precursors,
and therefore, suppressing the p-Janus Kinase 2 (JAK2)/p-
STAT3 (Tyr705) pathway [13, 70]. Furthermore, wnt2 might
be a therapeutic option against CRC [54]. It was observed
that anti-wnt2 therapy subdued tumor progression through
CD8 + T-cells and increased the effect of anti-programmed
death-1 (anti-PD-1) therapy [13].

In another study aimed at finding the correlation between
miRNAs and tumor progression, it was observed that upreg-
ulation of miR-192 or miR-17 in CAFs is associated with a
less invasive manner of tumor cells which was consistent
with previous data suggesting that carcinomatous cells fol-
low CAFs footprints during metastasis [71-73]. This study
supported that upregulation of miR-192, miR-17 and, miR-
200 was associated with down-regulation of ECM remod-
eling genes and this pathway might be a promising treatment
that inquires further study [73]. Additionally, another study
suggested that CAF-derived exosomal miRNAs have prog-
nostic and diagnostic roles [31]. This study focused on miR-
21 which was expressed in high amounts in CAFs and could
be transferred to CRC cells via stroma [31]. High levels of
miR-21 were associated with poor prognosis, extra invasion
and, the proliferation of cancer cells [31].

In a study investigating various factors that correlate
CAFs to CRC, it was observed that down-regulation of fol-
listatin like 1 (FSTL1) and transgelin (TAGLN) in CCD-
18Co cell line lead to proliferation stimulation in HT-29 and
LoVo cell lines [74]. Secreted protein acidic and cysteine-
rich (SPARC) protein might serve the same function [74].
TAGLN can inhibit tumor metastasis both in an autocrine
and paracrine way [74]. In addition, FSTL1 did not play an
essential role in tumor prognosis [74]. Moreover, f1-integrin
activation in fibroblasts induced by Tenascin C (TNC) pep-
tides which hold TNIIIA?2 in azoxymethane/dextran sodium
sulfate (AOM/DSS) mouse models was correlated with
stimulated metastatic behavior of colitis-associated colorec-
tal cancer (CAC) [10]. This pathway could be a promising
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therapeutic option that is blocked by a cryptic de-adhesive
site within fibronectin molecule (FNIII14) [10].

Moreover, in another study investigating the role of
RAB31 secreted by CAFs it was observed that not all CAFs
secrete RAB31 [23]. Among growth factors and cytokines
which are induced by RAB31, hepatocyte growth factor
(HGF) seemed to have a more important role [23]. HGF is
produced by fibroblast and stimulates epithelial cell migra-
tion [75]. RAB31 induces HGF secretion by binding to it and
enhancing its secretion or by contributing to the transporta-
tion complex [23]. As aresult, RAB31 augments CRC inva-
sion via HGF/Met signaling pathway [23]. Another study
suggested that c-Met phosphorylation which was stimulated
by fibroblast-derived HGF played a significant role in tumor
invasion and there is room for more investigation about its
potential efficacy as a treatment [76]. Additionally, it was
observed that CAFs promote tumor progression by stimulat-
ing 18F-fluorodeoxyglucose (FDG) uptake thus standardized
uptake value (SUV) [77]. So, SUVmax might be a beneficial
indicator of tumor progression [77]. Table 2 provides a sum-
mary of CAF-associated factors related to metastasis.

CAFs and the prognosis of colorectal cancer

A study supported that upregulation of FAP-1 in the cancer
front might be a beneficial predictor of prognosis [15, 67].
Moreover, it was suggested that FAP caused resistance to
immune checkpoint blockade in CAFs by stimulating anti-
PD-1 expression. Also, it was observed that an increased
level of FAP was associated with an increased level of
myeloid-derived suppressor cells (MDSCs) which plays a
major role in immunosuppression [18]. Also, increased FAP
caused a decrease in CD37 cells, helper T cell 1 (Ty1), and
natural killer T (NKT) cells, and an increase in macrophages,
monocytes, and CD11b" cells which were associated with
immunosuppression and tumor progression [15, 18]. In addi-
tion, it led to augmented levels of CD25*forkhead Box P3
(FOXP3+) T lymphocytes through regulating dipeptidyl
peptidase 4 (DPP4), CD73, and, Bcl-2 Homology 3 (BH3)
[15]. Another mechanism of immunosuppression induced
by FAP was the higher expression of CCL2 [18]. CCL2
conducted this action by increasing regulatory T cells and
MDSCs in TME [78, 79]. Therefore, anti-CCL2 therapy
might be an efficient option [18]. FAP/nuclear p-catenin
(BCAT) upregulation in invasion to the lymph nodes was
correlated with poor disease-free survival (DFS) rates
among patients suffering from adenocarcinoma (AdC) [17].

