
The theory of evolution of C. Darwin was developed

and applied for determining ways and patterns of the evo�

lutionary process in speciation. Later it turned out to be

applicable to other biological systems, including process�

es of malignant transformation. According to the theory

of clonal evolution of tumors formulated by P. Nowell in

1976, mutability is a resource for development of new

tumor clones, and natural selection is a basis for survival

of adapted aggressive clones of tumor cells [1].

Generation of intratumoral diversity or intratumoral het�

erogeneity, which is a feature of most tumors, is a direct

result of clonal evolution of a tumor [2�6]. According to

the reference literature, there are two main hypotheses on

the origin of heterogeneity in tumor cells: different sub�

clones of tumor cells originate from different tissue stem

cells, and each has its transformation trend (polyclonal

concept); different clones of tumor cells develop from the

initial clone due to various genetic and/or epigenetic

changes in the process of evolution (monoclonal concept)

[7]. At the moment, each of these concepts is studied and

has its supporters.

Intratumoral heterogeneity as a result of clonal evo�

lution explains certain features of tumor development:

the presence of tumor clones with individual set of fea�

tures (for example, variants of mutation are not identical�

ly distributed in tumor cells); coexistence of morphologi�

cally different structures in the tumor; presence of neutral

relations between tumor clones (with no visible pheno�

typical consequences); development of malignant cells

resistant to medication treatment; and, what is more

important, different response to treatment by tumors [8,

9].

Evolution and natural selection of tumor clones dur�

ing tumor development and the following carcinogenesis

may be called natural clonal evolution. New generations of

malignant cells originating from the initial clone or from
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a multitude of stem cells, which are transformed into

tumor stem cells, accumulate different molecular and

genetic changes [10]. What is important is natural clonal

evolution takes place due to internal mechanisms, and it

is driven by driver mutations (occurring due to failures of

reparation, replication, effect of carcinogens, and more),

genetic instability, and mostly factors of the microenvi�

ronment that form the environment for cell transforma�

tion and their survival. Formation of so�called spatial

intratumoral heterogeneity in a tumor is a consequence of

natural clonal evolution [11]. In cases of spatial intratu�

moral heterogeneity, morphologically similar tumor cells

may develop various morphological structures within a

tumor and represent different populations, some of which

may obtain selective advantage and lead to tumor pro�

gression. Acquisition of new genetic defects by cell popu�

lations may also conduce to them gaining competitive

advantage in selective pressure of factors of the stromal

microenvironment [12]. This advantage may be increased

speed of subpopulation growth, gained ability to inhabit

new locations (invasion and metastasis), and avoiding the

effect of antitumor medication and the immune system

[2, 13, 14]. As a result of clonal expansion cycles, clones

may reproduce and have specific structure and numerical

chromosome aberrations that will be dominant in a tumor

[15, 16]. It is still difficult to answer how minor clones are

pushed out by the dominant one. Nobody has studied the

mechanisms of clone competition yet. This problem

remains unsolved, and for now we may deem various ver�

sions acceptable. Mechanical substitution of minor

clones is possible due to invasion and more rapid growth

of the dominant clone. Tumor growth is followed by

increasing pressure on the structures of the extracellular

matrix; on this, the tissue microenvironment tries to con�

tain its functional and anatomic entirety, while increasing

interstitial pressure on the tumor cells [3]. The dominant

clone may form a tumor blood circulatory system accord�

ing to its needs [8], take nutrition, and limit access of

minor clones to oxygen. In cases of tumor hypoxia, it may

be a limiting factor for minor clones. Cells of substituted

minor clones struggle to leave the tumor and to survive in

the aggressive environment while resisting powerful

antagonistic factors of the microenvironment. It is not a

coincidence that cells entering the blood flow throughout

the life of a tumor die in the blood flow in most cases. To

invasively grow into adjacent tissue, tumor clones also

need considerable changes, which they may not be able to

make. Expression of intercellular adhesion molecules

changes considerably. Epithelium and mesenchymal

transition is required for single amoeboid or mesenchy�

mal cell migration. Collective invasion requires coordi�

nated and differentiated changes in the subpopulation of

tumor cells together with forming of an invasion front [3].

The occurring genetic changes in tumor cells do not

always lead to functional consequences, as some of them

are neutral. In this regard, it is important to consider the

concept of initial and secondary driver mutations and

passenger mutations, i.e. mutations that increase adapta�

tion of tumor cells, and neutral or negative defects,

respectively. A good illustration of this is an image of driv�

er mutations as a tree trunk and big branches, and pas�

senger mutations as small branches and leaves [4, 13, 17,

18].

In contrast to natural clonal evolution, which takes

place due to internal factors, in chemotherapy�induced

clonal evolution of a tumor during treatment, chemother�

apy is a driving factor. On one hand, chemomedication,

possessing mutagen effect and affecting tumor cells, may

directly lead to development of genetic defects and new

tumor clones [19, 20]. On the other hand, chemomedica�

tion may destroy dominant tumor clones, clearing the

space for clonal expansion of minor resistant clones [21].

Chemotherapy can be regarded as the driving factor of

the evolution process in tumors. Chemotherapy�induced

clonal evolution results in temporary intratumoral het�

erogeneity, and there are few studies that have analyzed

clonal evolution after chemotherapy [11]. First, research

in this direction is urgent for detecting mechanisms of

forming resistance to treatment, mechanisms of tumor

progression, developing new predictive markers, and

identifying new targets for target therapy. It is believed

that target therapy blocks growth of tumor cells by inter�

ference into the mechanism of activity in certain target

molecules necessary for carcinogenesis and growth of

tumor (for example, EGFR, KRAS, HER2/new, VEGF,

TERT, ALK, ESR1, and many others), but not simply

prevents cells (including tumor cells) from reproducing as

traditional (conventional, cytostatic) chemotherapy.

According to Hanahan and Weinberg, target therapy may

be used for all 10 signs of malignancy [8].

NATURAL CLONAL EVOLUTION

OF A TUMOR AND SPATIAL

INTRATUMORAL HETEROGENEITY

Natural clonal evolution is initiated by genetic

defects in a stem cell, and it transforms it into tumor�

inducing cells. Such tumor�inducing cells have high pro�

liferative potential and the ability to develop due to

genomic instability, new functionally relevant mutations,

and evolutionarily new subclones [22]. Much oncologic

research is dedicated to studying natural clonal evolution

of tumors in different localizations and to spatial intratu�

moral heterogeneity [4, 5, 13, 23�28]. In cases of primary

myelofibrosis (PMF), a tumoral bone marrow disease, it

was shown that the microenvironment participates in nat�

ural clonal evolution. It was followed by post�primary

inflammation with changes in the stroma of bone marrow

and pathological production of cytokines [29]. It is

important to note that the concentration of proinflam�

matory cytokines in blood in cases of PMF increases,
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which is followed by symptoms of tumor intoxication

[30], and long proliferation of a tumor clone associated

with inflammation leads to additional mutations and

higher degree of malignization, which leads to blast crisis

of PMF [31]. As previously shown by Tefferi et al. [32], an

increase in the level of IL�8, IL�10, and IL�15 inter�

leukins and in expression of receptors of IL�2 leads to low

overall survival and survival before blast transformation,

which can be connected with increasing pace of clonal

evolution.

Cervical cancer is also a good model for studying

natural clonal evolution and spatial intratumoral hetero�

geneity for several reasons: first, good accessibility; sec�

ond, the etiological reason for cervical cancer develop�

ment is well known: infecting of cervical epithelium with

human papilloma virus; third, pre�tumoral pathologies of

the cervix uteri are well known. Meta�analysis with 293

samples of squamous cell carcinoma showed that the

most frequent chromosomal changes are 3q amplifica�

tions, deletions on 3p, and deletions on 11q chromosome

regions. At the same time, in the pre�tumor pathology

(cervical intraepithelial neoplasia, CIN), copy number

aberrations (CNA) are very rare [33]. Another study using

the FISH method included 168 women with CIN II�III

showed an increase in frequency of amplification in the

3q26, 5p15, and 20q13 loci with increasing severity of

impairment in the cervix uteri [34].

