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Abstract

The complex relationship between tumour and stroma is still being elucidated but it is clear that cancer is a disease of more than just
malignant cells. However, the dominant focus of our current understanding of Li Fraumeni Syndrome (LFS) remains on the function of p53
as ‘guardian of the genome’. Recent evidence shows that the TP53 gene is at the nexus of a wider range of functions, including aspects
of cellular metabolism, aging and immunity. Incorporating this broader picture of the role of TP53 together with our understanding of the
role of the host microenvironment in cancer initiation and progression gives a more nuanced picture of LFS. Furthermore, there is clinical
evidence to suggest that the host environment in healthy individuals with LFS already includes some of the features of a ‘pre-cancerous
niche’ that makes cancer initiation more likely. It is suggested, finally, that there are pharmacological interventions capable of altering this
pre-cancerous niche, thus potentially reducing the cancer risk in individuals with LFS.
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Introduction

Li Fraumeni Syndrome (LFS) is a rare autosomally dominant genetic syndrome associated with a highly elevated risk of developing cancer.
First identified in a group of families with an unusually increased pattern of cancer incidence by Frederick Li and Joseph Fraumeni in 1969,
the syndrome is characterised by early development of breast cancer and a range of sarcomas, adrenocortical carcinoma, gliomas, leukae-
mias, and other cancers, particularly in children and early adulthood [1, 2]. LFS is associated with germ-line TP53 tumour suppressor gene
mutations, although it is estimated that around 20-30% of individuals diagnosed with the condition do not carry such a mutation [3, 4].

Breast cancer, very often pre-menopausal, is the most common tumour in women with LFS, with an estimated risk of 49% by the age of 60,
with one recent study finding the median age of diagnosis as 32 years (range 22—46) [5]. Around 50% of sufferers will develop cancer before
the age of 30 [6], while the life-time risk of developing cancer has been estimated at 70% for males and 100% for women [7]. The most
common cancers are breast cancer (27%) and soft-tissue and bone sarcomas (25%) [6].

A number of different diagnostic criteria exist for LFS, and in addition to ‘classical LFS’, there is a recognised Li Fraumeni-like (LFL)
Syndrome, which has less stringent diagnostic and testing criteria. The different criteria are discussed in [6] and [8]. The management of
LFS post-diagnosis is broadly consistent globally. There is an emphasis on active surveillance, with new protocols being trialled in different
parts of the world (for example NCT01464086 and NCT01737255), and women are offered the opportunity to have risk-reducing double
mastectomy. Many of the new surveillance protocols under investigation focus on the use of regular whole-body MRI, ultrasound and other
clinical investigations that do not impose additional exposure to ionising radiation. Results from some studies of such protocols have shown
that active surveillance can lead to significant survival benefits, for example one small non-randomised cohort study found that patients
in the active surveillance group had a 100% three-year survival, in contrast to a 21% survival in a matched non-surveillance group [9].
Aside from the option of mastectomy for women, there are no other active cancer-prophylactic measures in clinical use or currently being
trialled.

Whilst TP53 is the gene most associated with LFS, there is evidence that some individuals harbour mutations in related genes. For example
analysis of non-TP53 mutant LFS families showed a greater incidence of a single-nucleotide polymorphism 309 in the MDM2 gene than in
the general population [10]. MDM2 is a key negative regulator of TP53, and this particular polymorphism results in increased expression
of MDM2 and a consequent attenuation of the p53 pathway. While there is animal data suggesting that MDM2 polymorphisms may be
associated with elevated cancer incidence [11], the prognostic significance of mutations in other genes in the TP53 pathway have yet to
be established in humans.

LFS is not the only disease associated with TP53 abnormalities. There is increasing evidence of a role of defective p53 activity in the
pathophysiology of a number of other rare genetic conditions, including Diamond-Blackfan anemia (DBA), CHARGE syndrome and ATR-
Seckel syndrome. In these diverse syndromes, which are associated with a range of congenital abnormalities, altered p53 activity is
implicated in certain stem cell niches [12—14].

