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Colorectal cancer (CRC) originates as consequence of multiple genetic alterations. Some of the involved genes
have been extensively studied (APC, TP53, KRAS, SMAD4, PIK3CA, MMR genes) in highly heterogeneous and poly-
metastatic cohorts. However, about 10% of metastatic CRC patients presents with an indolent oligo-metastatic

Genetics disease differently from other patients with poly-metastatic and aggressive clinical course. Which are the genetic
NGS . . . . . . .
Mutations dynamics underlying the differences between oligo- and poly-metastatic CRC? The understanding of the genetic
trajectories (primary—metastatic) of CRC, in patients selected to represent homogenous clinical models, is crucial
to make genotype/phenotype correlations and to identify the molecular events pushing the disease towards an
increasing malignant phenotype. This information is crucial to plan innovative therapeutic strategies aimed to
reverse or inhibit these phenomena. In the present study, we review the genetic evolution of CRC with the intent
to give a developmental perspective on the border line between oligo- and poly-metastatic diseases.
Introduction The understanding of the genetic evolution of ColoRectal Cancer

Cancer is a genetic disease and the number and type of altered genes
producing its phenotype, including proliferation, mobility, and resis-
tance to drugs is high and heterogeneous, and mostly unknown. When
studying metastatic patients, we focus on a specific setting and moment
of the genetic evolution of cancer, excluding the sequential events that,
in time and space, accumulated and progressed from the normal cell to
the neoplastic one. In fact, it is quite impossible to follow in the same
patient this genetic “cascade” because when clinically evident the tu-
mor mass has already crossed a large part of its genetic history [1-3].
Thus, available studies compare normal cells, early, intermediate or ad-
vanced phase of cancers coming from different cohorts of patients. This
introduces strong and uncontrollable biases linked to physiologic ge-
netic polymorphisms (races, age, gender) and the presence of other co-
morbidities which often share common genetic mediators with cancer
(diabetes, hypertension, obesity) [4-14]. A strategy to partially encom-
pass this difficulty has been recently applied with studies comparing
primary and metastatic tumors surgically resected, if available, at dif-
ferent time points of clinical history in the same patient [15-19].

(CRQ) is crucial to identify the molecular events that push the disease to-
wards an increasing malignant phenotype and, thus, to plan therapeutic
strategies aimed to reverse or inhibit these phenomena. In the present
study, we will review the genetic evolution of CRC with the intent to
give a developmental perspective on the border line between oligo- and
poly-metastatic CRC.

Genotype-phenotype correlations in CRC: comorbidities and
cancer heterogeneity

The genetic progression from normal mucosa to adenocarcinoma
relies on the sequential accumulation of several gene mutations
(“Volgestein model”) [20] initiating from “cancerized fields” induced
by inherited mutations, natural DNA replication errors or mutagenic in-
sults [21]. Insight into mutations and functions of all these genes and
their relative products are beyond the scope of this review. Some of
them are crucial to achieve the malignant phenotype (key driver genes)
(Fig. 1) and are frequently found in cancerous cells. Table 1 summa-
rizes the studies reporting the genetic comparison between primary and
matched metastatic lesions in CRC.
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Table 1

Results of studies reporting genetic evolution of matched primary and poly-metastatic CRC.

No. of paired Patients’ Genetic sharing Four most frequent
samples characteristics at Site of PT/MT (global and shared Unshared altered genes in PT ~ Unshared altered genes in MT (found

Author Year (PT/MT) diagnosis metastases NGS platform concordance) mutations (found in primary only) in metastasis only)

Brannon AR 2014 69 Four pts stage 11, 3 Liver (only two  Illumina, HiSeq  79% APC, TP53, KRAS, ALK, APC, ASXL1, BAP1, APC, AR, ATM, ATRX, BCL6, BRCA2,

et al. stage III, 62 stage ovary). 2000. PI3KCA were the CARD11, CBL, CEBPA, EGFR, EPHA5, EPHAG6, EPHBI1,

IV. Seventy-five most frequently EPHA3, EPHAG, EPHA7, ERBB4, FAS, FH, FLT1, MAP2K1,
percent of mutated genes and  EPHB1, ERBB2, ERBB4, MAP2K1, NF1, NFE2L2, NOTCH1,
metastases were most highly FLT1, FOXL2, GRIN2A, NTRK3, PIK3C2G, PIK3CA, PIK3CA,
synchronous. concordant KDMG6A, KDR, LGR6, PIK3CD, PIK3CG, PIK3R1, PREX2,
Thirty pts were between PT and MDM4, MITF, NFKB2, PTEN, PTPRS, REL, REL, SMAD4,
chemonaive. MT (concordance NOTCH3, PBRM1, PDGFRB, SMAD4, SUFU, TBK1, TET1, TET2,

of KRAS, NRAS, or PIK3CA, PIK3CD, PIK3CG, TGFBR2, TP53, TSHR.

BRAF was 100%). SMAD4, STK11, TET1,

TP53, TSHR.