Determination of KRAS and TP53 somatic mutations

in colorectal cancer showed high frequency and variety of

mutations at early stages of cancer development and their

decrease at later stages, which may point to expansion of

dominant clones during the late stages of disease. At the

same time, the frequency of 5q and 18q allelic deletions

remains stable throughout tumor growth [35].

Natural clonal evolution in prostate cancer at stages

3 to 4 was studied using laser microdissection in samples

obtained from radical prostatectomy [36]. TMPRSS:ERG

gene fusion and some other genetic and epigenetic fea�

tures that prove general clonal origin of malignant cells

were detected in all samples. Thus, cells of progressing

prostate cancer (G4) originated from cells of the preced�

ing cancer stage (G3) and had common precursors, and

the studied TMPRSS:ERG genotype was a feature of

aggressive prostate cancer.

To study different patterns of genetic regrouping

connected with growth and development of a tumor,

Campbell et al. sequenced 13 primary adenocarcinomas

of pancreas and the respective metastases [37]. For study�

ing clonal evolution, clonal structure of metastases, pri�

mary tumor, and phylogenetic relations between the pri�

mary tumor and metastases, Next�Generation Sequenc�

ing (NGS) DNA sequencing technology was used, which

enabled not only annotating the genomic alterations, but

also studying the clonal relations between metastases. It

was found that pancreatic cancer acquires alterations that

point to telomere dysfunctions and abnormal cell cycle

and dysregulation of the transition from G1�to�S�phase

under intact G2–M transition. Even though it is expect�

ed, for early stages of cancer development this genomic

instability remains and, under further development of

neoplasm, parallel or convergent evolution of various

metastases occurs. Genetic heterogeneity exists among

metastasis�inducing clones as well, but after seeding of

the latter not just a driver mutation is needed for a metas�

tasis to occur. It occurred in the primary tumor. The

authors showed that genomic instability determined mul�

tiple intratumoral heterogeneity of tumoral clones,

including ones responsible for metastases [37]. Another

study used NGS in metastatic pancreatic cancer to show

that the metastases were insignificantly different from the

primary tumor in terms of unique mutations [38].

In the case of esophageal adenocarcinoma, an

increase in chromosome instability in the transition from

pre�cancer state of the patient to malignant tumor was

shown [39].

Breast cancer is believed to be one of the most het�

erogeneous forms of cancer. It was shown that tumoral

clones of breast cancer can be characterized by specific

structural chromosome and numerical aberrations, the

presence of pseudodiploid and aneuploid cell populations

that developed because of clonal expansion cycles [15,

16].

A study by Nik�Zainal et al. included genome

sequencing of 21 breast tumors and their genealogy based

on bioinformatic analysis of the genetic data pool. It was

shown that driver mutations are initiating in terms of

tumorigenesis, and they precede chromosome instability.

Most of the time of breast cancer development is con�

nected with generating intratumoral diversity [14].

Many authors have highlighted a considerable degree

of intratumoral heterogeneity in terms of ploidy, chromo�

some aberrations, and gene mutations in breast cancer

[40]. These authors also confirmed clonal evolution of

breast cancer tumor: for triple�negative and ER�positive

breast cancer [41]. Studies of single mutations for triple�

negative and ER�positive breast cancer showed there were

not two genetically identical tumor cells. There were a

huge number of subclonal and newly formed mutations

observed in patients. These data indicate that point muta�

tions gradually developed for a long period, creating vast

clonal diversity [42]. Intratumoral morphological hetero�

geneity of invasive ductal breast cancer was recently

described by Russian researchers [43, 44]. They detected

five types of morphological structures in the most wide�

spread form of breast cancer, invasive ductal carcinoma,

whose cells are different in the pattern of adhesion gene

expression and medication resistance.

Thus, natural clonal evolution creates intratumoral

heterogeneity and enables tumor progression. The main

driving factors are internal: genetic instability initiated by

driver mutations and microenvironment, which enables

natural selection. The same localizations may be
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described by two models of natural clonal evolution

(Fig. 1).

In the case of monoclonal development of a tumor,

significant clonal diversity is gradually formed via diver�

gence of new clones due to primary clones changing.

Although primary clones may die in divergence of clones,

such cases do not see primary driver mutations lost – they

are passed on to the next generations. While diverging,

they are joined by post�primary drivers and passenger

mutations, which forms new clones. When the NGS

method is used to study the stages of natural clonal evolu�

tion of a tumor in a particular patient, DNA of many parts

of the same tumor is sequenced (dozens or even up to hun�

dreds of tumor parts are used) individually. Primary driver

mutations are determined – those are present in all stud�

ied parts of a tumor; secondary drivers are not present in

all parts, and passenger mutations may be encountered

only in certain parts. This method enables development of

the clonal evolution tree of life. Polyclonal origin sees cells

with multiple changes formed at the earliest stages, and

those changes can remain or be eliminated. Tumors are

differentiated accordingly: in the first case, tumors are of

low�level intratumoral heterogeneity in the initial stages,

and it increases with the size of the tumor (Fig. 1a); in the

second case, tumors are of extremely high�level intratu�

moral heterogeneity in the initial stages and become more

homogeneous when larger due to clonal expansion (Fig.

1b). Clonal expansion and formation of a dominant clone

in tumors of polyclonal origin occur at the later stages and

are followed by a decrease in clonal diversity due to substi�

tution of minor clones. Such tumors should respond to

treatment better because of their homogeneity. In a real

situation, divergence of clones and formation of dominant

clones with substitution of minor clones in a tumor may

occur simultaneously. Our theoretical construct is con�

firmed by data obtained by Eirew et al., who simulated

development of tumors from breast cancer patients in

xenografts. It was found that the clonal structure of

xenografts does not duplicate the clonal structure of the

original tumor. Generally, a dominant clone developed

from originally polyclonal tumors in xenografts. This

clone was underrepresented in the original tumor and,

vice versa, originally oligoclonal tumors led to tumors with

a high level of heterogeneity in xenografts [45, 46].

Fig. 1. Clonal evolution in tumors of monoclonal and polyclonal origin. a) Monoclonal origin of tumor (clonal diversity increases with the size

of tumor); b) polyclonal origin of tumor (clonal diversity decreases with the growth of tumor). Different colors show different clones of the

tumor; thickness of the lines correlates with presence of a clone in the tumor.

a                                                                        b
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II stage

I stage

in situ
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CLONAL EVOLUTION OF A TUMOR

IN CHEMOTHERAPY

Systematic chemotherapy and target therapy are two

of three main methods of tumor treatment. If all tumor

cells were equally sensible to therapy, any medical manip�

ulation would lead to destruction of the whole tumor and

complete recovery [47], but unfortunately it is not so.

When therapy results in significant antitumor effect, it

means that before the therapy most of the tumor was rep�

resented by cells sensitive to the medication used. Death

of those cells explains the clinical effect – significant (up

to full regression) reduction of tumor mass [21, 48].

However, even full regression of clinically detectable

focuses does not necessarily mean recovery.

In most cases, due to spatial intratumoral hetero�

geneity, tumors are only partially sensitive to therapy, and

during therapy clonal evolution of the tumor takes place.

