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Abstract

Recent reports indicate that inactivation of the RB, TP53 or PTEN tumour suppressor genes is
detected in tumour stroma of oropharyngeal, breast and other human cancers. Mouse models have
validated the tumour-promoting effects of deleting Rb, Pten or p53 in fibroblasts that converts
them from normal fibroblasts to carcinoma associated fibroblasts (CAFs). The tumour-promoting
activity of CAFs in these contexts was associated with increased paracrine signaling to tumour
cells through production of specific growth factors, chemokines and MMPs by CAFs. The
conversion of NOFs into CAFs through acquisition of specific mutations, such as loss of tumour
suppressors, or deregulated expression of microRNAs or key epigenetic events, can clearly occur
independently of genetic and epigenetic changes in tumour cells but an alternative source of CAFs
that is being reconsidered is that CAFs derive from the tumour cells by EMT. Recent mouse
models employing lineage-tracing techniques have suggested that this can take place in vivo and
the extent to which this is relevant more broadly is discussed.
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Introduction

The tumour microenvironment has emerged over the past 10-15 years as a key modulator of
solid tumour initiation, progression, metastasis and therapeutic response, with evidence
demonstrating that stromal cells both promote epithelial transformation by providing trophic
support and respond and co-evolve with tumour cells in response to stresses [1]. The
diversity of cell types in the tumour microenvironment also contributes to overall tumour
heterogeneity. Given the dependence of tumour cells on stromal support as well as
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competition between tumour clones [2], changes in the tumour microenvironment are
undoubtedly a major driving pressure in the tumour evolution that leads to drug resistance
and malignant progression [3,4]. Thus, targeting the tumour microenvironment has emerged
as a novel approach in cancer therapy. However, this approach relies on understanding the
molecular changes differentiating malignant stroma from normal stroma. Reports in recent
years have identified genetic mutations in tumour stroma in primary human cancers,
including breast [5-8], colorectal [9], ovarian [10] and bladder cancers [11], as well as
important epigenetic changes [12]. Further elegant studies in both genetically engineered
[13,14] and xenograft mouse models [15,16] have also confirmed that genetic changes in the
tumour microenvironment can promote tumourigenesis independent of initiating genetic
events in tumour cells. Despite these important findings, it remains unclear to what extent
genetic or indeed epigenetic changes in tumour stroma can be manipulated to modulate
tumour growth /in vivo. Given recent reports identifying molecular mechanisms of action for
the RB, p53 and PTEN tumour suppressors in carcinoma-associated fibroblasts (CAFs) that
make up a key component of the tumour stroma, this perspective focuses on how CAFs
evolve and function. Specifically, we discuss the genetic basis of CAF induction, the cellular
origin of CAFs and the significance of these new data for our understanding of tumour
evolution and how to target the tumour microenvironment.

Effects of tumour suppressor gene inactivation on carcinoma-associated

fibroblasts

Carcinoma-associated fibroblasts (CAFs) are a major component of the tumour
microenvironment that can promote the transformation of normal epithelium as well as
progression to carcinoma [15-20]. The CAF phenotype can be induced in normal fibroblasts
by co-culture with carcinoma cells and this acquired CAF phenotype is stable even after
tumour cells are removed [15,17,18]. This relationship suggests the induction of stable
heritable changes in fibroblasts following growth in the presence of tumour cells, although
the nature of these changes remains unclear. Certain characteristics of the CAF phenotype
resemble changes seen in normal fibroblasts that become ‘activated’ in response to
wounding, including the secretion of extracellular matrix (ECM), matrix-degrading
enzymes/matrix metalloproteinases (MMPs) and signalling molecules, such as vascular
endothelial growth factor (VEGF) and interleukin-6 (IL-6), that recruit endothelial cells and
immune cells, respectively.