Lee SY et al. 2014 15 Stage IV. 6 pts had  Liver. [llumina, HiSeq Mutational APC, TP53, KRAS, BRAF, CTNNB1, FBXW?7, ATR, BRAF, CDC42BPG, FBXW7,
single liver 2000. concordance SMAD4. APC and PIK3R1, TP53, SOX9. FLT4, KDR, PI3KCG, RB1, SMAD4,
metastasis. showed only for KRAS mutations SOX9.

each genes: APC: were ever

100% TP53: 70% concordant
KRAS: 100% between PT and
SMAD4: 75% MT.

Kim R et al. 2015 19 Twelve pts were Liver, lungs, [llumina, 93.5% APC and TP53 ABCA3, ADAMTS20, APC, ADAMTS18, ADAMTS20, ADCY1,
stage IV, 7 pts lymphnodes, GAIIX. found concordant BRCA2, CX3CR1, DGKB, APC, BCL9, CASC5, CHD5, CIC,
stage III. Data on ovary. in 10/19 ERBB4, HSP90AB1, ITGA10, COL7A1, CSMD3, EPHA5, ETV4,
treatments not pairs.KRAS ever ITGAL, JAK1, LRP1B, FANCG, FBXW7, GPC5, HERC1,
reported. concordant (9/19 MACF1, MAP3K, MAGI2, KIAA1409, KNTC1, MACF1,

pts). PI3K ever MARKT1, NTRK2, PARP14, MAPK10, MAST4, MGA, MGMTk,
condordant (3/19 PIK3CG, RASA1, ROBO1, MMP2, MPL, MUC16, NOS1, PCM1,
pts). SMAD2, SMAD3, SMAD4, PPM1H, PREX1, PRKCZ, PTPN13,
TEX14, TNKS, TP53, TTN, PTPRC, PTPRD, RASA1, RB1CC1,
WNT2, ZNF217, ZNF831. ROBO1, RPS6KB2, SIRT6, SNX13,
STIM1, TACR3, TCF12, TCF3,
TOP2B, TOPBP1, TP53, TPO, TRAF4,
TTN, VRTN, WNT2.

Vignot S 2015 13 Stage IV. Six Liver and liver.  Illumina, HiSeq  78% APC, TP53, KRAS, ALK, BRCA2, GNAS, NF1, BRCA2, CDH2, CDKN2A, EPHB1,

et al. synchronous Only local (1 2000 and SMAD4 were RICTOR, STK11, TNKS. GLUCY1A2, PI3KCG, RB1, RET,
metastases, 7 pt), only the most frequent SMO.
methacronous. peritoneum (1 mutated genes.

Patients received pt). Mutated APC had a
chemotherapy concordance of
and/or 100%.

radiotherapy (one

pt) before surgery.

Kovaleva V 2016 14 Stage IV. Liver and TruSeq “From O to 100% TP53, APC, KRAS, ABL1, ATM, BRAF, EGFR, ABL1, AKT1, ALK, ATM, BRAF,

et al. Synchronous lungs. Amplicon (median 8.5%). SMADA4. ERBB4, FBXW?7, FGFR3, CDH1, CDKN2A, CSF1R, CTNNB1,
and/or Cancer GNA11, GNAQ, HRAS, JAK3, EGFR, ERBB2, ERBB4, FBXW?7,
metachronous liver PanelTM, KDR, KIT, MET, NOTCH1, FGFR2, FGFR3, FLT3, GNA11,
and/or lung MiSeq NRAS, PDGFRA, PIK3CA, GNAQ, GNAS, HNF1A, HRAS, IDH1,
metastases. (Illumina). PTEN, RB1, RET, SMAD4, JAK3, KDR, KIT, KRAS, MET, MLH1,

STK11, TP53, VHL.

MPL, NOTCH1, NPM1, NRAS,
PDGFRA, PIK3CA, PTEN, PTPN11,
RB1, RET, SMAD4, SMARCB1, SMO,
SRC, STK11, TP53, VHL.

NGS: Next Generation Sequencing; MT: Metastatic Tumor; PT: Primary Tumor; pts: patients; TMB: Tumor Mutation Burden.
* when the data were not clearly reported they were derived from Venn Diagrams or descriptive tables.
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volutionary pressure
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pgnition, space-limited growth, etc.

Fig. 1. Progressive accumulation of specific genetic alterations and environmental factors push the evolution from adenocarcinoma precursors to malignant lesions.