This may lead to progression (relapse or metastasis) or

developing resistance to treatment (Fig. 2). Obviously,

relapse and progression after positive therapeutic effect

achieved earlier occur due to a resistant clone that was

Fig. 2. Chemotherapy�induced clonal evolution of a tumor. a) Two well�known variants of tumor evolution under chemotherapy: develop�

ment of new clone(s) (blue) due to mutagen effect of chemomedication, and clonal expansion of a minor resistant clone (green) into the space

cleared by eliminating the clone that was dominant in the initial tumor, by chemomedication (purple). b) Two types of metastatic clone for�

mation in a tumor. Left�hand side: formation of new clones under chemotherapy. The clones acquire the ability to metastasize. Right�hand

side: convergent type of metastatic clone development. Metastatic clones were in the tumor at the early stages of carcinogenesis and evolved

along with the initial tumor. Chemotherapy initiated their expansion and formation of clinically manifested metastases.
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present before therapy and became dominant after

chemotherapy, or it originated during chemotherapy

(Fig. 2a). Resistance of this clone is based on features that

were likely absent in cells that did not survive therapy

(otherwise, they would not die and the clinical effect

would not be achieved). After chemotherapy, the popula�

tion of tumor cells may again be quite heterogeneous, and

the clone responsible for resistance to therapy will again

be present in the tumor, which will eventually result in

tumor resistance. According to the model described by

Kreso and Dick, not somatic, but tumor stem cells

belonging to different clones are chemoresistant, they

survive chemotherapy and initiate clonal diversity of

tumor relapse [49].

There are few clinical studies in clonal evolution

under chemotherapy. Hematological malignancies are

one of the most suitable models in this regard. A study of

patients with acute myeloid leukemia performed before

and after chemotherapy and thorough analysis of relapses

showed that treatment causes cancer cell composition

and the array of mutations to change. Comparative study

of the genetic landscape in tumor at two stages (before

and after chemotherapy) was conducted by Ding et al.

[50]. They demonstrated differences in aberrations

between primary acute myeloid leukemia and relapses in

eight patients. Relapse had two possible variants: in three

out of eight cases, the dominant subclones diagnosed in

the primary tumor, acquired additional mutations after

chemotherapy and developed before relapse. As for the

other five cases, a minor subclone developed before

relapse, it was present in the primary tumor, and not only

did it survive chemotherapy, but it accumulated addition�

al mutations. After chemotherapy, it turned into a domi�

nant relapsing clone.

A full course of chemotherapy of multiple myeloma

lead to relapse of a clone that was minor at the time of

diagnosis. A thorough analysis describes two primary

clones of multiple myeloma, in which the percentage

ratio of daughter subclones changed drastically after full�

course therapy, i.e. the daughter clone, which was minor

at the early stages of myeloma development, not only

evolved into a dominant one, but initiated plasma cell

leukemia, the most aggressive form of multiple myeloma

[51].

Similar data were obtained for another type of

tumor – diffuse B�cell lymphoma. Jiang et al. demon�

strated two ways of chemotherapy�induced clonal evolu�

tion of this oncopathology: the first variant sees a rare

clone developing along with the dominant subclone of the

tumor; this clone survives chemotherapy, which elimi�

nates the sensitive dominant clone. The minor resistant

clone expands into the free space, becomes dominant,

and, in the end, initiates tumor relapse. In another case,

the minor subclone develops much later during therapy

than the dominant one, survives chemotherapy, and initi�

ates relapse [52]. Studies of patients with acute lym�

phoblastic leukemia showed that relapse after chemother�

apy includes a host of new mutations; 44% of cases

(24/55) involved mutations in the NRAS, KRAS, and

PTPN11 genes in particular. The authors suggested that

chemotherapy plays a key role in development of these

mutations and stimulates relapse and resistance [53].

Proof that tumor relapse may occur as a result of

evolution of the primary clone during chemotherapy was

also presented (using NGS) for chronic lymphocytic

leukemia (CLL) [54], glioma [55], and medulloblastoma

[56].

CLL patients bearing TP53 mutations comprise a

special group that is hard to treat. TP53 mutations or 17p

deletions diminish response to chemotherapy. The main

reason for resistance to treatment is inability of the p53

mutant protein to induce apoptosis appropriately, and

dysfunction of this protein is the main reason for genome

instability in cells of CLL patients [57]. Using next gener�

ation sequencing, the authors analyzed clonal evolution

of TP53 mutations in CLL patients treated (209 patients,

median of observations was 61 months) and non�treated

(121 patients) at two checkpoints. At the first checkpoint,

all 330 patients had the TP53 gene intact. At the second

checkpoint (50�60 months from the first), the group of

non�treated patients had only one patient with TP53

mutations. Whereas 43 of 209 (21%) treated patients had

mutation in the TP53 gene. Overall survival was much

lower in the group of patients with mutations of TP53 in

relapse compared to patients with just relapse (p = 0.03).

The authors noted high risk of mutations during therapy

(hazard ratio HR = 0.25, calculated from survival curves

(95% CI 0.13�0.47; p < 0.001)) and concluded that most

TP53�mutated clones occur under selective pressure by

chemotherapy as opposition to the dominant clone,

whereas minor clones are rarely preserved after

chemotherapy [54]. This variant of tumor progression

simulation by chemotherapy is presented in Fig. 2b (left�

hand side). Landau et al. [58] obtained analogous data.

Using sequencing, they studied 59 CLL specimens before

treatment and of relapses after FC (fludarabine +

cyclophosphamide) and FCR (fludarabine + cyclophos�

phamide and rituximab) regimen chemotherapy. Clonal

evolution with development of de novo mutations was

detected in 97% (57/59) of cases, and in 25% (15/59) of

cases de novo mutations of the TP53 were detected.

Besides, the authors discovered that new driver mutations

are characterized by 1.5�fold higher speed of relapse

clone growth in comparison to the primary clone [58].

Anaplastic astrocytoma and glioblastoma are exclu�

sively malignant forms of gliomas; they often relapse after

surgery, which is the main reason for mortality from this

disease. Johnson et al. suggested a hypothesis stating that

genetic changes that stimulate growth of relapses are dif�

ferent from genetic changes in the primary tumor. To

prove this hypothesis, they sequenced exomes of 23 pri�

mary gliomas and tumor relapses from the same patients.
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In 43% of cases, half of the primary tumor mutations were

not detected in the relapse, including driver mutations in

the TP53, ATRX, SMARCA4, and BRAF genes. On this

basis, they suggested that tumor relapses are often initiat�

ed by tumor clones of the primary tumor at a very early

stage of natural evolution, when these drivers were absent.

Ten patients were treated with temozolomide, and, during

chemotherapy, relapses in six patients acquired new driv�

er mutations in the RB1 gene and genes (PTEN, AKT2,

DDIT4, ERBB2, NF1, mTOR, PDGRFA, PIC3CA, TCS1,

PIC3R1) of the mTOR pathway, which is inhibited by

temozolomide [55]. Similar data were obtained in medul�

loblastoma, which is the most widespread malignant

brain tumor in children. Metastases and the primary

tumor had low quantity of common mutations, and the

authors suggested that metastases develop from separate

rare subclones of the primary heterogeneous tumor, and

then new mutations accumulate in the primary tumor

along with the metastases due to factors that include

chemotherapy [56]. These data are also supported by

recent research of American scientists. They studied the

primary tumor and relapses after radio� and chemothera�

py by temozolomide of 114 patients with glioblastoma.

The discovered diversity of new mutations in tumor

relapses was vast in comparison to the primary tumor,

including driver mutations in such genes as TP53, PTEN,

EGFR, PIK3CA, ATRX, IDH1, PIK3R1, and PDGFRA.

They suggested that such high speed of evolution is

impossible during treatment and believe that relapsing

clones were minor (their frequencies were lower than sen�

sitivity of measurement methods). Besides, in 11% of

relapses the LTBP4 gene was mutated, which leads to

TGFb1 hyperexpression associated with low survival [59].

This situation of tumor progression is illustrated in Fig. 2b

(right�hand side).

Occurrence of new clones during treatment was also

observed in treating patients with non�small�cell lung

cancer (NSCLC) by tyrosine kinase inhibitors – in 50%

of cases treatment initiated occurrence of mutation,

which prevented antitumor activity of the target medica�

tion (due to unavailability of the kinase domain); howev�

er, the primary driver mutation in the EGFR gene

remained [47, 60]. A recent study also showed that on

treatment of metastatic NSCLC with activating muta�

tions in the EGFR gene (deletion with no frameshift in

exon 19 and replacement of L858R in the exon 21) by tar�

get medication and inhibitors of EGFR (gefitinib and

erlotinib), replacement of T790M in exon 20 may occur

in the tumor, which significantly lowered the effect of

those inhibitors of EGFR [61].