Because of the centrality of the p53-associated tumour suppressor pathway, carcinogenesis in LFS is viewed primarily through the lens
of genetic damage. It is assumed that in LFS cancer develops because of additional genetic damage to the TP53 gene causing loss of
heterozygosity (LOH) and/or gain of function (GOF), leading to malignant transformation [15—-17]. In effect cancer incidence in LFS is
due to the ‘two-hit’ model first proposed by Knudson based on analysis of hereditary transmission of retinoblastoma [18]. One immediate
consequence of this model is a caution in treating LFS patients with radiotherapy or limiting exposure to ionising radiation during diagnostic
investigation [6, 19].

In recent years our understanding of the role of p53 has expanded considerably, and now includes key functions in aging [20, 21], cellular
metabolism [22, 23], regulation of homeostasis [24] and immune function [25, 26]. Research has also focused on the non-cell-autonomous
functions of p53 which can suppress tumourigenesis by the promotion of an anti-tumour microenvironment [27, 28]. By the same token,
just as the apoptotic program can be subverted, so too can the non-cell-autonomous functions be subverted to promote a pro-tumourigenic
microenvironment. This complex interplay between p53 and the microenvironment is central to the thesis outlined in this paper.

We are also beginning to explore the complex landscape of TP53 mutations and the role this plays in cancer initiation, progression and
treatment response [29-31]. Similarly the study of the impact of p53 isoforms is at an early stage of development, but it is already clear that
different isoforms can radically alter transcriptional activity and core functionality, again differentially impacting cancer initiation, progression
and response to treatment [32, 33].
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In the same period we have also seen an increased understanding of the role of the microenvironment in cancer initiation, progression
and metastasis [34—36]. Where once cancer was seen as primarily a disease of mutated cells, it is now increasingly being viewed as a
dynamic evolutionary system that incorporates stromal cells, immune infiltrates, tumour vasculature and heterogenic clonal subpopulations
of cancer cells [37, 38].

These new insights into the functionality of p53 and the broader understanding of tumour biology have yet to be integrated into our under-
standing of cancer initiation in individuals with LFS. This paper will attempt to relate this new knowledge with a number of clinical features
common in individuals with LFS and to shed light on the implications these might have on cancer risk. In particular it will propose a more
nuanced view of carcinogenesis in LFS, suggesting that there are important additional factors over and above genetic ablation of p53
tumour suppressor function.

The importance of the host environment

Stephen Paget, building on work by Ernst Fuchs, proposed the ‘seed and soil’ hypothesis in 1889 to explain the tendency of breast
cancers to metastasise preferentially to certain tissues [39]. He suggested that the ‘soil’ (host environment) was as important as the
‘seed’ (the migrating tumour cell) in the complex process of metastasis, and that certain tissues (bone, brain, liver) provide a more
hospitable environment for cancer cells to take ‘root’ and produce viable tumours. While the hypothesis directs attention to the network
of relationships between migrating tumour cells and the various elements of the host environment, it is also a reminder that there is much
still to be explained about the process of metastatic spread of disease. Many key controversies remain to be resolved, for example do
cancer cells acquire metastatic potential early or late in the process of tumourigenesis? Where initial theory suggested that metastatic
potential was acquired at a late stage in primary cancer growth, driven by the accumulation of genetic changes and clonal evolution,
newer theories suggest that it is in fact a property of certain subtypes of cancer cells and that these cells have an intrinsic ability to
disseminate to and proliferate in distant sites [40]. Of more consequence to the thesis outlined in this paper, there has been a greater
interest in understanding the nature of the ‘soil’, in particular in understanding what it is that makes certain tissues more conducive to
tumour growth than others.

An important stream of work has explored the idea of a ‘pre-metastatic niche’, an idea first elucidated by David Lyden and colleagues in
2005-2006 [41, 42]. In this model it is not the intrinsic properties of the migrating tumour cell that determines the success or otherwise of the
metastatic process, but the properties of the host microenvironment in which the tumour cell lodges. A permissive environment will provide
the growth factors, nutrient flow and support systems that enable the tumour cell to proliferate and grow into a viable metastatic nodule. In
contrast, an inhospitable host environment will not provide the factors that the tumour cell needs to survive and proliferate, and therefore
no metastatic growth will form regardless of the properties of the tumour cell. Furthermore, it appears that there are certain tissues and
microenvironments which are more likely to harbour these pre-metastatic niches, and that these tissues correspond to the most likely sites
of metastatic spread for different cancer types.