Studies on correlations between genotype and phenotype in cancer
are extremely difficult. In fact, except for very rare cases including some
inherited forms of tumors (retinoblastoma, Wilms’ tumor, etc.), cancer
arises as an acquired multi-genic disease. The first and most important
limit on a methodologic point of view to make genotype/phenotype cor-
relations is represented by the selection of “clean” human models of can-
cer. In fact, several genes involved in highly common diseases strongly
contribute to cancer heterogeneity, i.e. hypertension [22, 23], diabetes
[24], allergies [8-11, 25] and inflammatory chronic diseases [12-14].
These diseases interfere with cancer genetics; in fact, some genes in-
volved in cancer-related phenomena (as proliferation and angiogene-
sis) are altered in hypertension and atherosclerotic plaque or they are
induced as a consequence of hypoxia, oxidative stress and inflamma-
tion. HIF-1 (Hypoxia-Inducible Factor-1) and LOX-1 (Lectin-like OXi-
dized low-density lipoprotein receptor-1) genes products are the most
important mediator between chronic cardio-vascular diseases and can-
cer. HIF-1 induces the expression of multiple tumor angiogenic factors
including VEGF (Vascular Endothelial Growth Factor) and other growth
factors [26]. Furthermore, HIF-1 is also involved in promoting the ox-
idative stress through reactive oxygen species (ROS) and inflammatory
pathways through nuclear factor-kappa B activation in atherosclerotic
plaques [27]. Several pro-inflammatory genes and related products al-
tered in diabetes, hypertension and chronic inflammatory diseases such
as inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-
2), can promote cancer progression directly or by stimulating tumor an-
giogenesis [28, 29]. LOX-1, a major receptor for ox-LDL in endothelial
cells, cardiomyocytes, monocytes, platelets, and vascular smooth muscle
is induced in some diseases including diabetes and atherosclerosis and
has been involved in increased risk of colon, breast, and ovarian cancer
[30]. On the other hand, LOX-1 is crucial for maintaining the trans-
formed state in many different cancer cell lines [31], suggesting that
LOX-1 is an important molecular factor in tumorigenesis. Recent stud-
ies highlight the role of LOX-1 in inducing angiogenesis, proliferation
and metastatic spread in cancer [32-35]. Most importantly, a signifi-
cant overlap between cancer and atherosclerosis mutational gene signa-
ture has been found and, among common genes, oxidative stress and in-
sulin gene networks emerge as central nodes [30]. Interestingly, PDGFs
(Platelet-Derived Growth Factors), stored and released by platelets, act

as potent mediators of metabolic and organic dysfunctions in hyperten-
sion, atherosclerosis, and diabetes where an increased serum level is
registered and correlates with prognosis [36, 37]. PDGFs work as po-
tent pro-angiogenic, mitogen and chemoattractant factors in many tu-
mors. Germline and somatic mutations of PDGF pathways are found in
dysmetabolic syndrome as well as in cancer. A complete dissertation
of common mediators between cancer and inflammatory chronic dis-
eases is beyond the scope of this review, however, very recently, RALB
(RAS Like Proto-Oncogene B) gene has emerged as an important link
between inflammation and cancer. In fact, it is involved in the inflam-
matory response and belongs to the RAS GTPase (RAt Sarcoma viral
oncogene homolog Guanosine-5-TriPhosphatase) superfamily crucial
components of oncogenic RAS-induced transformation in many cancers
[38]. The same has been documented for MYC (MYeloCytomatosis onco-
gene) oncogene which is not only involved in many aspects of the tu-
mor phenotype but also in the release of a plethora of pro-inflammatory
cytokines and VEGF-A [39]. Additionally, many inflammatory chronic
diseases are characterized by activated RET (REarranged during Trans-
fection) tyrosine kinase as frequently found in cancers [40]. The genetic
links between altered body mass index and cancer has been extensively
described elsewhere [7].

Altogether, these observations demonstrate that study of cancer ge-
netics can be biased by the presence of comorbidities, which strongly
contribute to increase heterogeneity. The mutational profile of matched
primary and metastatic tumors in poly-metastatic CRC is a surrogate of
tumor genetic evolution (Table 1). Two concepts emerge from studies
included in Table 1: 1. Gain of mutations in key-driver genes in pri-
mary tumors is maintained in metastatic lesions, 2. Genetic results [in
the same individuals (shared point mutations in primary vs metastatic
tumors) and in different studies (type of mutated genes in primary and
metastatic tumors)] are extremely heterogeneous. However, these stud-
ies suffered of uncontrolled clinical and pathological heterogeneity (dif-
ferent stages of disease, heterogeneous and sequential treatments, dif-
ferent comorbidities, different histotypes, etc.) certainly influencing the
genotype/phenotype results’ interpretation. We previously performed
two works where we made a rigorous effort to select patients having
oligo-metastatic CRC as the only illness [41, 42]. Unlike what was ob-
served in poly-metastatic CRC, we found “regressive” genetic trajecto-
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Fig. 2. Genetic trajectories underlying the different behavior among oligo- and poly-metastatic CRC. The figure represents two clinical models previously studied
[42]. A) Patients without recurrence at 3-year follow-up, B) patients whose cancer recurred within 1 year after resection of the primary colorectal cancer and the

single liver metastatic lesion.

ries in key driver genes (Fig. 2). As in a recent work [43], a “regressive”
genetic trajectory was intended as the loss of the genetic alterations
in a specific gene from the primary tumor to the metastatic one [i.e.:
mutant KRAS (mutKRAS) in primary tumor—wild-type KRAS (WtKRAS)
in metastases]; this issue was opposed to “progressive” genetic trajec-
tory (i.e.: wtKRAS in primary tumor—mutKRAS in metastases) where
the metastatic lesions gain genetic alterations..