The report of Murugaesu et al. presented the results

of sequencing of specimens obtained from the patients

with adenocarcinomas of the esophagus before and after

presurgical (neoadjuvant) chemotherapy, whose main

goal is to decrease the volume of the primary tumor (up to

complete elimination) to enable surgery in cases of inop�

erable tumors or conservation surgery, and to determine

the resistance to postsurgical (adjuvant) chemotherapy.

Sequencing was performed for the DNA specimens

obtained from different areas of the tumor and biopsy

material for each patient. Matched analysis of biopsy

before treatment and of operational material of the tumor

after platinum�based preoperative chemotherapy was

performed for a small number of patients – five people.

However, this study illustrates the mutation processes and

evolution of this type of cancer after cytotoxic therapy. It

was shown that two of five specimens (40%) manifested

change in clonal structure in the tumor under the influ�

ence of chemotherapy (frequency of C>A mutations in

CpC contexts of the tumor DNA increased), which was

associated with insufficient response to chemotherapy in

these patients [62]. Findlay et al. used whole exome and

targeted deep sequencing to study 30 specimens of esoph�

agus adenocarcinoma before treatment and after two

courses of preoperative chemotherapy (oxaliplatin–fluo�

rouracil). It was found that sufficient response to

chemotherapy is followed by significant decrease in diver�

sity of mutations including driver mutations of such genes

as TP53, SMARCA4, and ARID1A, in most cases due to

deletion of loci of these genes. The authors also observed

significant decrease in clonal diversity of tumors. Vice

versa, resistant tumors manifested driver de novo muta�

tions in such genes as TP53, SF3B1, TAF1, CCND2,

FBXW7, SMARC4A, and CNTNAP5, as well as amplifica�

tion of loci of the ERBB2, CCND2, TERT, and CCNE1

genes. Besides, patients who did not respond to

chemotherapy showed overrepresentation of TP53 muta�

tions (they were absent in the initial specimen), and this

correlated with negative outcome (approximately 20% of

patients). Considering the use of deep sequencing, which

secures high sensitivity and absence of mutations in the

specimen before treatment, the authors suggested that

preoperative chemotherapy stimulated their occurrence.

And even a short�term course of preoperative chemother�

apy may induce rapid evolution of the esophagus tumor

genome, and it can acquire resistance to treatment. Good

clinical and genetic response is associated with vast SNV

variability and high percentage of T:A>A:T mutations in

the specimen before treatment, though not with the level

of clonal diversity [63].

Change in tumor clonal structure under chemother�

apy is also studied in cases of colorectal cancer [12, 41,

64]: the results obtained by Krešo et al. show that KRAS�

mutated variants, which secure secondary resistance to

monoclonal antibodies against EGFR, are detected much

earlier than clinical tumor progression is observed [64]. In

other words, development of resistance in one patient

may occur due to multiple mutations acquired during

treatment [65, 66]. In this context, clonal evolution is at

the forefront as the main reason for inefficiency of target

medication. In general, clonal evolution of a tumor dur�

ing chemotherapy and target therapy was described for
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many localizations: various hematological malignancies,

lung cancer, prostate cancer, esophagus cancer, colorectal

cancer, and some others [67].

A study by Litviakov et al. [68] included investigation

of clonal evolution of breast cancer during preoperative

chemotherapy. The study involved 30 patients (IIA�IIIB),

and each woman had her breast tumor CNA (Copy

Number Aberration) status studied using the CytoScan

HD Array (Affymetrix, USA) microarray before treat�

ment and after FAC (5�fluorouracil, adriamycin, and

cyclophosphamide) or CAX (cyclophosphamide, adri�

amycin, and Xeloda® (peroral form of 5�fluorouracil))

chemotherapy. The CytoScan HD Array microarrays

cover 18,500 RefSeq of genes and show, among others,

Fig. 3. Three variants of clonal evolution of breast tumor during preoperative chemotherapy (our own data). a) Decrease in number of clones

with amplifications and deletions (up to full elimination: four cases of complete morphological and genetic tumor regression) in 13 of 30 (43%)

patients (no metastases); b) preoperative chemotherapy did not affect clones with amplifications and deletions in 8 of 30 (27%) patients (no

metastases); c) during preoperative chemotherapy, new clones developed in the tumor (in nine of 30 (30%) patients), including clones with

amplification in six of 30 (20%) patients, and all six of these patients developed metastases in the period of 1�3 years. The figure outlines three

variants of clonal evolution trees of life. Windows of the program for analysis of microarray CytoScan HD Array (Chromosome Analysis Suite

3.0 software; Affymetrix, USA) are illustrated with the image of genetic landscape of tumor before treatment and after preoperative

chemotherapy. Blue next to the chromosome represents amplified regions; red represents deleted areas.

a

b

c

Before treatment

Before treatment

Before treatment

After chemotherapy

After chemotherapy

After chemotherapy
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mosaic deletions and amplifications of primarily exon�

coding sequences of genes with sensitivity of 10% to

mutant DNA in contrast with normal DNA. It was shown

that change in frequency of CNA during chemotherapy

directly correlates with efficiency of preoperative

chemotherapy (Spearman correlation coefficient = 0.71,

p = 0.000011). This may prove to be promising in terms of

using the change in CNA frequency to evaluate genetic

efficiency of chemotherapy. Another interesting and

important result was obtained in terms of the influence of

chemotherapy to the clonal structure of a tumor: it was

found that during chemotherapy 43% (13/30) of patients

had number of mutant tumor clones decrease (up to com�

plete elimination: four cases of complete genetic regres�

sion of tumor); in 27% (8/30) cases chemotherapy did

not affect the number of mutant clones and frequency of

CNA; 30% (9/30) of patients (during preoperative

chemotherapy) manifested occurrence of clones bearing

new CNA (deletions or amplifications). In addition, six

of nine patients manifested development of tumor clones

under the influence of preoperative chemotherapy, which

brought new amplifications (Fig. 3). In 100% of cases,

development of new amplifications was associated with

development of hematogenous metastases. In other

words, preoperative chemotherapy stimulates metastasis

of breast cancer in 20% of cases. All other patients with

elimination of clones, absence of effect of chemotherapy

on the clones, or patients with occurring deletions did not

have hematogenous metastases throughout the five�year

period of observation (Kaplan–Meier method, p =

0.00000 Log�rank test). This is the first absolute predic�

tive factor when a feature (in this case, it is occurrence of

clones with amplification during chemotherapy) is asso�

ciated with 100% metastasis and absence of the feature is

associated with 100% survival [68].

Studies by Chinese researchers showed loss of

somatic mutations of the TP53 and PIK3CA genes in

breast cancer tissue after preoperative chemotherapy.

Tumors from 364 patients before treatment and after

chemotherapy were studied using the NGS method.

Frequency of somatic mutations in TP53 or PIK3CA were

identified in 24.8% of tumor specimens before treatment,

but only in 12.1% of specimens after chemotherapy (p <
0.001). Patients with TP53 or PIK3CA mutations in tumor

before treatment, if they did not become negative in these

mutations, demonstrated significantly better complete

and relapse�free survival after chemotherapy (p = 0.008).

The authors suggested that chemotherapy may reduce

frequency of mutation in patients with breast cancer, and

that it may become a positive predictive factor [69].

Thus, change in clonal structure of a tumor after

chemotherapy confirms that chemotherapy can be

regarded as driving factor of the tumor evolution process.