Analysis of the process of metastasis shows that certain cell types, in particular hematopoietic progenitor cells (HPC) expressing VEGFR-1
become clustered at sites prior to the arrival of tumour cells, a finding confirmed in breast cancer patients in addition to murine models [41].
The clustering of these VEGFR-1+ HPCs initiates a cascade that includes the expression of integrins (including VLA-4), matrix metallopro-
teinase 9 (MMP9), and downstream expression of VEGF-A and fibronectin expression in resident fibroblasts. Furthermore, in addition to
local tissue remodelling, there is evidence that these clusters promote the chemoattraction and attachment of circulating tumour cells and
endothelial progenitor cells (EPC), which are essential for angiogenesis to take place [43].

Formation of these clusters of VEGFR-1+ HPCs is triggered by the release of factors from the primary tumour with homing to specific sites
related to ligand-receptor pairing. For example breast cancer cells expressing the chemokine receptor CXCR4 home to organs with high
levels of its ligand SDF-1 (stromal derived factor-1), for example the bone marrow, lungs and liver [43]. In a murine model it has been shown
that the inflammatory chemoattractants S100A8 and S100A9 released from primary B16 melanoma tumours pre-condition the lungs, create
pre-metastatic niches and attract both tumour and inflammatory cells [44].
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McAllister and colleagues investigated mechanisms by which primary tumours in a mouse model are able to ‘condition’ distant tissues to
create conditions in which otherwise indolent tumour cells became activated through the recruitment of a reactive stroma, a process they
termed systemic instigation [45, 46]. However, both the primary tumour and the indolent tumour cells were implanted in the animal model
used, and therefore this conditioning of a metastatic niche was co-incident with tumour cell inoculation. Similarly Massagué et al identified
cancer-cell expression of tenascin-C (TNC), an extracellular matrix (ECM) protein of stem cell niches, as essential for the establishment
of breast cancer metastases in the lungs [47]. Initial expression of TNC by breast cancer cells was required to maintain viability in the lung
parenchyma, through up-regulation of Wnt and Notch signalling, until stromal expression of TNC by infiltrating myofibroblasts or other
stromal sources accumulated in the expanding nodules to provide a supportive metastatic stem cell niche.

Liu and colleagues used a mouse of breast cancer metastasis to the lungs to show that primary tumours were able to induce inflamma-
tory changes via release of VEGF and consequent recruitment of bone-marrow-derived cells in the lungs [48]. Furthermore VEGF induced
prostaglandin E2 (PGE2) production in pulmonary endothelial cells and enhanced the adhesion of injected circulating tumour cells. Analysis
showed that the sites of inflammatory response in the lungs preferentially harboured injected tumour cells, showing that the primary tumour
was able to induce pre-metastatic niche formation.

A recent review by McAllister and Weinberg summarises additional evidence showing that primary tumours can condition distant tissues,
including discussion of pre-metastatic niche creation [49].

A key feature of this pre-metastatic niche is the inclusion of multiple stromal cell types, including fibroblasts, macrophages and other
immune cells, HPCs and EPCs. These are, of course, also many of the components of the primary tumour microenvironment (TME) [50].
Increasingly our view of cancer is that of an evolving and dynamic ecosystem that incorporates tumour and non-tumour cells in complex
patterns of competition and cooperation. No longer focused purely on the genomic changes within the tumour cell, viewing cancer as an
ecosystem redirects attention to those factors in the microenvironment which support survival, proliferation and ultimately the metastatic
process [37, 51, 52].

Significantly, an understanding of the importance of the TME to disease progression, resistance to treatment and metastatic dissemination
also creates new opportunities for therapeutic intervention [53]. Altering aspects of the TME, by targeting specific populations of stromal cells
or signalling pathways, can interfere with the ecological balance within the tumour and render cancer more immunogenic, less resistant to
chemotherapy or radiation and so on.

The pre-cancerous niche

An extension of the idea of the pre-metastatic niche to primary disease has also been discussed [54]. A multi-step model of primary carcino-
genesis has been proposed, starting with niche construction leading to expansion and maturation. According to this model, tumourigenesis
cannot take place without the existence of the pre-cancerous niche, regardless of the accumulated genetic mutations in a transformed cell.
Numerous experiments have indeed shown that malignant cells transplanted into non-transformed tissues (in other words in tissues lacking
the pre-cancerous niche) experience loss of malignant behaviour [55-57]. Initiation of niche construction may have multiple physiological
causes, including the local action of carcinogenic agents, tissue injury, infection or aging [54].