Genetic border between oligo- and poly-metastatic CRC: dynamics
and role of SMAD4, KRAS, APC, PI3KCA

About 10% of mCRC patients present with oligo-metastatic disease
characterized by an indolent and long-term survival course. Oligometas-
tases can be defined as tumor masses involving one to three lesions per
organ with a maximum tumor diameter smaller than 7 cm [44, 45].
Based on available data, recently, consensus guidelines provided a more
conservative definition (1-5 metastatic lesions, with a maximum tumor
diameter smaller than 5 cm) [46]. Beside the tumor load, this definition
has been enriched by the “rate of metastases development” which is low
in the oligo-metastatic cancer [47, 48]. In clinical practice, the identi-
fication of an oligo-metastatic CRC is mostly retrospective since many
patients [42] treated with a concomitant radical resection of primary
tumor and oligometastases develop an aggressive and poly-metastatic
disease within 1 year observation while others never experience disease
poly-progression [“genuine” oligo-metastatic setting [49]]. Still to date,
the genetic dynamics underlying the oligo- versus poly-metastatic sta-
tus are unknown and very few data have been obtained on the genetic
differences between these two clinical entities predominantly focused

on the characterization and comparison of metastatic lesions [50]. In
vitro assays and/or animal models are useful to explore and generate
hypotheses but they are too far from the human mechanistic physiology.
Furthermore, as above discussed, the presence of comorbidities in hu-
man models (hypertension, diabetes, allergies and inflammatory chronic
diseases) induces strong interferences in cancer genetics and clinical out-
comes complicating both epidemiologic and mechanistic studies. For
this reason, in our previous studies [41, 42], we applied a very strict
definition and selection of patients with oligo-metastatic CRC to inves-
tigate the mutational evolution of oligo-metastatic genetic landscape.
Interestingly, we found in lung-limited oligo-metastatic CRC regressive
mutational trajectories in APC (Adenomatous Polyposis Coli), KRAS and
SMAD4 (caenorhabditis elegans Sma and drosophila Mothers Against
Decapentaplegic 4) through an extended genomic characterization. Sim-
ilarly, in liver-limited oligo-metastatic CRC, regressive trajectories were
identified in KRAS and SMAD4 genes; in this work, the mutational evo-
lution of oligo-metastatic patients was compared with patients develop-
ing poly-metastatic disease, in these patients, a PI3KCA (Phosphatldyl
3-Kinase Catalytic subunit Alpha) mutation was always gained. Com-
paring these results with genomic referral patterns of poly-metastatic
CRC (see Table 1) and our internal datasets, these altered key driver
genes (APC, KRAS and SMAD4) are always shared between primary and
metastatic lesions.

SMAD4

An interesting and surprising observation was the low incidence of
SMAD4 mutations in primary CRC evolving towards an oligo-metastatic
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clinical behavior [41, 42]. SMAD4 gene is located on chromosome
18921 and it is a downstream effector of the transforming growth fac-
tor (TGF)-p. TGF-p has contradictory effects during tumorigenesis: it
inhibits cell growth and migration in normal cells but stimulates pro-
gression in transformed cells (“TGF-# paradox”). There are three forms
of TGF-p: TGF-p1, -p2 and —$3. The most important is TGF-$1 whose
gene is located on chromosome 19q13 and encodes for a peptide that
plays a crucial role in angiogenesis, epithelial-to-mesenchymal transi-
tion (EMT) and proliferation during CRC progression [51]. Three types
of TGF-p receptors (TGFSR) have been identified: type 1, 2 and 3. Af-
ter ligand binding, TGF-pR2 recruits and phosphorylates TGF-pR1. In-
terestingly, TGF-gR1 is controlled through ubiquitination and it can
be phosphorylated at different sites. After phosphorylation, it in turn
phosphorylates either downstream proteins SMAD2 and 3 (“canonical”
pathway) on serine residues at the C-terminus, or many kinases such
as MAPKs, ERK, P38, JNK, PI3K, ROCK, etc. (“noncanonical” pathways,
largely unknown) [52, 53]. SMAD2 and 3 complex with SMAD4 and
translocate into the nucleus where they activate transcription of nu-
merous target genes (including SERPINE1, LTBP2, CDKN1A, ARID3B,
ATXN1, PTPRK, RAB6A, SMAD7, EHBP1, etc.) acting predominantly
as a tumor-suppressor gene of TGF-g-mediated signals [54]. TGF-fR3
(betaglycan), is the most abundant TGFp receptor. It can bind to all
TGFp receptors but has a short cytoplasmic domain lacking kinase ac-
tivity. For this reason, it has been thought to act only by “sequestering”
TGFpR2. However, recent evidences suggested that it works through a
“non canonical” pathway. Alterations of the SMAD4 and TGF-SR2 genes
have been reported as late events in CRC and are able to promote cancer
progression [55, 56]. Thus, SMAD4 crucially concurs to the malignant
phenotype of poly-metastatic CRC and, in advanced CRGC, it is an inde-
pendent negative prognostic factor for disease-free and overall survival
[57-59].

