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Genomic instability and circulating tumor cells in prostate cancer
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Abstract: Current clinical challenges in the management of prostate cancer patients make the use of

circulating tumor cells (CTCs) an attractive option. Tissue biopsies rarely represent the whole tumor, and

there is significant intra- and inter-patient tumor heterogeneity even for patients who receive the identical

pathological tumor grading. CTCs have been shown to harbor genetic changes found in both the primary

and metastatic tumors. They offer the opportunity of multiple and less invasive sampling from the patient’s

blood, and allow for the monitoring of the dynamic process of tumor evolution. The genomic instability (GI)

present in CTCs is poised to allow for more accurate patient management.
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Genomic instability (Gl)

GI is a dynamic process that re-organizes the genetic
content of affected cells with each cell division. The term
“GI” summarizes a complex set of genetic alterations
including point mutations, deletions, duplications,
amplifications, insertions, translocations, rearrangements
and inversions. GI is never static, and it creates and
propagates clonal diversity.

The above-listed aberrations may be localized and
restricted to certain chromosomal regions. Alternatively,
they may occur throughout the genome without an
apparent involvement of specific sites. The latter cases make
the identification of non-random aberrations that include
driver mutations very difficult. The former alterations,
when found in each cell or in most of the tumor cells, allow
for the identification of driver mutations. Both types of
aberrations are found in genomically unstable cells.

Work by Gerlinger et al. (1) demonstrated the extent
of tumor cell heterogeneity found in a patient’s tumor.
Intratumor heterogeneity was established following exome
sequencing, chromosome aberration analysis, and ploidy
profiling (1). The reported intratumor heterogeneity is at
the origin of tumor cell evolution that may occur along
different paths at each multifocal site, and it therefore
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may adversely impact on providing personalized medicine
options, especially when such decisions depend on tumor
cell biopsies. Although Gerlinger er al.’s study (1) was
carried out with primary renal carcinomas and associated
metastatic sites, their findings are widely applicable to
other tumors including prostate. Intratumor heterogeneity
enables insights into the complexity of the genomic
profiles of tumor cells and represents a major challenge to
personalized medicine and biomarker development as it is
linked to the Darwinian evolution of the tumor cells (1).
In this context, Lipinski et /. (2) emphasize that cancer
is an evolutionary process: mutations, drifts and selection
processes are underlying processes involved in tumor
development and progression. This concept is not new;
it was first experimentally addressed by Boveri (3,4). One
hundred years later, ongoing studies have confirmed his
findings and models using modern technologies.

Prostate cancer

Prostate cancer is the second most common cancer in men.
Nine hundred thousand men are diagnosed worldwide with
prostate cancer every year (5), and of these, 250,000 men
die of it each year (6).
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Prostate cancer is a heterogeneous disease with indolent
and aggressive forms. Patients with the same Gleason score
often have different outcomes (5,7-10). As Schoenborn
et al. (9) state, “Though pathological grading provides a powerfil
indicator of disease behavior, clinical outcomes of tumors with the
same histological patterns can vary substantially.” This is due to
the fact that the clinical prognostic grouping for localized
prostate cancer is imprecise, with 30-50% of patients
recurring after image-guided radiotherapy or radical
prostatectomy (RP) (5). Close to 20% of intermediate-
risk patients have biochemical failure that occurs within 18
months of primary local therapy (5). The consequence of
imprecise clinical prognostic grouping is that some indolent
tumors are overtreated, while aggressive ones receive no
or delayed treatment. The apparent paradox in clinical
prognostic grouping of patients and the inter- and intra-
personal differences between patients of the same pathology
grouping is linked to the level of GI present in the patient’s
tumor.

Genomic profiles of prostate cancer

When diagnosed, the tumor is multi-focal, and the analysis
of multiple biopsy cores suggests genetic heterogeneity
from one core to the next for an individual patient and
significant differences exist between patients.

As reviewed by Schoenborn et /. (9), somatic
copy number aberrations are found in >90% of all
prostate cancers. Deletions occur more frequently than
amplifications and are mostly focal (<1-5 MB). Deletions
are found on chromosomes 6q, 8p, 10q, and 13q and
include genes such as NKX3-1, PTEN, BRCA2 and RBI.
Castration-resistant prostate cancer (CRPC) shows frequent
amplification of chromosomes X, 7, 8q, and 9q, which
include the androgen receptor (AR) and MYC oncogenes.