How ‘activated’ fibroblasts revert to normal or whether they are eliminated by cell death and
phagocytosis after the completion of the wound-healing process remains unknown.
Understanding how this ‘reversion’ is achieved seems likely to be relevant to the
development of clinical approaches aimed at eliminating CAFs and reducing tumour burden.
Interestingly, irradiated fibroblasts are able to promote the invasiveness of pancreatic tumour
cells [21], suggesting that irradiation, although promoting a reactive phenotype in
fibroblasts, also likely induces changes similar to those seen in CAFs. Senescent fibroblasts
also behave in some ways like CAFs in their ability to induce tumour cell proliferation
[22,23] and, conversely, CAFs mimic senescent fibroblasts through expression of the
‘senescent-associated secretory phenotype’ (SASP), which includes pro-inflammatory
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cytokines, chemokines and proteinases [20,24]. Some of these secreted molecules, such as
SDF-1 and CCLJ5, have been shown to be key to the tumour-promoting activity of CAFs
[19,25,26]. However, unlike CAFs, senescent fibroblasts cannot transform normal epithelia
[22], suggesting that CAFs possess additional growth-inducing properties not present in
senescent fibroblasts. Additional studies have also revealed heterogeneity amongst the
fibroblast populations based on transcriptional profiles and positional memory [27,28].
Markers such as a-smooth muscle actin (a-SMA), vimentin, neural—glial antigen-2 (NG2)
and fibroblast-specific protein-1 (FSP-1) have all been used to define different populations
of fibroblasts in the tumour microenvironment [29]. Growing evidence indicates that FSP-1-
positive fibroblasts represent a distinct subtype of CAF that possesses greater tumour-
promoting activities [29-32] than the other populations, although the extent to which this
population of fibroblasts is derived from other fibroblasts in the tumour by
transdifferentiation, or how the FSP-1-positive population comes to be a more “activated’
type of CAF than the others, is not clear.

The critical role of CAFs in tumourigenesis highlights the importance of identifying the
stable genetic, or more dynamic, epigenetic changes in CAFs that underlies their activity in
carcinoma growth and progression. Clearly, epigenetic silencing and down-regulation of
growth-suppressive genes, such as p16/INK4a/CDKN2A and p21/CDKN1A, could explain
aspects of the CAF phenotype, particularly their enhanced proliferation, without the need to
invoke genetic changes. Nevertheless, there is increasing evidence that genetic inactivation
of tumour suppressors does indeed occur in tumour stroma. For example, 7P53and PTEN
are somatically mutated in the stromal components of human breast cancer [6-8]. In
addition, a specific role for p53 in prostate cancer stroma was identified by Hill et a/[33],
utilizing a GEMM model of prostate cancer in which the mutant TAgq2; form of the SV40
large T antigen (which inactivates the pocket protein family of pRB, p107 and p130 but not
p53) was expressed in a prostate-specific manner under the probasin promoter, resulting in
prostate tumourigenesis. When these mice were crossed to p53-null mice, a massive increase
in stromal involvement accompanied more rapid progression to carcinoma compared to p53
wild-type mice; the effect of p53 loss on tumour stroma was more obvious than the impact
on tumour epithelia in this model. When the TAg»1 transgenic mice were crossed to p53
heterozygous mice, the investigators also observed a more rapid and robust expansion of
tumour stroma/mesenchyme compared to p53 wild-type mice, and laser capture analysis of
tumour stroma revealed loss of heterozygosity for p53 in the stroma of these tumours,
indicating a strong selective pressure for p53 loss, specifically in the tumour stroma. The
authors concluded that loss of RB and proliferative control in prostate epithelial tumours
induced a reaction in stromal fibroblasts, such as increased proliferation or cell survival, that
was normally repressed by p53 [33].

These important /n vivo studies revealing the role of p53 in tumour stroma have been
followed by more targeted approaches in which relevant tumour suppressors were deleted
specifically in CAFs. As previously mentioned, the PTEN tumour suppressor is somatically
mutated in human breast cancer stroma [6]. Based on these findings, Trimboli and
colleagues [34] targeted Pren loss to stromal fibroblasts in genetically engineered mice using
the Fsp1-Cre deletor strain and crossed these mice to both the MMTV-Neu and MMTV-
PyMT mouse models of mammary tumourigenesis. Fibroblast-specific deletion of Prenin

J Pathol. Author manuscript; available in PMC 2019 July 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Drake and Macleod