KRAS

Another gene whose regressive trajectory contribute to the oligo-
metastatic CRC phenotype is KRAS. It is one of the four isoform of
the RAS gene and it is localized on chromosome 12p12 [60]. RAS
proteins are involved in signal transduction. They cycle between two
states: active GTP (Guanosine TriPhosphate)-bound and inactive GDP
(Guanosine DiPhosphate)-bound. This switch mechanism is controlled
by guanine nucleotide exchange factors (GEFs) and GTPase-activating
proteins (GAPs) leading to the activate and inactivate RAS forms, re-
spectively [61]. GEFs and GAPs interact with an enormous variety of
other molecules including also lipids; they regulate RAS status through
recruitment of RAS at membrane level in response to P-Tyr-interactions
or other signals. RAS proteins change their conformation according to
GTP or GDP binding at two switch regions level (dynamics of this binary
changes are beyond the scopes of this review) [62]. Interestingly, GDP
has a very slow off-rate and this is the reason why RAS holds in an in-
active state until a specific biochemical signal produces GEFs activation
and thus GDP/GTP exchange. The binding of GTP determines the disso-
ciation of GEFs; when bound to GTP, RAS becomes active and can bind
to an effector partner and trigger a signal cascade. Major known RAS ef-
fectors are RAF (Rapidly Accelerated Fibrosarcoma) kinases stimulating
proliferation, angiogenesis and migration. However, other effector pro-
teins are: PI3K, RalGDS [including novel RAS effector 1A (NORE1A)],
Af6, Bry2, phospholipase C (PLC), RAS and Rab interactor 1 (RIN1), T
cell lymphoma invasion and metastasis-inducing protein (TIAM), and
growth factor receptor 14 (Grb14) [63, 64].

APC

In the developmental analysis of regressive trajectories observed in
oligo-metastatic CRC the loss of APC mutations is particularly inter-
esting. It is a very rare phenomenon in poly-metastatic diseases. The
APC gene, located on chromosome 5q21-q22, was identified through

Translational Oncology 14 (2021) 101131

positional cloning of the familial adenomatous polyposis (FAP) [65].
However, subsequent studies demonstrated that also sporadically oc-
curring CRCs had mutations in both APC alleles. APC is a large pro-
tein (312 kDa) interacting with beta-catenin a component of the cad-
herin adhesion complex and of the Wingless/Wnt pathway. In ab-
sence of Wnt signal, beta-catenin is bound to and phosphorilated
by the “destruction/degradation complex” [APC, axin, CKla (casein
kinase), and GSK3p (glycogen synthase kinase 3p4)]. Phosphorylated
beta-catenin determines its ubiquitination [by g-TrCP (Beta-transducin
repeats-containing proteins) an ubiquitin-ligase] and, finally, degrada-
tion (by proteasome). When Wnt signal is active, the Frizzled recep-
tor turn off the GSK3-beta that cannot phosphorylate g-catenin which
stabilizes and shuttles to the nucleus where it activates the TCF/LEF
(T-Cell Factor/Lymphoid Enhancer Factor) transcription factor complex
involved in promoting the transcription of several target genes includ-
ing cyclin D1, c-myc, CRD-BP, etc. [66]. In particular, in the bowel, the
main f-catenin-dependent transcription factor is TCF4 and its activity
is fundamental to maintain the intestinal stem cell compartment [67].
Loss of APC function determines a disruption of the destruction complex
and a consequent accumulation of beta-catenin resulting in a pathologic
hyper-activation of the above referenced genes involved in cell growth
and de-differentiation. Furthermore, APC is able to interact into the nu-
cleus with beta-catenin promoting its removal from specific genomic
loci (negative regulation of beta-catenin signal) [68]. However, the reg-
ulation of beta-catenin levels and activity are not the only tumorigenic
role of APC. The APC C-terminus is involved in many interactions with
DNA including i) binding of A/T-rich DNA which blocks entry into or
progression through S-phase and ii) chromosomal stability through the
proper attachment of metaphase chromosomes to the mitotic spindle.
In fact, APC directly associates with kinetochore (through EB1 binding,
a microtubule interacting protein), microtubule and centrosome [69,
70]. These functions strongly control DNA integrity and APC-deficient
mouse cells have both dramatic quantitative alterations and structural
rearrangements of chromosomes. Furthermore, APC localizes also at cell
borders by interacting with actin through the scaffolding protein IQ-
GAP1 [71]; this protein mediates APC interaction with Racl and Cdc42
(Ras-family GTPases) which in turn regulates actin structure. Addition-
ally, APC participates with the mDial (Diaphanous-related formin-1)
formin to nucleate actin filament formation and it interacts with both
beta-catenin and plakoglobin at cell-cell junctions level [72, 73]: these
properties are crucial for cell shape/polarity and migration.