A common feature of the pre-cancerous niche, independent of the initial cause, is the presence of chronic inflammation. The link between
cancer and inflammation is well-characterised, and it is being increasingly recognised as causative rather than a by-product of disease
progression [58—60]. Chronic inflammation is associated with cancer incidence related to bacterial and viral infections, chronic disease
(liver cirrhosis, diabetes), tobacco-smoke inhalation, obesity and aging. It is also associated with the expansion and maturation of the
pre-cancerous niche, with the recruitment of inflammatory cells, activation and remodelling of stromal components (particularly fibroblasts),
release of pro-angiogenic factors and the homing of transformed cells [35, 36]. Tumour formation occurs through the co-evolution of the
niche and homed transformed cells, creating a tumour microenvironment that supports further proliferation and invasion of the complex
and co-evolving mass.

It is clear that this complex process, which has yet to be fully elucidated, incorporates many of the hallmarks of cancer [61]. It is also clear
that it is a challenge for researchers in LFS to incorporate this complex picture into our understanding of cancer initiation in people with
this condition.
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Figure 1. Mutated p53 function leads to the creation of a pre-cancerous niche.

TP53 and the pre-cancerous niche

It is our contention that people with LFS are ‘primed’ for cancer initiation because a number of the key drivers of niche initiation are a feature
of the non-cancerous LFS host. That is, they are at greater risk of cancer initiation because of more than defective tumour suppressor activity.
In other words many of the other functions of the p53 network are also important drivers of cancer risk. Equally important, it is possible that
these other functions, many of which directly impact the formation of the pre-cancerous niche, are amenable to drug targeting in a way that
the pro-apoptotic function of p53 signalling is not.

The non-apoptotic functions which are important in this context are: chronic inflammation and oxidative stress; pro-angiogenic signalling;
immune dysregulation; metabolic reprogramming; and tissue-specific interactions (Figure 1). Each of these will be discussed in turn, noting
both the evidence from recent studies in p53, but also relevant clinical evidence from LFS patients or appropriate animal models.

Chronic inflammation and oxidative stress

The role of chronic inflammation in cancer initiation and progression is well-known and well-characterised [46]. Inflammatory cells,
including neutrophils, monocytes, macrophages, mast cells and lymphocytes, are recruited to the site of the inflammatory response.
Histamine is released causing increased vasodilation. Pro-angiogenic factors are released and extensive remodelling of the tissues
takes place. Reactive oxygen species (ROS), produced by multiple inflammatory cell types, further drive inflammation in a positive
feedback loop [59]. The p53 network is activated during this inflammatory state, most likely in direct response to the cellular stresses
invoked by elevated ROS levels [63, 64].

However, there is also evidence that loss of p53 function can itself act as a driver of inflammation in an NF-kB-dependent manner [65].
Significantly, this study showed that loss of p53 alone was insufficient to cause tumourigenesis. The relationship between increased
inflammation, oxidative stress and p53 is apparent in numerous pre-cancerous or inflammatory conditions [66—69]. Furthermore, there is
also evidence that cancer-free LFS sufferers exhibit clinical signs of increased levels of oxidative stress compared to a paired group of
family members without TP53 mutations [70].
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Angiogenesis

Tumour neo-angiogenesis is an important rate-limiting step in tumour growth and progression. In terms of the pre-cancerous niche and LFS,
there are two elements that are of interest in the development of a pro-angiogenic environment. In the first case the increased oxidative stress
associated with chronic inflammation acts to induce angiogenesis as part of a ‘wound healing’ response [71, 72]. However, p53 is also known
to have an influence on angiogenesis via thrombospondin-1 (TSP-1), which acts as an endogenous anti-angiogenic factor [73, 74]. Loss of p53
leads to down-regulation of TSP-1 which correlates to increased expression of VEGF and other pro-angiogenic signals [75, 76].