It was suggested that POSTN expression plays a role in
tumor growth, proliferation and, metastasis and contributes
to the tumor categorization of T, N, or M [21]. The TNM
system is developed for staging tumors regarding their size,
lymph node involvement, and metastasis [80]. Also, it was
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shown that POSTN alters the activity of the HEK 293 T cell
line from tumorigenic but non-metastatic to metastatic [81,
82]. It was also related to TB which is considered as an indi-
cator of poor prognosis [21, 83]. In addition, there was a link
between higher levels of POSTN and CpG island methylator
phenotype (CIMP)-high and B-Raf proto-oncogene, serine/
threonine kinase (BRAF) which are indicators of changes
in neoplasia [21]. Furthermore, secreted frizzled-related
protein1/2 (SFRP1/2), which stimulates tumor malignancy
by modifying CAF phenotype, was expressed as SOX2 was
stimulated through PKCC inhibition [11]. Also, Sfrp targets
the wnt signaling pathway which induces its tumorigenicity
[11]. PKCC generates immunosuppression mediated by con-
sensus molecular subtype 4/copper chaperone for superoxide
dismutase3 (CMS4/CCS3) as well [11]. Moreover, PKC{
and TGF-p maintain the link between epithelium and the
stroma that subsequently, causes decreased PKCC expres-
sion by the upregulation of TGF-f [11]. Both stromal PKC{
and SOX2 levels were the indicators of bad prognosis [11].

In another study, a-SMA, AE binding protein 1 (AEBP1)
and, zinc finger E-box binding homeobox 1 (ZEB1) were
correlated to invasion to the submucosa while suggest-
ing more investigations about the benefits of CD10 as a
marker [84]. Additionally, podoplanin (PDPN) — xSMAMeh
CAFs indicated the malignancy of the tumor while PDPN/
S100A4"E" CAFs indicated TB and invasion to the lympho-
vascular [85]. Consistent with this finding, another study
supported that fibrosis and aSMA in metastatic lymph nodes
(MLN) are associated with poor prognosis, increased recur-
rence rates and, lower survival rates [86]. In another study
investigating the prognostic value of CAF-related markers
including a-SMA, FSP1, and FAP in the colon and rectal
cancer, it was observed that their potential role is less signifi-
cant in rectal cancer compared to colon cancer [20]. Table 3
provides a summary of the factors discussed in this section.
Also, Fig. 3 illustrates some of the well-known CAF-related
prognostic factors.

The role of CAFs in the treatment
of colorectal cancer

In a study comparing the effectiveness of different therapeu-
tic options against CAFs in CRC including chemotherapy
with oxaliplatin, alternative chemotherapy containing SN38
(NKO012) and PTX, fibroblast growth factor targeting (suni-
tinib, nintedanib) from multiple kinase inhibitors family,
hypoxia-inducible factor (HIF), and EMT inhibitors, p53
activators, and apoptosis and autophagy stimulators i.e.
ACEF, it was found that anti-proliferative agents and chemo-
therapies were not efficient against CAFs [32]. Meanwhile,
PTX sensitivity was higher when added to CAFs when com-
pared to the previously mentioned agents but it was lower

when administered to the CRC cell line [32]. However, suni-
tinib and ACF sensitivity were similar in both CRC cells and
CAFs [32]. ICs, against CAFs was lowest for ACF and PTX.
In addition, it was observed that combination therapy with
PTX/ACEF albeit well-tolerated, was not more effective than
each treatment alone [32]. PTX monotherapy was more cyto-
toxic and CAFs were more sensitive to ACF monotherapy
[32]. Both PTX and ACF were covered by lipid nanocap-
sules (LNC) [32].

In another study aimed at investigating the regulatory
effects of matrine on the CRC tumorigenesis, it led to the
inhibition of CRC tumorigenesis via reducing circular
SLC7A6 (circSLC7A6) [24]. CircSL7A6 is an exosomal
secretion of CAFs which has a regulatory effect on CXCRS5
via tumor-associated miRNAs (such as miRNA-21 and
miRNA-200 family) [24].