Some authors believe that survival of minor clones and

their expansion during chemotherapy is the main mecha�

nism of development of resistance and progression after

chemotherapy. Other researchers suggest that the speed of

tumor evolution during chemotherapy drastically

increases and the main mechanism of resistance and pro�

gression is development of new genetic anomalies and

driver mutations in tumor cells. There is even an opinion

that states that chemotherapy may stimulate malignant

transformation of tissue that was normal before treat�

ment. In any case, this states the necessity of thorough

study of processes of clonal evolution of a tumor during

chemotherapy to prevent stimulation of tumor progres�

sion and to search for new markers for personalized treat�

ment. This line of research is also urgent in terms of

detection of mechanisms of development of resistance

and for creation of new predictive markers [70].

APPROACHES TO TUMOR TREATMENT

BASED ON CLONAL EVOLUTION

Currently, researchers have already started develop�

ing approaches to treatment based on clonal evolution of

tumors. Without a doubt, precision therapy should be

regarded as an achievement as it is based on determina�

tion of stages of natural evolution of a tumor in every

patient [71]. While studying multiple parts of a tumor in

one patient separately using NGS, the tree of life of nat�

ural clonal evolution is modeled. The primary driver

common for all parts of a tumor is determined, and target

medication is set for it. Unfortunately, this approach can

only be applied to tumors of monoclonal origin (Fig. 1a)

whose natural evolution can be illustrated as a “tree of

life”. Applying this approach to tumors of polyclonal ori�

gin (Fig. 1b) or any type of natural clonal evolution dif�

ferent from the “tree of life” will encounter significant

difficulties.

Clonal evolution is one of the main reasons for target

and chemomedication inefficiency. In terms of predicting

the efficiency of medication therapy, it is very important

to study the speed of clonal evolution during treatment: to

destroy a tumor, the speed of tumor cell elimination must

be significantly higher than the speed of clonal evolution

of the tumor.

Without a doubt, we can state that spread of metas�

tases is strongly connected with clonal evolution of a

tumor, including clonal evolution during treatment [72].

In this regard, the ability to predict the reaction of a

tumor to treatment and metastasis during treatment is of

great clinical interest. It is necessary to consider the opin�

ion of certain researchers on very high speed of

chemotherapy�induced evolution of tumors, which leads

to development of new resistant and relapsing clones [58,

63]. It is impossible to ignore the increasingly widespread

data indicating that chemotherapy stimulates metastasis

or relapsing in almost 20% of patients [54, 63, 68]. All this

confirms the need to question almost all modern instruc�

tions for chemotherapy now and to start working on
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developing new instructions that take into consideration

the pace of chemotherapy�induced evolution and the

probability of development of resistant and progressing

clones. Prescription of chemotherapy must be personal�

ized and predict the probability of metastasis stimulation

in a patient.

The next approach, which may already be develop�

ing, is formulation of methods of genetic evaluation of

chemotherapy efficiency, as significant progress has been

made in this line of research [59, 62, 63, 68, 69]. It is like�

ly that in the near future genetic evaluation will replace

morphological study of tumor and study of residual tumor

to determine drug pathomorphism in particular. Genetic

evaluation will help determine clonal changes in residual

tumor, personalize prescription of postoperative target or

chemotherapy, and predict the outcome of the disease.

Probably in the foreseeable future, multi�stage antitumor

therapy, based on knowledge of mutations acquired and

eliminated in clonal evolution during treatment, will

enhance the rates of survival and substantially increase

longevity in various cases of malignant neoplasms.

Another idea, which was first put forth at the

Nineteenth Russian Oncologic Congress in 2015, is to

single out the markers of metastatic clones and to deter�

mine their presence in an operable tumor before systemic

treatment. If metastatic clones are present in the tumor,

systemic therapy may be prescribed with the goal of elim�

inating these clones. Because the clones are already pres�

ent in the tumor, the risk of stimulating metastasis is low,

but there is a probability of elimination of metastatic

clones and of increase in survival of patients. At the same

time, if there are no metastatic clones in the tumor, sys�

temic chemotherapy is not mandatory and treatment may

go to surgery. The Research Institute of Oncology of

Tomsk National Research Medical Center has begun

clinical trials of such an approach to prescribing preoper�

ative chemotherapy for patients with breast cancer.

Development of approaches to manipulating clonal

evolution of tumors may become a new direction in treat�

ment of malignant tumors. It is already clear that homo�

geneous tumors respond to treatment better in compari�

son to tumors with high�level clonal diversity. Methods of

creating the conditions for formation of homogeneous

tumor may be developed, for example, it is possible to

form the dominant clone artificially, which would replace

all the other minor clones. The idea is that the tumor

should be able to fight itself, and for this, it is necessary to

stimulate competition between clones in the tumor as

much as possible. Methods of genetic editing may be

applied to impose a driver mutation for which there is a

target medication. Then the tumor is put into conditions

of stabilizing or metronomic chemotherapy (each day the

patient takes a small dose of chemomedication, which is

different from the standard chemotherapy, when every

three weeks the patient takes maximum dosage) so that

the clone with the artificial driver is not sensitive to it, and

this will give it the opportunity to dominate and to replace

minor clones. In some time, at the last stage, target ther�

apy is used directly onto the artificial driver, which

destroys the dominant clone.

Thus, study of mechanisms of natural and

chemotherapy�induced clonal evolution of various

tumors will enable determining the order of molecular

and genetic events that take place in development of a

form of cancer, enable connecting molecular and genetic

changes with the clinical course of the disease, metastat�

ic potential, and response to the therapy, which eventual�

ly will enable personalized treatment of each patient and

manipulation of clonal evolution of tumors.

Acknowledgements

This work was supported by the Russian Foundation

for Basic Research (project No. 15�04�03091_a) and by

Tomsk State University Competitiveness Improvement

Program.

REFERENCES

1. Nowell, P. C. (1976) The clonal evolution of tumor cell

populations, Science, 194, 23�28.

2. Gerlinger, M., Rowan, A. J., Horswell, S., Larkin, J.,

Endesfelder, D., Gronroos, E., Martinez, P., Matthews,

N., Stewart, A., Tarpey, P., Varela, I., Phillimore, B.,

Begum, S., McDonald, N. Q., Butler, A., Jones, D., Raine,

K., Latimer, C., Santos, C. R., Nohadani, M., Eklund, A.

C., Spencer�Dene, B., Clark, G., Pickering, L., Stamp,

G., Gore, M., Szallasi, Z., Downward, J., Futreal, P. A.,

and Swanton, C. (2012) Intratumor heterogeneity and

branched evolution revealed by multiregion sequencing,

New Eng. J. Med., 366, 883�892.

3. Krakhmal, N. V., Zavyalova, M. V., Denisov, E. V.,

Vtorushin, S. V., and Perelmuter, V. M. (2015) Cancer inva�

sion: patterns and mechanisms, Acta Naturae, 72, 17�28.

4. Gerashchenko, T. S., Denisov, E. V., Litviakov, N. V.,

Zavyalova, M. V., Vtorushin, S. V., Tsyganov, M. M.,

Perelmuter, V. M., and Cherdyntseva, N. V. (2013)

Intratumor heterogeneity: nature and biological signifi�

cance, Biochemistry (Moscow), 78, 1201�1215.

5. Bhatia, S., Frangioni, J. V., Hoffman, R. M., Iafrate, A. J.,

and Polyak, K. (2012) The challenges posed by cancer het�

erogeneity, Nat. Biotechnol., 30, 604�610.

6. Visvader, J. E. (2011) Cells of origin in cancer, Nature, 469,

314�322.

7. Marusyk, A., and Polyak, K. (2010) Tumor heterogeneity:

causes and consequences, Biochim. Biophys. Acta, 1805,

105�117.

8. Hanahan, D., and Weinberg, R. A. (2011) Hallmarks of

cancer: the next generation, Cell, 144, 646�674.