Page 4

this manner resulted in increased primary tumour growth in both models. Pfer-deleted
stroma deposited increased ECM and expressed increased levels of pro-inflammatory genes.
Increased macrophage infiltration into tumours was also observed in these models.
Mechanistically, the authors linked Prenloss in fibroblasts to increased Ras—Akt signalling,
as well as increased activity of the Ets-2 transcription factor and associated increases in
expression of MMPY, an Ets-2 target gene (Figure 1). Indeed, ablation of £fs-2in Pten-
deleted fibroblasts reduced tumour vasculature and resulted in reduced tumour burden. The
authors also demonstrated that reduced expression of miR-320 as a result of Pren deletion
promoted Ets-2and MMP9I expression, as both genes are miR-320 targets [35]. Finally, the
authors correlated reduced PTEN expression in primary human breast tumour stroma with
increased levels of phospho(T72)-Ets-2 and phospho(S473)-Aktl [34], providing important
clinical support for their findings in mouse models.

More recent work from Pickard and colleagues [32,36] identified inactivation of the RB
tumour suppressor in the stromal component of primary human breast and oropharyngeal
cancers. High levels of the hyperphosphorylated inactive form of pRB were specifically
detected in the FSP1-positive subset of CAFs in oropharyngeal cancers and, importantly, this
was independent of HPV status [32]. The authors further examined the effect of RB loss on
primary fibroblasts and demonstrated that RB-deficient human foreskin fibroblasts (HFFs)
increased the proliferation and reduced the differentiation of co-cultured epithelial cells in
three-dimensional (3D) culture [36]. This effect was not due to increased fibroblast
proliferation and was phenocopied by over-expression of CDKS6, a cyclin-dependent kinase
that phosphorylates pRB, and conversely was inhibited by expression of phosphomutant
pRB [36]. The authors showed that this non-cell autonomous effect of RB-deficient
fibroblasts on co-cultured epithelial cells was due to increased expression of keratinocyte
growth factor (KGF), which microarray analyses had previously shown to be up-regulated in
Rb-null mouse fibroblasts compared to wild-type controls [37]. Knockdown of KGF or
restoration of RB inhibited the effect of RB-deficient fibroblast co-culture on epithelial cells
[36].

When the authors examined the effect of co-culture of RB-deficient fibroblasts on E6/E7
transformed keratinocytes, C33a cervical tumour cells, HCAT cervical tumour cells and
MDA-MB-231 human breast cancer cells, they observed increased cell invasion through
collagen [32]. Similar to results obtained previously with primary epithelial cells, over-
expression of CDKG6 in fibroblasts phenocopied RB depletion in promoting tumour cell
invasion, whereas knockdown of KGF blocked this effect of RB-depleted fibroblasts on co-
cultured tumour cells. Analogous to what was observed in Prer-deficient fibroblasts [34],
signalling via Akt was required for the tumour-promoting activity of Rb-deficient HFFs,
including KGF production and tumour cell invasion [38].

Intriguingly, Ets-2 appears to play a tumour-promoting role in both tumour cells [32] and in
CAFs [34]. In response to fibroblast-secreted KGF, activation of the KGF receptor
(FGFR2b) and downstream Akt signalling, E6/E7-transformed human keratinocytes
expressed elevated levels of phosphorylated Ets-2 [32], similar to what was seen in Pter-
deleted fibroblasts [34]. Expression of the Ets-2 oncogene in KGF-induced tumour cells
promoted MMP1 expression and was required for tumour cell invasion. Furthermore,
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knockdown of the KGF receptor in tumour cells blocked the effect of exogenous KGF or co-
culture with RB-deficient HFFs on tumour cell invasion and Ets-2 expression. Interestingly,
the KGF receptor (FGFR2b) is amplified in some gastric and breast cancers and
mutationally activated in a proportion of endometrial cancers [32]. These results suggest a
model (Figure 1) whereby loss of RB in fibroblasts derepresses KGF expression, which acts
in a paracrine manner on co-cultured/adjacent tumour cells through its receptor and Akt to
promote Ets-2 expression and subsequent tumour cell invasion, in part as a result of
increased production of MMPs and other known modulators of metastasis.