In a study investigating the potential targets for CRC treat-
ment, it was observed that WNT2 and WNT54 knockdown
is beneficial in inhibiting tumor formation [87]. Similarly,
knockdown of collagen type Il alpha 1 chain (COL3AI),
Jjunctional adhesion molecule 3 (JAM3), AEBP1 and, CAF-
derived TGFB3 was efficient [87]. COL3AI encodes a
component of collagen and its expression by fibroblasts is
enhanced by TGF-f [88]. JAM3 (JAM-C) encodes an adhe-
sion molecule that enables endothelial cell adhesion [89].
AEBPI (ACLP) is also encoded by fibroblasts and acts in
ECM remodeling [90, 91]. This study also stated that the

Table 1 CAF-associated factors related to tumorigenesis

Factor Pathway Result References
VEGF - - [52]
Periostin YAP/TAZ IL-6 [25, 26]
AKT ITGaS5p1 and
ITGa6p4
PDGF Snaill CD34 [12]
Table 2 CAF-associated factors related to metastasis
Factor Pathway References
Vimentin - [54]
FAP-1 - [66]
GREM1 - [61]
WNT(WNT2) SOCS3* [13,70]
p-JAK2/p-STAT3
(Tyr705)**
aSMA - [54]
miR-200 - [73]
miR-192 or miR-17 |
B1-integrin - [10]
RAB31 HGF/Met [23]

*Upregulation; **Down regulation
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Table 3 CAF-associated factors related to prognosis

Factor Pathway References
miRNA-21 - [31]
Anti-PD-1 [18]
MDSCs
CD3" cells, Ty1 and, NKT cells* Macrophages, monocytes, and CD11b™ cells** [15]
[18]
DPP4, CD73 and, BH3 CD25*FOXP3" T lymphocytes 1 [15]
CCL2 Regulatory T cells and MDSCs in TME [79]
POSTN Regulatory T cells and MDSCs in TME [21]
CIMP-high and BRAF
SFRP1/2 SOX2 [11]
Whnt pathway signaling
PKC( CMS4/CCS3 [11]
AEBP1 - [84]
ZEB1 - [84]
a-SMA - [84]
CD10 - [84]
FSP1 - [20]
Collagen formation - [5]
Desmoplasia - [5]
PRO-C3 - [5]

*Down regulation, **Upregulation

Snc-RNA

a-SMA
HGF
FSP1
CD163
DC-SIGN
POSTN

Prognostic factor

L

CAF

Fig.3 An overview of CAF-related pathways associated with CRC
prognosis. FAP, fibroblast activation protein-a; snc-RNA, small non-
coding RNA; a-SMA, alpha-smooth muscle actin; HGF, hepatocyte
growth factor; FSP1, fibroblast specific protein 1; CD163, cluster of
differentiation 163; DC-SIGN, dendritic cell-specific intercellular
adhesion molecule-3-Grabbing non-integrin; POSTN, periostin; CAF,
cancer-associated fibroblast; CRC, colorectal cancer

combination therapy by targeting ovarian cancer G-protein-
coupled-receptor-1 (OGR1) protein with chemotherapy
might have a promising outcome [87]. PRO-C6, a biomarker
of collagen VI formations was proved to be beneficial in
determining the response to bevacizumab treatment [5].
In addition, collagen formation was associated with poor

@ Springer

prognosis in metastatic colorectal cancer (mCRC) [5]. Also,
desmoplasia was associated with unhinged collagen turn-
over which indicated a poor prognosis [5]. The patients with
lower levels of all four types of collagen had a longer sur-
vival rate. From the biomarkers studied, PRO-C3 was the
best in predicting prognosis [5].

Maraviroc, a CCRS antagonist was found to be a benefi-
cial treatment against CAF-enriched cancers like colon can-
cer due to the role of CCR5 in CAF gathering [28]. Vincris-
tine monotherapy was suggested to be ineffective because
of its role in inducing the release of TGF-fs and IL-6 from
CAFs and subsequently, metastasis [33]. On the contrary,
combining vincristine with anti-inflammatory treatments
eliminated the complications of monotherapy [33]. CAF
induces 5-FU resistance by increasing its ICs, twice naive
colorectal cells [34]. Moreover, CAF increases migratory
properties of CRC cells by upregulating clusters of differ-
entiation 44 positive (CD44%) cells and side-population
(SP) cells [34]. Another mechanism of resistance-induction
by CAFs is through the increased level of Thr68 phospho-
rylation of checkpoint kinase 2 (CHK?2) in CRC cells [92].
CHK?2 is a protein that promotes tumor cell survival via
maintaining genome integrity, providing a survival signal
while cells are exposed to agents that might damage DNA,
and mitosis progression [92]. A study aimed at finding the
therapeutic potency of MSI-N1014 in CRC demonstrated
that this small-molecule agent did so by reducing CAF for-
mation and diminishing 5-FU resistance by eliminating IL-6,
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leucine-rich repeat-containing G-protein-coupled receptor
5 (LGRS), mTOR, and f-catenin [34]. Also, the levels of
miR-142-3p which acts as a tumor suppressor increased
after introducing MSI-N1014 [34]. This study also stated
that miR-142-3p could be a helpful therapeutic agent besides
being a useful marker in determining prognosis [34]. In
a study investigating the benefits of NADPH oxidase 4
(NOX4) as a therapeutic target, it was observed that this
factor mediates CAF differentiation and accumulation [93].
It does so by producing reactive oxygen species (ROS) unre-
lated to TGF-f [93]. Also, inhibiting this enzyme was effec-
tive in repealing the tumor-promoting functions of CAFs
and backsliding the a-SMA-positive CAFs into fibroblasts
[93]. The latter data were suggestive of the revertible nature
of CAFs [93]. The NOX1/4-inhibitor used in this study was
setanaxib (GKT137831) [93]. In summary, NOX-inhibitors
seem to be beneficial agents, since CAFs have an essential
role in tumor resistance to chemotherapy [93].