PI3KCA

The hypothesis that the mutational regressive evolution of SMAD4,
KRAS and APC could concur to depict the backbone genetic trajec-
tory translating into different clinical behaviors (oligo- versus poly-
metastatic CRC) is fascinating and it deserves to be further studied.
Much more intuitive is the role of PIK3CA mutations that were gained in
all CRC evolving towards to poly-metastatic CRC both in our and previ-
ous studies. The PI3KCA gene is located on the long (q) arm of chromo-
some 3 at position 26.32 and it encodes the p110 alpha (p110a) protein,
which is a subunit of the PI3K (phosphatidylinositol 3-kinase) [74]. In
fact, PI3K is composed of a heterodimer between a p110 catalytic sub-
unit and a p85 regulatory subunit. It is involved in the phosphoryla-
tion of the inositol ring of the membrane-bound phosphatidylinositol-
4,5-bisphosphate (PI-4,5-P,), to generate phosphatidylinositol-3,4,5-
trisphosphate (PIP3) which participates to the activation of the AKT-
dependent signaling cascade [75]. Interestingly, single amino acids
changing somatic mutations in the PI3KCA gene are found in many other
types of cancer, including cancer of the ovary, breast, lung, brain, and
stomach [76-78]. Two common mutations occur in the same region and
change the amino acid glutamate at position 542 or at position 545 of
the p110« protein to the amino acid lysine (written as Glu542Lys and
Glu545Lys, respectively) [79]. Two other common mutations occur in
another region, changing the amino acid histidine at position 1047 of
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Fig. 3. A. The time to fix a single beneficial mutation in a condition of stable environment and no back mutations is about 1000 generations equivalent to about
25,000 years. B. The average life span of humans is about 75 years. C. The evolution of CRC from the precursor to the full and clinical evident malignant progeny is

about 5-15 years.

p110a to the amino acid arginine or leucine (written as His1047Arg and
His1047Leu, respectively) [80]. Thus, PIK3CA gene mutations in poly-
metastatic tumor clones result in production of an altered p110« subunit
that allows PI3K to hyper-signal without regulation contributing to trig-
ger malignant cells activities, including proliferation and migration.

Genetic evolution of CRC: role of DNA repair proteins in the
border line poly- versus oligo-metastatic disease

Cancer is a multi-genic disease resulting from the interrelation be-
tween genetic and environmental factors. It is well established that can-
cer development is prompted by DNA mutations which are also the basis
of humans’ evolution [81, 82]. In other words, cancer may be intended
as a consequence of a physiologically occurring effect (mutations) which
is the source of genetic variability in humans. The time is a variable con-
stantly present in mathematical modeling of evolution. The most simple
and intuitive evolution model, at sites subject to selection, results in the
following equation [83]: considering K as the number of chromosomes
(K = 2N, in a diploid population), N, the census population size, u the
mutation rate, and P the probability that a mutation spreads and be-
comes fixed, R, the rate of neutral evolution is 2N uP. The time enter
into this model because y in a population, assuming no back mutations,
is the rate of new mutations in a gene during the time encompassing two
generations or, more specifically, the number of non-synonymous muta-
tions per base-pair/generation [84]. In humans, it has been estimated to
be approximately 10~4 to 10~6. Thus, there are two types of time to con-
sider in a biological system: “generational” and “individual”. The differ-
ence between them is obviously quantitative. In fact, the “generational”
time is that encompassing between different generations (Fig. 3A); the
“individual” time is the lifetime of a single organism (Fig. 3B). Benefi-
cial mutations intended as stable gain of function-related mutations, dis-
plays its fitness effects through thousands of generations. In individuals,
the normal mutation rate (intended as the number of non-synonymous
somatic mutations accumulated per base-pair/gene during her/his life-