Understanding how CAFs emerge in the tumour microenvironment

The traditional model of tumour—stroma interactions posits that tumour cells recruit
fibroblasts to the tumour, for example through production of TGFB, which in turn modulates
fibroblast activity, such as through effects on HGF production [18,20]. However, how the
interaction between fibroblasts and tumour cells promotes conversion of the fibroblast into a
CAF is not understood. Recent exploration of the role of the microenvironment in high-
grade serous ovarian cancer (OvCa) revealed a role for microRNAs (miRNAS) in
reprogramming normal fibroblasts into CAFs [26]. Mitra and colleagues [26] showed by
miRNA profiling of primary OvCa-derived CAFs that although miR-155 is up-regulated,
miR-31 and miR-214 are down-regulated in CAFs compared to normal fibroblasts (NOFs)
from adjacent tissue. Furthermore, co-culture of NOFs with OvCa tumour cells induced
conversion of NOFs to CAFs and was associated with increased expression of miR-155 and
decreased expression of both miR-31 and miR-214. The authors went on to show that the
cytokine CCL5 is a miR-214 target expressed by CAFs but not by NOFs. They showed that
CCLS5 induced a more metastatic phenotype in OvCa cells, similar to that seen with CAF co-
culture, and that CCL5 was essential for the growth- and invasion-promoting properties of
CAFs [26]. Nonetheless, the question remains as to how miR-155, miR-31 and miR-214 are
deregulated during the NOF to CAF conversion — is their expression disrupted by mutation
of key tumour suppressor genes? Both the RB and p53 tumour suppressor gene pathways are
heavily implicated in human high-grade serous ovarian cancer [39] and it will be interesting
to determine whether their role in HGSOvCa extends beyond their function in tumour cells
themselves to the tumour microenvironment, as has been demonstrated in some of the other
tumour types we have discussed above.

Beyond the traditional model of tumour cells recruiting normal fibroblasts (NOFs) via
paracrine signalling and subsequently inducing the NOFs to become CAFs, other models
have been proposed to explain the origins of CAFs [20,40,41]. These models include the
possibility that CAFs are a kind of developmental precursor that is specifically recruited by
tumour cells, whereas others suggest that CAFs are derived from bone marrow mesenchymal
stem cells recruited to the tumour, where they undergo an alternative differentiation
programme [41]. A particularly compelling alternative model postulates that CAFs are
derived from tumour epithelial cells by epithelial-to-mesenchymal transition (EMT).
Although the absence of a shared genetic mutation profile between tumour cells and CAFs
has historically argued against EMT as an explanation for the origin of CAFs [20,41,42],
more recent studies are challenging this view. For example, work illustrating a much higher
degree of plasticity between the epithelial and mesenchymal components in tumours than
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previously appreciated comes from Rhim and colleagues [43], who used lineage tracing in
the LSL-KRas®12D:p53fl/fl:pdx1-Cre; (KPC) mouse model of pancreatic ductal
adenocarcinoma (PDAC) to follow epithelial cells that had undergone Cre-mediated
deletion. They showed that approximately 42% of lineage-marked YFP* epithelial cells
underwent EMT to E-cadherin-negative cells, but nevertheless retained their tumour-forming
ability in transplanted mice. Inflammation has been shown to induce EMT and to suppress
p16/INK4A/CDKN2A expression /n vivo, this phenotype is detected early in KPC mice, as
well as in human PDAC [44]. Both the E-cadherin-positive (epithelial) and E-cadherin-
negative (mesenchymal) cells induced tumours in transplanted mice when derived from
malignant PDAC but only the E-cadherin-negative cells exhibited tumour-forming ability
when derived from early premalignant pancreatic intraepithelial neoplasias (PanINs).
Furthermore, circulating YFP* cells detected in mice prior to tumour formation exhibited
both mesenchymal properties (E-cadherin-negative) and stem cell properties
(CD24"€9CD44P%), This study therefore raises the provocative suggestion that the tumour
stem cell, at least in this model, may actually originate in the stromal/mesenchymal
compartment of tumours, and that therapeutic strategies need to be developed to specifically
target this cell population [43]. Arguably, these and other studies highlighting the role of
EMT in modulating the tumour microenvironment should also prompt a reconsideration of
the role of TGFp in tumour stroma. TGFp is a well-defined inducer of EMT [45-47] and
thus it is possible that what appear to be the effects of TGFp in recruiting fibroblasts and
regulating tumour cell-CAF interactions are in part the consequence of TGFB-induced EMT.