Also, there are some ongoing studies like aflibercept that
are conducting in phase two [94]. There is a list of men-
tioned treatment options in Table 4.

Interactions between CAFs and immune
system

It was observed that FAP expressed by CAFs has a critical
role in anti-tumor immune response regulation by induc-
tion of tumor-promoting inflammation [95]. Moreover, genes
with a role in immune cell responses were expressed more
in FAP-enriched environments, accentuating its role as an
inflammation promoter [15]. A link between FAP overex-
pression and immune therapy resistance was suggested [79].

Table 4 Treatment options targeting CAFs in CRC

In a study utilizing the xCell algorithm, it was found that
in a FAP-rich environment, the function of NKT and Tyl
cells were inhibited; however, the operation of the Tregs,
macrophages, and monocytes was promoted [15]. Another
study suggested a mechanism for immunosuppression by
FAP via CCL2 [18].

In the CMS1 subtype of CAFs, upregulation of proteins
with critical roles in immune response pathways was dem-
onstrated [96]. These proteins are correlated with a dispersed
immune infiltrate containing cytotoxic T cells and Tyl
[96]. For more instance, BRAF (v-raf murine sarcoma viral
oncogene homolog BI) mutations were highly occurring in
CMSI cell-line [96]. In another study, it was found that the
levels of stromal CD147 cells, stromal and tumoral IL-2Ra,
stromal and tumoral CD33, and tumoral PD-L1 were higher
in a FAP-a-enriched environment [97].

a. CAF and immunotherapy

As for immunotherapy, different approaches have been
suggested related to CAFs. One of the mechanisms can be
fibroblast recruitment and activation blockage. To achieve
this goal different targets such as TGF- p, FAK, fibroblast
growth factor receptor (FGFR), connective tissue growth
factor (CTGF), and sonic hedgehog (SHH) are suggested.
Another mechanism might be shifting the fibroblast sub-
population balance via targeting chimeric antigen recep-
tor (CAR)-T cells and antibody—drug conjugates (ADCs).
One other mechanism can be blocking immunosuppres-
sive and tumor-promoting signals from fibroblasts by the
inhibition of vitamin D receptor, angiotensin, CXCL12/
CXCR4, and TGF- p [98]. Moreover, it was observed that
CAFs produce IL-6 which causes immunosuppression in

Treatment options Targeted pathway/molecule References
- WNT knockdown (WNT2- WNT54) [87]
FNIII14 p1-integrin [10]
- c-Met [76]
- Anti-CCL2 [18]
PTX - [32]
ACF - [32]
PTX/ACF combination - [32]
Matrine Reducing circular SLC7A6 (circSLC7A6) [24]
- Knockdown of COL3A1, JAM3, AEBPI and, CAF-derived TGFB3 [87]
- Combination of targeting OGR1 protein with chemotherapy [87]
- CCRS antagonist [28]
Vincristine/anti-inflammatory treatment - [33]
combination
MSI-N1014 Eliminating IL-6, LGRS, mTOR, and p-catenin, increasing miR-142-3p [34]
GKT137831 NOX4 [93]
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the murine-derived Colon26 cancer cells [99]. One possible
mechanism for this phenomenon might be conducted by the
regulation of CD8" or FoxP3* lymphocytes [99]. Therefore,
targeting the IL-6 production pathway or the pathway by
which it exercises its effects or even targeting IL-6 itself
might be beneficial in treating CAF-related cancers includ-
ing CRC.