There is also some evidence that a number of micro-RNAs, some of which are involved in the tumour suppressive and stress response
functions of p53, have an influence on angiogenesis [77]. For example miR-107 mediates the p53 response to hypoxia by suppressing the
expression of hypoxia inducible factor-1p (HIF-18), which in turn down-regulates expression of VEGF [78]. Impaired transcriptional activity
in mutant p53 may therefore lead to loss of anti-angiogenic activity and increased expression of VEGF and angiogenesis [79].

The evidence from fibroblasts derived from LFS patients confirms that loss of the wild-type p53 allele is sufficient to decrease TSP-1
expression and an increase in VEGF [73]. A step-wise process may take place whereby additional changes, such as oncogene activation,
may lead to a more fully pro-angiogenic phenotype [80]. Additionally it should be noted that there is evidence that some gain-of-function
(GOF) TP53 mutations (including R175H and R273H common in people with LFS) have been shown to have tumour angiogenesis promot-
ing activity [81, 82].

Immune Dysregulation

Little work has been done to investigate the effect that lack of wild-type p53 in stromal cells has on immune response to tumour growth.
One notable exception compared the rate of tumour development in mice with different p53 status, observing that implanted B16FO0
melanoma tumours grew at a faster rate in mice lacking wild-type p53 [83]. Furthermore, the effect was not apparent in severe combined
immunodeficiency mice, suggesting that this difference in tumour growth is immune-related. Tumours were also implanted in wild-type
mice along with mesenchymal stem cells (MSC), a major part of the microenvironment, with differing p53 status. Wild-type mice
co-implanted with stromal cells lacking p53 developed larger tumours than mice with wild-type cells in the stroma. The p53-deficient MSC
cells inhibited T-cell function, over-expressed inducible Nitric Oxide synthase and generated an immunosuppressive microenvironment
conducive to tumour growth.

There is also an influence on immune response via p53 regulation of toll-like receptor (TLR) expression [84]. TLRs, the pattern recognition
receptors involved in the innate immune response, are able to respond to both exogenous and endogenous ligands, are also now recog-
nised to have a role in adaptive immunity [85]. Furthermore, TLRs, which are now known to be expressed by cancer cells in addition to a
range of non-cancer cells [86], have a complex role in cancer, with both pro- and anti-cancer activity [87, 88]. There is some evidence that
TLR signalling plays an active role in carcinogenesis during chronic inflammation, particularly with respect to facilitating escape from immune
surveillance, release of pro-inflammatory cytokines and chemokines and tumour angiogenesis [86, 89]. TLR expression is modulated by p53
activation, and there is evidence that TP53 mutants, including a number associated with germ-line mutations, can differentially impact TLR
expression in response to cellular stressors [84, 90].

There is also emerging evidence that p53 has a role in the regulation of PDL1 (programmed death ligand 1), a transmembrane protein
expressed by tumour cells that is the target of intense scientific interest in relation to its role in disarming anti-tumour immune responses in
a range of malignancies [91]. Data presented by Cortez and colleagues at AACR 2015 showed that PDL1 is regulated by p53 via miR-34a
in NSCLC [92].
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Figure 2. The ‘reverse Warburg’ phenotype.

Metabolic Reprogramming

Metabolic reprogramming is another of the hallmarks of cancer in which p53 plays a central role [93, 94]. The traditional view, termed the
Warburg Effect, focuses on the increased metabolic needs of malignant tissues and a consequent metabolic switch to glycolysis in tumours.
The Warburg effect manifests itself as an increase in glucose metabolism by tumour cells, the generation of lactate as a by-product and
an increase in acidity and hypoxia, both driving clonal evolution towards a more malignant phenotype. However, in recent years this view
has been challenged by the emergence of the ‘reverse Warburg effect’ hypothesis in which distinct metabolic compartments exist within
the tumour and stromal cell populations [95, 96]. In this model increased oxidative stress drives cancer associated fibroblasts to switch to
glycolytic metabolism, producing lactate and other by-products which are metabolised by tumour cells — effectively creating a metabolic
shuttle between tumour and stroma (Figure 2) [97]. Analysis of patient samples in a variety of cancer types has indicated the presence of
both ‘Warburg’ and ‘reverse Warburg’ phenotypes, suggesting that cancer cells are metabolically plastic and can adapt and change during
disease progression [98, 99]. Of note the ‘reverse Warburg’ phenotype has also been detected in osteosarcoma, one of the ‘signature’
cancers associated with LFS [100].