time) is unevaluable, but reasonably extremely low [85]. In fact, eu-
karyotic cells over hundred millions of years have learned to quickly
and effectively repair damages induced by potent cosmic radiations and
other mutagens [86, 87]. That is why many researchers use rapidly di-
viding organisms, as Escherichia Coli or yeast, to trace mutational events
(both detrimental and beneficial) induced by environment, drugs, and
radiations, to estimate the mutation rate in a short time [88]. In the “in-
dividual” biologic setting, the early phases of most malignant cancers
are necessarily characterized by a pathologic alteration of genes related
to the DNA repair (i.e. p53, MMR genes, BRCA, BAPI, etc.), this is a
fundamental condition in order to increase the mutational propensity
along with an individual allelic “susceptibility” to cancer. Alterations
in genes preserving DNA integrity are found at high frequency when
analyzing genetic profiles of primary malignant neoplasms evolving to-
wards poly-metastatic spread; their aberrant function is necessary to ac-
tivate the switch from an “individual” to “generational” time [89]. The
most important is p53. In the late 70 s, TP53 (Tumor Protein 53 kDa)
was discovered as a homologous of the simian virus 40 (SV-40) large T
antigen able to transform normal cells [90]. Ten years later, it was indi-
cated as the target gene of a frequent deletion involving the 17p chro-
mosome in primary and metastatic CRC. Most of these CRCs had a mis-
sense mutation in the remaining allele [91, 92]. These data suggested it
was a tumor-suppressor gene. In fact, forced expression of the wild-type
protein was able to block oncogene-mediated transformation in many
different experimental models. Interestingly, TP53 knockout (TP53~/~)
mice or mice bearing loss-of-function mutations develop (with 100% in-
cidence) spontaneous tumors whose histologic features depend on the
genetic background and they have a strong susceptibility to carcinogen
and y-irradiation-induced tumors [93]. Notably, TP53 gene is the most
commonly mutated gene in a broad variety of cancers and even if not
directly altered, most tumors present with a deregulation or epigenetic
alteration of TP53 pathway. For instance, TP53 function can be strongly
influenced by alteration of its degradation through E3 ubiquitin ligase,
MDM2 (Mouse Double Minute 2 homolog) the major negative regulator
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of TP53. Wild-type p53 is the guardian of the genome playing a critical
role in maintaining DNA integrity. In response to DNA damage or other
types of “stresses” including ribonucleotide depletion, hypoxia, oxida-
tive stress, wrong hyper-proliferative stimuli, p53 stabilizes in response
to MDM2, ATM, ATR and other stress sensors increasing its cellular con-
centration [94, 95]. After tetramerization, it can bind directly to DNA
promoting the transcription of numerous genes involved in cell cycle ar-
rest, apoptosis, and DNA repair. However, the role of p53 is pleiotropic
being able to influence several different cellular phenomena including
autophagy, metabolic processes, stem cell self-renewal and differentia-
tion. P53 tetramer can undergo many different post-translational mod-
ifications (PTMs) (acetylation, methylation, phosphorylation, glycosy-
lation, ubiquitylation, etc.) concurring to regulate its activity (DNA-
binding affinity, p53 turnover, etc.) and protein-protein interactions
(sites involved in c-ABL, BAX, BAK, etc.) [96]; some mutations may in-
volve amino acid residues involved in PTMs [97]. Somatic mutations
of p53 are frequent in CRC and they seem crucial in pushing the evo-
lution towards the complete malignant phenotype and consist mainly
on single-base substitutions determining reduction or loss of function
[98]. Mismatch repair (MMR) proteins are fundamental to maintain
DNA integrity and their transcription in genetically controlled by p53.
The mechanism has been well characterized in E. Coli where MutS and
MutL are responsible to correct mismatches of newly synthesized DNA
[99]. Mammal cells have two homologous of MutS (MSH: MutS Ho-
mologue): the heterodimers MSH2-MSH6 and MSH2-MSH3 [100]. The
first is able to recognize large deletions and insertions. The second re-
pairs from two to eight nucleotides. Three homologues of MutL (MLH:
MutL Homologue) have been identified: MLH1-PMS2 (MutLa), MLH1-
PMS1 (MutLp) and MLH1-MLH3 (MutLy). The MLH1-PMS2 complex is
the most active and it works after MSH2-MSH6 and MSH2-MSH3 inter-
vention. MLH1, MSH2, MLH6, PMS1 and PMS2 (PostMeiotic Segrega-
tion 1 and 2) genes are located respectively on chromosome 3p21, 2p16,
2pl15, 2q31-q33 and 7p22 [101]. Notably, germline mutations in at least
one of the repair genes is found in about 90% of Lynch syndrome pa-
tients characterized by an increased risk of developing CRC, as well as
cancers of the stomach, small intestine, liver, gallbladder ducts, brain,
skin, and prostate, upper urinary tract, endometrial and ovarian cancer
[102]. A complete dissertation of MMR genes mutations is beyond the
scope of this review, however, PMS2, MLH1 and MLH2 can be affected
by genomic rearrangements and point mutations (with missense, non-
sense, frameshift and splice junction consequences) presenting in some
cases with an autosomal-dominant inheritance [103, 104]. Recent stud-
ies have found also germline mutations in the promoter of these genes
in patients with Lynch syndrome who were negative for exon muta-
tions [105]. These mutations strongly decrease the activity of MSH2.
Furthermore, hyper-methylation of MLH1 (epi-mutation) promoter, in
some cases originating during germination, produce gene silencing and
protein function impairment [106].