Conclusion

The importance of CAFs in prognosis, diagnosis, tumori-
genesis, metastasis, and treatment of CRC was discussed in
this article. Several studies are suggesting the role of dif-
ferent CAF-related markers in tumorigenesis i.e. VEGF,
periostin, and PDGF. These markers might be beneficial as
therapeutic targets. They can also serve as tumor markers for
early detection of the disease. Moreover, some studies have
reported the pathways through which these markers promote
tumor progression. These pathways might be potential tar-
gets for developing new drugs and treatments. Some other
studies have investigated the role of CAF-related markers
in tumor metastasis including vimentin, FAP-1, GREM-
1, WNT, aSMA, miRs (miR-17, miR-192, and miR-200),
B1-integrin, and RAB31. These markers can be used to
determine the stage of the disease and its prognosis. Addi-
tionally, some of these studies have illustrated the pathways
through which these actions are conducted like SOCS3,
p-JAK2/p-STAT3 (Tyr705), and HGF/Met. Furthermore,
some factors including miRNA-21, FAP-1 (through Anti-
PD-1 and MDSCs, alterations in cell lines, DPP4, CD73
and, BH3, etc.), POSTN, SFRP1/2, PKC{, AEBPI1, ZEBI1,
a-SMA, CD10, FSP1, Collagen formation, desmoplasia, and
PRO-C3 were discussed along with this review. These path-
ways and factors are potential therapeutic targets that need to
be more investigated. In addition, some potential therapeutic
targets are discussed in this study. Some of them are as fol-
lows: wnt, f1-integrin, c-Met, CCL2, SLC7A6, COL3AI,
JAM3, AEBP]1 and, CAF-derived TGFB3, OGR1, CCRS,
IL-6, LGRS, mTOR, p-catenin, miR-142-3p, and NOX4.
Some agents discussed are as follows: FNIII14, PTX, ACF,
matrine, the combination of vincristine and anti-inflamma-
tory agents, MSI-N1014, and GKT137831. The role of these
agents and therapeutics is not clearly elucidated yet. There-
fore, there is room for more study in this field.

Future perspectives

The current treatment of CRC contains chemotherapy,
immunotherapy, and monoclonal antibodies [100]. How-
ever, the emergence of resistance to these agents requires
more investigations to find new therapies [100]. Cholesterol
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metabolism is a potential therapeutic for cancer treatment
owing to its role in tumor growth and formation. Besides,
NPC intracellular cholesterol transporter 1 (NPC1), sterol
O-acyltransferase 1 (SOAT1), and squalene epoxidase
(SQLE) are metabolites of the cholesterol metabolism path-
way are suggested to be effective for cancer treatment and
their effectiveness in treating CRC should be investigated
[101]. Moreover, metabolic needs of the cancer cells vary
during the different stages of tumor progression, and by
understanding more about these differences we can specify
the suitable therapeutic option for every stage along with the
common therapeutic modalities, and subsequently increase
the efficacy of the treatment [102]. Mitochondrial metabo-
lism, plasma-derived circulating tumor DNA (ctDNA), the
combination of telomere-targeting agents and immunother-
apy, T-cell-receptor engineered cells, gene therapy along
with current conventional therapy, and CD73 are other
potential treatments or drug targets [102—107].

The use of artificial intelligence (AI) in detecting
tumors is a novel area. In a study, it was reported that
incorporating Al, enhanced the detection of small and
non-advanced adenomas; whereas, detection of advanced
adenomas did not change significantly [108].

Some suggested potential CAF-related therapeutic targets
to treat pancreatic cancer are as follows: depletion of CAF-
derived annexin, Sonic hedgehog inhibitor (cyclopamine,
CPA), PD1 checkpoint blockade, sonic hedgehog inhibitor
(vismodegib), depletion of Big-h3, treatment with Nutilin-3a
that induces p53 activation, anti-SPARC with Nab-pacli-
taxel, miRNA therapies that target ZEB and its downstream
pathway, PEGPH20 (digests hyaluronic acid), galunisertib
(TGFB-1 inhibition), depletion of ANXAG6 extracellular ves-
icles in CAFs, AMD3100 (a CXCL12 chemokine receptor
inhibitor), and DKK3 blocking monoclonal antibody [109].
All these data might be applicable to CRC and more studies
in this field are needed. Communication network factor 2
CCN?2 is expressed by CAFs and it has an essential role in
metastasis and neovascularization. It acts so by interacting
with integrin and regulating mechanotransduction (hippo/
YAP/TAZ, MRTFA, and integrin/FAK signaling) [110].
FG-3019 which is a humanized monoclonal antibody and is
one of the anti-cellular CCN2 strategies is has been shown to
improve the pancreatic tumor’s responses to chemotherapy
[110]. Therefore, it might be of benefit to investigate the
effectiveness of other anti-CCN2 strategies [110].
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