It has previously been proposed that cancer initiation in LFS is related to this ‘two compartment model’ of tumour metabolism [101]. Briefly,
p53 signalling in response to increased oxidative stress can trigger cellular autophagy in fibroblastic cells, shifting their metabolism towards
glycolysis. The increase in secretion of lactate drives further changes in the microenvironment, producing an immunosuppressive and
pro-tumour environment. Cells may also react to environmental and metabolic stresses by undergoing senescence, again mediated by p53,
eventually becoming immortalised and/or undergoing malignant transformation. When these cells become transformed it is in a hospitable
microenvironment that has been ‘primed’ for cancer initiation.
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Akey marker for the ‘reverse Warburg’ or ‘two-compartment’ phenotype is loss of stromal cav-1 expression [102], and this finding has been
confirmed in people with LFS compared to non-affected family members [103].

Tissue-specific factors

While the factors listed above are common to pre-cancerous niches in multiple tissue types, there are also factors which are specific to some
tissues and not others. This accords with the observations both in primary disease and in the pattern of metastatic spread preferentially to
given tissues, for example bones, lungs and liver in breast cancer. In particular cancer incidence in LFS is more strongly associated with
certain tissues (e.g. breast, sarcomas, adrenocortical carcinoma) than with others (e.g. lung, bladder). It is hypothesised that this pattern of
primary tumour incidence is related to secreted factors in specific tissues which contribute to pre-cancerous niche formation.

An analysis of the breast cancer phenotype in women with LFS found that 84% of invasive tumours were hormone responsive (ER and/or
PR), with a majority of these also being positive for Her2/neu, figures which are higher than for a comparable non-LFS population [5].
Evidence that this may be related to factors in stromal tissues comes from a recent analysis of the relationship between stromal
aromatase expression, which is associated with ER+ breast cancer, and p53 in breast tissue [104]. The authors analysed breast adipose
tissue to examine the relationship between aromatase expression, prostaglandin E, (PGE2) and p53. Results indicated a feedback loop
between p53 and the expression of aromatase and that low p53 expression caused increased aromatase. This relationship between
aromatase and p53 was shown to be mediated by PGE2, which down-regulates p53 expression. Significantly, analysis of tissue samples
from women with LFS showed statistically significantly higher levels of aromatase in tumour-associated stromal adipose tissue compared
to non-LFS women.

A different view of cancer initiation

The pre-cancerous niche is, as we have seen, a hospitable and conducive environment in which tumours can take root and prosper.
A germ-line TP53 mutation leads to many of the key features of such a niche being expressed in otherwise healthy and non-cancerous LFS
individuals. Many of the features of this niche environment are self-reinforcing or coupled in positive feedback loops such that inflammatory
and pro-tumour signalling is perpetuated leading to chronic inflammation.

The question that arises is whether this pre-cancerous niche is itself a driver of carcinogenesis in people with LFS. Again, the lack of func-
tioning wild-type p53 may conspire to initiate transformation and carcinogenesis. It is known that telomere length is shorter in people with
LFS compared to non-affected family members [105, 106], and that this may be related to the age of cancer onset [107, 108]. Progressive
shortening of telomeres, a process that is exacerbated by oxidative and other cellular stresses, eventually leads to ‘telemore crisis’ and
consequent DNA damage. At this stage the p53 damage response may lead to senescence or apoptosis, and indeed there is evidence that
cells from LFS patients display greater levels of DNA damage (chromosomal instability, senescence etc) [109—-111].

We may speculate, therefore, that the combination of lack of wild-type p53 and increased oxidative stress may therefore cause the sub-
sequent genetic damage leading to cellular transformation and cancer initiation. One possible scenario is that the increased oxidative
stress in the pre-cancerous niche causes telomere shortening in adjacent non-stromal cells, leading to crisis and initiating a sequence that
eventually leads to malignant transformation (Figure 3). Transformed cells in contact with the pre-cancerous niche find a hospitable ‘soil’
in which they ‘seed’ tumour growth.