As mentioned, the low rate of detection of tumour-specific mutations in the tumour stroma
has been the major argument against EMT as the explanation for the origin of CAFs.
However, several studies now report TP53 or PTEN mutations in the stroma with the same
mutations detected in associated tumour epithelium [6,8,10]. Both p53 and RB have been
shown to regulate EMT [48-52] and these key tumour suppressors may thus be having their
significant impact on cancer incidence, because they occur in tumour stem cells, modulate
the growth and function of both tumour epithelia and tumour stroma (and CAFs in
particular) as discrete cell types, and also because they coordinate the interconversion of
tumour epithelia and mesenchyme in a spatial and temporal manner. Intriguingly, p53
functions largely to repress EMT by inducing expression of miRNAs, such as miR200a/c
and miR-130b, that suppress ZEB1/2, transcription factors required for EMT [53,54].
Together with work by Mitra and colleagues [26], described above, these data indicate that
miRNAs may play a central role in programming the tumour microenvironment.

Nevertheless, reports of shared tumour and stromal genetic profiles remain uncommon in the
literature [42,55]. One could postulate that key tumour suppressor mutations, such as those
discussed above (p53, RB, PTEN), are not always readily detectable in the stroma because
not all cells in the tumour at any one time are derived from the tumour stem cell pool, and
because each different population of cells is constantly in evolutionary/dynamic flux.
Equally, epigenetic changes in CAFs modulating expression levels of key genes, such as
p161INK4AI CDKNZA, and miRNAs likely also explain the absence of these mutations in
some instances. In summary, a model explaining the origin of CAFs that takes account of all
the data (Figure 2) is that the generation of CAFs through EMT from tumour epithelia
operates in parallel with recruitment and conversion of NOFs by tumour cells into CAFs, as
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conventionally postulated. Moving forward with this enhanced understanding of the genetics

an

d molecular mechanisms underlying the generation of CAFs should enable targeted

approaches to eliminating these tumour-promoting cells. Such approaches may include the

us!

e of EMT inhibitors, neutralizing antibodies to key cytokines and chemokines produced

by CAFs and, perhaps most innovative of all, the delivery of miRNA sponges through
nanotechnology to inhibit CAF conversion.
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Figurel.
Loss of key tumour suppressor genes in CAFs promotes tumour cell progression to

malignancy. Loss of RB in normal and carcinoma-associated fibroblasts promotes
proliferation, inhibits differentiation and increases invasion through collagen of co-cultured
keratinocytes and tumour epithelia [32,36]. The effect of RB loss in fibroblasts was
dependent on production of keratinocyte growth factor (KGF) that acted on co-cultured
epithelial cells to promote growth through the KGF receptor (FGFR2b) and signalling
through AKT to Ets-2 and its target genes, such as MMPs. Similarly, loss of PTEN in CAFs
promoted production of MMPs and chemokines through deregulation of Ets-2, achieved in
part through phosphorylation of Ets-2 by Akt and also via loss of PTEN-induced repression
of miR-320 that targets Ets-2.
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Figure 2.

Dual mechanisms explaining the origin of CAFs and their tumour-promoting activity.
Tumour cells recruit normal fibroblasts (NOFs) and promote their conversion to carcinoma-
associated fibroblasts (CAFs) in part through deregulation of miRNAs, although how
deregulation of these miRNAs is achieved is not known. CAFs also likely arise in some
tumour types through EMT from tumour epithelia and thus harbour some of the same
mutations, such as inactivation of p53, PTEN and RB, as the tumour cells from which they
are derived. The extent to which CAFs are derived from NOFs as opposed to tumour
epithelia via EMT is also unknown, and clearly may vary in real time as a function of
selective pressures and prevalence of unique tumour clones and other cell types in the
tumour microenvironment. CAFs promote tumour cell progression to invasiveness through
secretion of key chemokines and MMPs, but may be susceptible to targeted therapies that
promote their ‘reversion’ to NOFs, perhaps by sponging miRNAs that drive conversion, or
by specific inhibitors of EMT.
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