9. Zavyalova, M. V., Perelmuter, V. M., Vtorushin, S. V.,

Denisov, E. V., Litvyakov, N. V., Slonimskaya, E. M., and

Cherdyntseva, N. V. (2013) The presence of alveolar struc�

tures in invasive ductal NOS breast carcinoma is associated



CLONAL EVOLUTION OF TUMORS 423

BIOCHEMISTRY  (Moscow)   Vol.  82   No.  4   2017

with lymph node metastasis, Diagn. Cytopathol., 41, 279�

282.

10. Van Niekerk, G., Davids, L. M., Hattingh, S. M., and

Engelbrecht, A. M. (2016) Cancer stem cells: a product of

clonal evolution? Int. J. Cancer, 140, 993�999.

11. Devarakonda, S., and Govindan, R. (2015) Clonal evolu�

tion: multiregion sequencing of esophageal adenocarcino�

ma before and after chemotherapy, Cancer Discov., 5, 796�

798.

12. Fisher, R., Pusztai, L., and Swanton, C. (2013) Cancer het�

erogeneity: implications for targeted therapeutics, Br. J.

Cancer, 108, 479�485.

13. Cross, W., Graham, T. A., and Wright, N. A. (2016) New

paradigms in clonal evolution: punctuated equilibrium in

cancer, J. Pathol., 240, 126�136.

14. Nik�Zainal, S., Van Loo, P., Wedge, D. C., Alexandrov, L.

B., Greenman, C. D., Lau, K. W., Raine, K., Jones, D.,

Marshall, J., Ramakrishna, M., Shlien, A., Cooke, S. L.,

Hinton, J., Menzies, A., Stebbings, L. A., Leroy, C., Jia,

M., Rance, R., Mudie, L. J., Gamble, S. J., Stephens, P. J.,

McLaren, S., Tarpey, P. S., Papaemmanuil, E., Davies, H.

R., Varela, I., McBride, D. J., Bignell, G. R., Leung, K.,

Butler, A. P., Teague, J. W., Martin, S., Jonsson, G.,

Mariani, O., Boyault, S., Miron, P., Fatima, A., Langerod,

A., Aparicio, S. A., Tutt, A., Sieuwerts, A. M., Borg, A.,

Thomas, G., Salomon, A. V., Richardson, A. L., Borresen�

Dale, A. L., Futreal, P. A., Stratton, M. R., and Campbell,

P. J.; Breast Cancer Working Group of the International

Cancer Genome Consortium (2012) The life history of 21

breast cancers, Cell, 149, 994�1007.

15. Navin, N., Krasnitz, A., Rodgers, L., Cook, K., Meth, J.,

Kendall, J., Riggs, M., Eberling, Y., Troge, J., Grubor, V.,

Levy, D., Lundin, P., Maner, S., Zetterberg, A., Hicks, J.,

and Wigler, M. (2010) Inferring tumor progression from

genomic heterogeneity, Genome Res., 20, 68�80.

16. Ng, C. K., Pemberton, H. N., and Reis�Filho, J. S. (2014)

Breast cancer intratumor genetic heterogeneity: causes and

implications, Exp. Rev. Anticancer Ther., 12, 1021�1032.

17. Stephens, P. J., Tarpey, P. S., Davies, H., Van, Loo P.,

Greenman, C., Wedge, D. C., Nik�Zainal, S., Martin, S.,

Varela, I., Bignell, G. R., Yates, L. R., Papaemmanuil, E.,

Beare, D., Butler, A., Cheverton, A., Gamble, J., Hinton,

J., Jia, M., Jayakumar, A., Jones, D., Latimer, C., Lau, K.

W., McLaren, S., McBride, D. J., Menzies, A., Mudie, L.,

Raine, K., Rad, R., Chapman, M. S., Teague, J., Easton,

D., Langerod, A., Lee, M. T., Shen, C. Y., Tee, B. T.,

Huimin, B. W., Broeks, A., Vargas, A. C., Turashvili, G.,

Martens, J., Fatima, A., Miron, P., Chin, S. F., Thomas,

G., Boyault, S., Mariani, O., Lakhani, S. R., Van de Vijver,

M., Van’t Veer, L., Foekens, J., Desmedt, C., Sotiriou, C.,

Tutt, A., Caldas, C., Reis�Filho, J. S., Aparicio, S. A.,

Salomon, A. V., Borresen�Dale, A. L., Richardson, A. L.,

Campbell, P. J., Futreal, P. A., Stratton, M. R., and Oslo

Breast Cancer Consortium (OSBREAC) (2012) The land�

scape of cancer genes and mutational processes in breast

cancer, Nature, 486, 400�404.

18. Alexandrov, L. B., Nik�Zainal, S., Wedge, D. C., Aparicio,

S. A. J. R., Behjati, S., Biankin, A. V., Bignell, G. R., Bolli,

N., Borg, A., Borresen�Dale, A.�L., Boyault, S., Burkhardt,

B., Butler, A. P., Caldas, C., Davies, H. R., Desmedt, C.,

Eils, R., Eyfjord, J. E., Foekens, J. A., Greaves, M.,

Hosoda, F., Hutter, B., Ilicic, T., Imbeaud, S., Imielinsk,

M., Jager, N., Jones, D. T. W., Jones, D., Knappskog, S.,

Kool, M., Lakhani, S. R., Lopez�Otin, C., Martin, S.,

Munshi, N. C., Nakamura, H., Northcott, P. A., Pajic, M.,

Papaemmanuil, E., Paradiso, A., Pearson, J. V., Puente, X.

S., Raine, K., Ramakrishna, M., Richardson, A. L.,

Richter, J., Rosenstiel, P., Schlesner, M., Schumacher, T.

N., Span, P. N., Teague, J. W., Totoki, Y., Tutt, A. N. J.,

Valdes�Mas, R., van Buuren, M. M., Van’t Veer, L.,

Vincent�Salomon, A., Waddell, N., Yates, L. R., Australian

Pancreatic Cancer Genome Initiative, ICGC Breast Cancer

Consortium, ICGC MMML�Seq Consortium, ICGC

PedBrain, Zucman�Rossi, J., Futreal, P. A., McDermott,

U., Lichter, P., Meyerson, M., Grimmond, S. M., Siebert,

R., Campo, E., Shibata, T., Pfister, S. M., Campbell, P. J.,

and Stratton, M. R. (2013) Signatures of mutational

processes in human cancer, Nature, 500, 415�421.

19. Bhatia, S., Frangioni, J. V., Hoffman, R. M., Iafrate, A. J.,

and Polyak, K. (2012) The challenges posed by cancer het�

erogeneity, Nat. Biotechnol., 30, 604�610.

20. Greaves, M., and Maley, C. C. (2012) Clonal evolution in

cancer, Nature, 481, 306�313.

21. McGranahan, N., and Swanton, C. (2015) Biological and

therapeutic impact of intratumor heterogeneity in cancer

evolution, Cancer Cell, 27, 15�26.

22. Michor, F., and Polyak, K. (2010) The origins and implica�

tions of intratumor heterogeneity, Cancer Prevent. Res., 3,

1361�1364.

23. Greaves, M., and Ford, A. M. (2015) Chromosome

translocations, cancer initiation and clonal evolution, in

Chromosomal Translocations and Genome Rearrangements in

Cancer (Rowley, J. D., Le Beau, M. M., and Rabbitts, T.

H., eds.), Springer, pp. 53�72.

24. Giancotti, F. G. (2013) Mechanisms governing metastatic

dormancy and reactivation, Cell, 155, 750�764.

25. Apostoli, A. J., and Ailles, L. (2016) Clonal evolution and

tumor�initiating cells: new dimensions in cancer patient

treatment, Crit. Rev. Clin. Lab. Sci., 53, 40�51.

26. Almendro, V., Marusyk, A., and Polyak, K. (2013) Cellular

heterogeneity and molecular evolution in cancer, Annu.

Rev. Pathol. Mech. Dis., 8, 277�302.

27. Almendro, V., Kim, H. J., Cheng, Y.�K., Gonen, M.,

Itzkovitz, S., Argani, P., Van Oudenaarden, A., Sukumar,

S., Michor, F., and Polyak, K. (2014) Genetic and pheno�

typic diversity in breast tumor metastases, Cancer Res., 74,

1338�1348.