This differs from the conventional view of carcinogenesis in LFS being caused by a random ‘second hit’ mutation leading to cancer. Instead
it suggests very strongly that the phenotypic features of the LFS host which are caused by the germ-line mutation in TP53 creates a set of
pre-cancerous niches which may act to cause the ‘second hit’ or the switching on of oncogenic pathways.
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Figure 3. Cancer initiation in LFS as a consequence of haploinsufficiency of p53.

Supporting evidence for this hypothesis comes from a series of animal experiments in a mouse model of LFS [112]. Heterozygous
and wild-type Trp53 mice were treated with either surgical implantation of a foreign object to induce chronic inflammation, or a sham
operation. Thirty of 38 (79%) heterozygous mice developed sarcomas around the implant at a mean age of 46 weeks, compared to one
(10%) of the wild-type mice at 56 weeks. No sarcomas developed at the sites of sham operation. Two of 10 (20%) control heterozygous
mice (no implant) also developed sarcomas, but at a mean age of 80 weeks. In 90% of implant-induced sarcomas, loss of heterozygos-
ity was observed suggesting a causative effect from the chronic inflammation induced by the implant. This is in contrast to the work
of Lyden and colleagues in that this was a model of primary carcinogenesis rather than metastatic spread through the creation of a
pre-metastatic niche by the primary tumour.

Of note it is the phenotypic features of the host which are important drivers of this process. These features may also be present in people
diagnosed with LFS or LFS-like conditions in which there is no TP53 mutation detected. It is possible that a similar process takes place in
other cancer predisposition syndromes in addition to LFS. There may be a number of different genetic drivers which can lead to the creation
of pre-cancerous niches in Cowden Syndrome (associated with the PTEN tumour suppressor), Peutz—Jeghers Syndrome (associated with
STK11/LKB1 gene) and other such conditions. Further investigation of this hypothesis is warranted as it may mean that similar clinical
strategies may apply to a range of syndromes normally viewed and treated in isolation.

Conclusion

In widening our view of cancer initiation in LFS to include the non-apoptotic functions of the TP53 gene we can see that the microenvironment
assumes a much greater significance. This has important clinical implications for people with LFS for it is known that some of the features
of the micro-environment may be more easily amenable to drug targeting than p53 itself. Indeed some pre-clinical work in animal models
has already produced intriguing results.

For example, focusing purely on metabolic plasticity, Komarova and colleagues showed that the mTOR inhibitor rapamycin, which can act
to inhibit senescence, increased the life-span and delayed tumourigenesis in mice bearing heterozygous p53 mutations [113]. In terms of
the ‘two compartment’ model of tumour metabolism, inhibiting senescence in stromal cells may lead to fewer cells switching to glycolysis
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and thus depriving coupled tumour cells of lactate and other high-energy fuels. Similarly, caloric restriction in a mouse model of LFS also
delayed tumour onset in adult mice [114], which may be related to reduced supply of glucose feeding glycolytic cells.

However, there are other features of the pre-cancerous niche which can also be targeted. Reductions in chronic inflammation or oxidative
stress may also be possible. For example the anti-diabetic drug metformin has pleiomorphic effects which may be suitably exploited to
attack the pre-cancerous niche in multiple ways:

* Reduction in oxidative stress

* Reduction in chronic inflammation

» Action on metabolic pathways in tumour and/or stromal cells
* Reduction of hepatic glucose production

» Pro-apoptotic effects in some cancers

* Increase in anti-tumour immunity [115]

A range of other drugs, many of which are being actively investigated as possible repurposed anti-cancer drugs [116] also show some
promise, including aspirin and other NSAIDs and the lipophilic statins. Other strategies may include dietary and other interventions to
reduce oxidative stress, chronic inflammation or increased telomere attrition.

Investigation of the cancer-preventative effect of these drugs in relevant animal models is warranted, as is further investigation of the
features of the pre-cancerous niche in people with LFS. It may be that there is prognostic significance in measures of oxidative stress,
level of cav-1 expression or other biomarkers related to chronic inflammation.

Clinical trials of cancer prevention in LFS are problematic given the relatively large sample sizes required to show efficacy of any interventions.
However, if the pre-cancerous niche hypothesis proves to be equally applicable to other cancer predisposition syndromes then an increased
pool of patients may mean that clinical trials may become more feasible. It is suggested therefore, that further investigation of this hypothesis
be undertaken in other cancer predisposition syndromes.
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