Mutations of these genes confer to cancer a high adaptive evolution-
istic power in the heterogeneous and changing surrounding environ-
ment. Many neoplastic phenomena (angiogenic switch, immune-system
evasion, epithelial to mesenchymal transition, migration, invasion, etc.)
take advantage from the gain in a “mutational plasticity” and they rep-
resent the manifestation of genetic trajectories evolving towards adap-
tation and high fitness levels of tumor cells. In fact, very recently, high-
throughput genome sequencing techniques (Next Generation Sequenc-
ing - NGS) allowing the estimation of the mutation rate (through the
evaluation of somatic mutation profiles and comparison with reference
statistical classifiers) showed a tumor mutation burden (TMB) of ma-
lignant cells ever exceeding that of normal cells. Furthermore, in our
previous studies and datasets [41, 42] the TMB of oligo-metastatic tu-
mors was lower than that of poly-metastatic ones. In other words, the
genetic dynamics of poly-metastatic disease evolution become similar
to that of “generations’ evolution” allowing neoplastic cells to growth
and adapt much faster than expected (Fig. 3C).
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Immunological selection of tumor cells in an evolutionary
perspective

A complete and exhaustive dissertation of relationships between
cancer and immune system is beyond the scope of this review. How-
ever, recently, we had further demonstration of a fundamental concept
from basic researches in oncology and immunology: the immune sys-
tem response and cancer progression are strictly interrelated. Tumor
immune microenvironment (TIM) shapes the clonal diversity of malig-
nant cells in a dynamic process varying in space and time [107, 108].
In space, because of genetic and phenotypic diversity of cancer cells
and TIMs among different tumor foci, in time, because of variations
at different time points during progression (in the same or different
metastatic sites). Interestingly, the more the presence of T-cells within
the tumor, the more clonal selection of the tumor increases. Immuno-
surveillance determines a continuous expansion and contractions of tu-
mor subclones. High mutation-rate tumors rapidly acquire neoantigens,
become immunogenic and undergo to negative immunologic selection.
Cancer cells react to lymphocytes pressure i.) with a physiologic up-
regulation of immune checkpoint molecules and/or, if they growth at
high rate, ii.) with a stochastic enrichment of immune-escaped clones
[109]. In other words, the clash of immune system with cancer genome
instability is crucial to drive cancer evolution towards a metastatic clin-
ical setting. In fact, only immune-escaped clones are able to metasta-
size and give a progeny. This dynamic concept integrates the “cancer
immunoediting” theory [110]. Thus, we can argue that some “immuno-
evasive” alterations (human leukocyte antigen-I down-regulation, over-
expression of PD-1/PD-L1 pathway, transporter associated with antigen
processing (TAP)-deficiency, etc.) [111] could directly associate with
a metastatic progressive or regressive genotype (mutations in KRAS,
SMAD4, PI3KCA, etc.) in the immunologically sculptured cells.

It was also recently reported that the mutational status of some onco-
genes in the primary tumor (i.e.: KRAS) can influence the inflammatory
status of the tumor and can influence the immune elimination of can-
cer cells driven by vaccination strategies [112]. Therefore, in addition
to the developmental trajectories determined by the immune system of
the host, a modification of the inflammatory background could be in-
duced by the tumor itself based upon some initial mutational charac-
teristics of the primary neoplasm. Furthermore, still to date, we cannot
exclude that patient immunologic intervention might represent an evo-
lutionistic “push” for CRC (along with intrinsic mutational heterogene-
ity and chemotherapy). Because of genomic instability, many cancer
clones may regain over time the immunologic visibility; these clones
are eliminated also in later stage of the disease while surviving resid-
ual clones leave the battlefield and reach secondary sites [106, 107].
Furthermore, another reflection can raise from the dynamic TIM inter-
actions and the sculpturing action of lymphocytes. It is commonly ob-
served in clinical practice that cancers with the same tissue origin dis-
play some common clinical features in terms of drug sensitivity, progno-
sis and prevalent organotropism (i.e., ovarian cancers generally metas-
tasize to peritoneum, colon cancers to liver). In other words, tumors de-
rived from the same tissue present a similar clinical course. The immune
system response might also contribute to explain these characteristics.
The high neoplastic heterogeneity might be counteracted by the lym-
phocytes whose biological behavior is based on evolutionarily solid and
well-established processes. These concepts are important and innovative
because they shift the focus of tumor evolution from “neutral develop-
mental dynamics” (chaotic accumulation of genetic mutations) to the
integration with a dynamic “immunologic model” triggered by the host.

Conclusions and perspectives
In our opinion, metastatic tumor clones might follow divergent ge-

netic mutational trajectories conferring them different metastatic prop-
erties underlying the oligo- versus poly-metastatic clinical behaviours.
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These effects could be related to tumor genetic heterogeneity as well as
to a complex and still unknown clash with immune system. Improve-
ment in knowledge of these developmental dynamics can be pivotal in
the comprehension of cancer mechanistic as well as in planning innova-
tive therapeutic approaches. This can be realized through i.) the selec-
tion of clean human models to make informative genotype/phenotype
correlations, ii.) whole tumoral tissue characterization, and iii.) avail-
ability of high-throughput analyses.
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