28. Polyak, K. (2014) Tumor heterogeneity confounds and illu�

minates: a case for Darwinian tumor evolution, Nat. Med.,

20, 344�346.

29. Cho, S. Y., Xu, M., Roboz, J., Lu, M., Mascarenhas, J.,

and Hoffman, R. (2010) The effect of CXCL12 processing

on CD34+ cell migration in myeloproliferative neoplasms,

Cancer Res., 70, 3402�3410.

30. Verstovsek, S., Kantarjian, H., Mesa, R. A., Pardanani, A.

D., Cortes�Franco, J., Thomas, D. A., Estrov, Z.,

Fridman, J. S., Bradley, E. C., Erickson�Viitanen, S.,

Vaddi, K., Levy, R., and Tefferi, A. (2010) Safety and effi�

cacy of INCB018424, a JAK1 and JAK2 inhibitor, in

myelofibrosis, New Eng. J. Med., 363, 1117�1127.

31. Tefferi, A., Thiele, J., Vannucchi, A., and Barbui, T. (2014)

An overview on CALR and CSF3R mutations and a pro�

posal for revision of WHO diagnostic criteria for myelopro�

liferative neoplasms, Leukemia, 28, 1407�1413.



424 IBRAGIMOVA et al.

BIOCHEMISTRY  (Moscow)   Vol.  82   No.  4   2017

32. Tefferi, A., Vaidya, R., Caramazza, D., Finke, C., Lasho,

T., and Pardanani, A. (2011) Circulating interleukin (IL)�8,

IL�2R, IL�12, and IL�15 levels are independently prognos�

tic in primary myelofibrosis: a comprehensive cytokine pro�

filing study, J. Clin. Oncol., 29, 1356�1363.

33. Thomas, L. K., Bermejo, J. L., Vinokurova, S., Jensen, K.,

Bierkens, M., Steenbergen, R., Bergmann, M., von Knebel

Doeberitz, M., and Reuschenbach, M. (2014)

Chromosomal gains and losses in human papillomavirus�

associated neoplasia of the lower genital tract – a systemat�

ic review and meta�analysis, Eur. J. Cancer, 50, 85�98.

34. Luhn, P., Houldsworth, J., Cahill, L., Schiffman, M.,

Castle, P. E., Zuna, R. E., Dunn, S. T., Gold, M. A.,

Walker, J., and Wentzensen, N. (2013) Chromosomal gains

measured in cytology samples from women with abnormal

cervical cancer screening results, Gynecol. Oncol., 130, 595�

600.

35. Murphy, B. J., Dorudi, S., and Bustin, S. A. (2007)

Molecular staging of colorectal cancer: new paradigm or

waste of time? Exp. Opin. Med. Diagn., 1, 31�45.

36. Sowalsky, A. G., Ye, H., Bubley, G. J., and Balk, S. P.

(2013) Clonal progression of prostate cancers from Gleason

grade 3 to grade 4, Cancer Res., 73, 1050�1055.

37. Campbell, P. J., Yachida, S., Mudie, L. J., Stephens, P. J.,

Pleasance, E. D., Stebbings, L. A., Morsberger, L. A.,

Latimer, C., McLaren, S., and Lin, M.�L. (2010) The pat�

terns and dynamics of genomic instability in metastatic

pancreatic cancer, Nature, 467, 1109�1113.

38. Makohon�Moore, A. P., Zhang, M., Reiter, J. G., Bozic,

I., Wong, F., Jiao, Y., Chatterjee, K., Nowak, M.,

Papadopoulos, N., and Vogelstein, B. (2015) Clonal evolu�

tion defines the natural history of metastatic pancreatic

cancer, Cancer Res., 75, 4137�4137.

39. Li, X., Galipeau, P. C., Paulson, T. G., Sanchez, C. A.,

Arnaudo, J., Liu, K., Sather, C. L., Kostadinov, R. L.,

Odze, R. D., and Kuhner, M. K. (2014) Temporal and spa�

tial evolution of somatic chromosomal alterations: a case�

cohort study of Barrett’s esophagus, Cancer Prevent. Res.,

7, 114�127.

40. Aparicio, S., and Caldas, C. (2013) The implications of

clonal genome evolution for cancer medicine, New Eng. J.

Med., 368, 842�851.

41. Shah, S. P., Roth, A., Goya, R., Oloumi, A., Ha, G., Zhao,

Y., Turashvili, G., Ding, J., Tse, K., and Haffari, G. (2012)

The clonal and mutational evolution spectrum of primary

triple�negative breast cancers, Nature, 486, 395�399.

42. Wang, Y., Waters, J., Leung, M. L., Unruh, A., Roh, W.,

Shi, X., Chen, K., Scheet, P., Vattathil, S., and Liang, H.

(2014) Clonal evolution in breast cancer revealed by single

nucleus genome sequencing, Nature, 512, 155�160.

43. Zavyalova, M. V., Denisov, E. V., Tashireva, L. A.,

Gerashchenko, T. S., Litviakov, N. V., Skryabin, N. A.,

Vtorushin, S. V., Telegina, N. S., Slonimskaya, E. M., and

Cherdyntseva, N. V. (2013) Phenotypic drift as a cause for

intratumoral morphological heterogeneity of invasive duc�

tal breast carcinoma not otherwise specified, Bio Res. Open

Access, 2, 148�154.

44. Denisov, E. V., Litviakov, N. V., Zavyalova, M. V.,

Perelmuter, V. M., Vtorushin, S. V., Tsyganov, M. M.,

Gerashchenko, T. S., Garbukov, E. Y., Slonimskaya, E. M.,

and Cherdyntseva, N. V. (2014) Intratumoral morphologi�

cal heterogeneity of breast cancer: neoadjuvant chemother�

apy efficiency and multidrug resistance gene expression,

Sci. Rep., 4, 1�7.

45. Eirew, P., Steif, A., Khattra, J., Ha, G., Yap, D., Farahani,

H., Gelmon, K., Chia, S., Mar, C., and Wan, A. (2015)

Dynamics of genomic clones in breast cancer patient

xenografts at single�cell resolution, Nature, 518, 422�

426.

46. Janiszewska, M., and Polyak, K. (2015) Clonal evolution in

cancer: a tale of twisted twines, Cell Stem Cell, 16, 11�12.

47. Marusyk, A., Almendro, V., and Polyak, K. (2012) Intra�

tumour heterogeneity: a looking glass for cancer? Nat. Rev.

Cancer, 12, 323�334.

48. Nik�Zainal, S., Van Loo, P., Wedge, D. C., Alexandrov, L.

B., Greenman, C. D., Lau, K. W., Raine, K., Jones, D.,

Marshall, J., and Ramakrishna, M. (2012) The life history

of 21 breast cancers, Cell, 149, 994�1007.

49. Kreso, A., and Dick, J. E. (2014) Evolution of the cancer

stem cell model, Cell Stem Cell, 14, 275�291.

50. Ding, L., Ley, T. J., Larson, D. E., Miller, C. A., Koboldt,

D. C., Welch, J. S., Ritchey, J. K., Young, M. A.,

Lamprecht, T., and McLellan, M. D. (2012) Clonal evolu�

tion in relapsed acute myeloid leukaemia revealed by

whole�genome sequencing, Nature, 481, 506�510.

51. Keats, J. J., Chesi, M., Egan, J. B., Garbitt, V. M., Palmer,

S. E., Braggio, E., Van Wier, S., Blackburn, P. R., Baker, A.

S., and Dispenzieri, A. (2012) Clonal competition with

alternating dominance in multiple myeloma, Blood, 120,

1067�1076.

52. Jiang, Y., Redmond, D., Nie, K., Eng, K. W., Clozel, T.,

Martin, P., Tan, L. H., Melnick, A. M., Tam, W., and

Elemento, O. (2014) Deep sequencing reveals clonal evolu�

tion patterns and mutation events associated with relapse in

B�cell lymphomas, Gen. Biol., 15, 412�420.

53. Oshima, K., Khiabanian, H., Da Silva�Almeida, A. C.,

Tzoneva, G., Abate, F., Ambesi�Impiombato, A., Sanchez�

Martin, M., Carpenter, Z., Penson, A., and Perez�Garcia,

A. (2016) Mutational landscape, clonal evolution patterns,

and role of RAS mutations in relapsed acute lymphoblastic

leukemia, PNAS, 201608420.

54. Malcikova, J., Stano�Kozubik, K., Tichy, B., Kantorova,

B., Pavlova, S., Tom, N., Radova, L., Smardova, J., Pardy,

F., and Doubek, M. (2015) Detailed analysis of therapy�

driven clonal evolution of TP53 mutations in chronic lym�

phocytic leukemia, Leukemia, 29, 877�885.

55. Johnson, B. E., Mazor, T., Hong, C., Barnes, M., Aihara,

K., McLean, C. Y., Fouse, S. D., Yamamoto, S., and Ueda,

H. (2014) Mutational analysis reveals the origin and thera�

py�driven evolution of recurrent glioma, Science, 343, 189�

193.

56. Wu, X., Northcott, P. A., Dubuc, A., Dupuy, A. J., Shih, D.

J. H., Witt, H., Croul, S., Bouffet, E., Fults, D. W., and

Eberhart, C. G. (2012) Clonal selection drives genetic

divergence of metastatic medulloblastoma, Nature, 482,

529�533.

57. Gonzalez, D., Martinez, P., Wade, R., Hockley, S., Oscier,

D., Matutes, E., Dearden, C. E., Richards, S. M.,

Catovsky, D., and Morgan, G. J. (2011) Mutational status

of the TP53 gene as a predictor of response and survival in

patients with chronic lymphocytic leukemia: results from

the LRF CLL4 trial, J. Clin. Oncol., 29, 2223�2229.

58. Landau, D. A., Tausch, E., Bцttcher, S., Stewart, C.,

Bozic, I., Leischner, I., Rosebrock, D., Taylor�Weiner, A.,



CLONAL EVOLUTION OF TUMORS 425

BIOCHEMISTRY  (Moscow)   Vol.  82   No.  4   2017

Mertens, D., and Sougnez, C. (2015) Quantitative clonal

dynamics define mechanisms of CLL evolution in response

to combination chemotherapy, Blood, 126, 362�362.

59. Wang, J., Cazzato, E., Ladewig, E., Frattini, V.,

Rosenbloom, D. I., Zairis, S., Abate, F., Liu, Z., Elliott,

O., and Shin, Y.�J. (2016) Clonal evolution of glioblastoma

under therapy, Nat. Genet., 48, 768�796.

60. Chen, Z.�Y., Zhong, W.�Z., Zhang, X.�C., Su, J., Yang, X.�

N., Chen, Z.�H., Yang, J.�J., Zhou, Q., Yan, H.�H., and

An, S.�J. (2012) EGFR mutation heterogeneity and the

mixed response to EGFR tyrosine kinase inhibitors of lung

adenocarcinomas, Oncologist, 17, 978�985.

61. Cheng, X., and Chen, H. (2014) Tumor heterogeneity and

resistance to EGFR�targeted therapy in advanced nonsmall

cell lung cancer: challenges and perspectives, Onco Targets

Ther., 7, 1689�1704.

62. Murugaesu, N., Wilson, G. A., Birkbak, N. J., Watkins, T.

B., McGranahan, N., Kumar, S., Abbassi�Ghadi, N.,

Salm, M., Mitter, R., and Horswell, S. (2015) Tracking the

genomic evolution of esophageal adenocarcinoma through

neoadjuvant chemotherapy, Cancer Discov., 8, 821�831.

63. Findlay, J. M., Castro�Giner, F., Makino, S., Rayner, E.,

Kartsonaki, C., Cross, W., Kovac, M., Ulahannan, D.,

Palles, C., and Gillies, R. S. (2016) Differential clonal evo�

lution in oesophageal cancers in response to neo�adjuvant

chemotherapy, Nat. Commun., 7, 1�13.

64. Kreso, A., O’brien, C. A., van Galen, P., Gan, O. I., Notta,

F., Brown, A. M., Ng, K., Ma, J., Wienholds, E., and

Dunant, C. (2013) Variable clonal repopulation dynamics

influence chemotherapy response in colorectal cancer,

Science, 339, 543�548.

65. Diaz, L. A., Jr., Williams, R. T., Wu, J., Kinde, I., Hecht,

J. R., Berlin, J., Allen, B., Bozic, I., Reiter, J. G., and

Nowak, M. A. (2012) The molecular evolution of acquired

resistance to targeted EGFR blockade in colorectal can�

cers, Nature, 486, 537�540.

66. Misale, S., Yaeger, R., Hobor, S., Scala, E., Janakiraman,

M., Liska, D., Valtorta, E., Schiavo, R., Buscarino, M.,

and Siravegna, G. (2012) Emergence of KRAS mutations

and acquired resistance to anti�EGFR therapy in colorec�

tal cancer, Nature, 486, 532�536.

67. Prandi, D., Baca, S. C., Romanel, A., Barbieri, C. E.,

Mosquera, J.�M., Fontugne, J., Beltran, H., Sboner, A.,

Garraway, L. A., Rubin, M. A., and Demichelis, F. (2014)

Unraveling the clonal hierarchy of somatic genomic aberra�

tions, Gen. Biol., 15, 439�450.

68. Litviakov, N., Cherdyntseva, N., Ibragimova, M.,

Tsyganov, M., Kazantseva, P., Kzhyshkowska, J., and

Slonimskaya, E. (2015) 299P: The clonal evolution of a

breast tumor during neoadjuvant chemotherapy and metas�

tasis, Ann. Oncol., 27, Suppl. 6, vi 94.

69. Jiang, Y.�Z., Yu, K.�D., Bao, J., Peng, W.�T., and Shao, Z.�

M. (2014) Favorable prognostic impact in loss of TP53 and

PIK3CA mutations after neoadjuvant chemotherapy in

breast cancer, Cancer Res., 74, 3399�3407.

70. Hughes, A. E., Magrini, V., Demeter, R., Miller, C. A.,

Fulton, R., Fulton, L. L., Eades, W. C., Elliott, K., Heath,

S., Westervelt, P., Ding, L., Conrad, D. F., White, B. S.,

Shao, J., Link, D. C., DiPersio, J. F., Mardis, E. R.,

Wilson, R. K., Ley, T. J., Walter, M. J., and Graubert, T. A.

(2014) Clonal architecture of secondary acute myeloid

leukemia defined by single�cell sequencing, PLoS Genet.,

10, e1004462.

71. Gundem, G., Van Loo, P., Kremeyer, B., Alexandrov, L.

B., Tubio, J. M., Papaemmanuil, E., Brewer, D. S., Kallio,

H. M., Hognas, G., Annala, M., Kivinummi, K., Goody,

V., Latimer, C., O’Meara, S., Dawson, K. J., Isaacs, W.,

Emmert�Buck, M. R., Nykter, M., Foster, C., Kote�Jarai,

Z., Easton, D., Whitaker, H. C., Neal, D. E., Cooper, C.

S., Eeles, R. A., Visakorpi, T., Campbell, P. J., McDermott,

U., Wedge, D. C., Bova, G. S., and ICGC Prostate UK

Group (2015) The evolutionary history of lethal metastatic

prostate cancer, Nature, 520, 353�357.

72. Naxerova, K., and Jain, R. K. (2015) Using tumour phylo�

genetics to identify the roots of metastasis in humans, Nat.

Rev. Clin. Oncol., 12, 258�272.


		2017-04-10T14:51:17+0300
	Preflight Ticket Signature