Structural aberrations are seen in about 50% of the tumors
and involve TMPRSS2:ERG, where the ERG oncogene is
placed under the control of androgen-responsive TMPRSS?2
regulatory elements (11). Rearrangements can also result
in new fusion proteins such as ESRPI:CRAF (12) as well as
rearrangements involving other ETS family members (13),
and RAF kinase gene fusions (14).

Of the determined point mutations, a mutation of
MSHG6, a DNA mismatch repair enzyme, was linked to
a hypermutator phenotype (15-17). MSH6 mutation
led to 25-fold more mutations than present in prostate
cancers without the MSH6 mutation. Other common
mutations include TP53, PTEN, RBI and PIK3CA (17-20)
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and activating mutations of KRAS and BRAF. Additional
recurrent mutations involve AR and AR pathways,
chromatin modification and transcription in general (9).

The Cancer Genome Atlas (TCGA) Research Network
presented a comprehensive analysis of 333 prostate tumors
and identified seven molecular subtypes based on the
genomic profiling performed (21). The subtypes were
defined by the presence of specific fusions or mutations.
The fusions included ERG, ETV'1/4 and FLII; the mutations
included SPOP, FOXAI and IDH]I.

Lalonde et al. (5) reported on GI and the tumor
microenvironment in image-guided biopsies of 126 low-
and intermediate risk pre-radiation patients (Toronto
cohort) and validated their findings with RP specimen of
154 patients (Memorial Sloan Kettering cohort) and 117
(Cambridge Cohort), respectively.

The authors observed a high degree of genetic
heterogeneity in patients with Gleason scores of 6 or 7.
Most common were 8p amplifications and 8q deletions,
in addition to deletions of 16q23.2 and 6ql5. Seventy-six
(60%) of 126 low and intermediate risk patients had copy
number alterations. Unbiased hierarchical clustering placed
patients of the Toronto cohort into four subgroups: group 1
with gain of chromosome 7, group 2 with deletion of 8p
and gain of 8q, group 3 with loss of 8p and 16q, and group
4 that was so-called quiet genomes due to few genomic
alterations. Patients in the latter subgroup had a significantly
better prognosis than those in subtypes 1-3. Lalond
et al. (5) identified and validated a 100-loci (276 genes)
DNA signature that involved 14 chromosomes. This study
also indicated that the four GI-derived subtypes were
independent of Gleason score, T category, and prostate
specific antigen (PSA) in all cohorts as individual Gleason 6
tumors had a higher percentage of genome alteration than
some Gleason 7 (4+3) tumors. The percentage of genome
alteration was strongly prognostic, independent of clinical
covariates, as previously reported (22).

Taylor er al. (15) also described genomic profiling that
classified patients beyond the classification the Gleason
scoring could achieve. TMPRSS2-ERG fusion was
associated with a prostate-specific deletion at chromosome
3pl4. Moreover, DNA copy-number alterations robustly
defined clusters of low- and high-risk disease beyond those
achieved by Gleason score.

In their study of Gleason 7 disease, Boutros et al. (10)
examined prostate cancer samples from 74 treatment-naive
patients. Similar to the other studies reviewed above, the
authors find significant heterogeneity in the level of GI and
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DNA copy number variations within the same patients. In
addition to aberrations observed by others, this group also
identified focal amplifications of MYCL.

Characterization of Gl in circulating tumor cells
(CTCs) of prostate cancer patients

CTCs were first discovered by Thomas Ashworth (23).
These cells originate from the primary tumor and from
metastatic sites. They can be isolated from a patient’s blood
and are often described as “liquid” biopsies in contrast to
tissue biopsies. CTCs are present in the blood stream for a
limited time; in breast cancer, a half-life of 1-2.4 hours has
been reported (24).

Multiple methods exist to isolate CT'Cs, and the number
of cells found in prostate cancer patients is isolation
method-dependent [(25-31); for reviews, see (32-34)].
Thus, the numbers of CTCs reported in different studies
vary. For example, a recent study reports 16-139 CTCs for
non-metastatic prostate cancer patients using a filtration-
based device (29). Using near-infrared neodymium tagging,
Liu et al. (30) identified up to 168+33 for Gleason 6 and
up to 420+50 for CTCs of Gleason 7 patients, respectively,
with a range of 134-773 CTCs for Gleason 6 to 9. In
their study of low and intermediate risk prostate cancer,
Shao et al. (26) identified live CTCs using near infrared
heptamethine carbocyanine dyes in all but one of the
40 patients examined. Stott and colleagues reported similar
results using microfluidics; their study cohort had one
Gleason 6 patient without CTCs (25). Awe et /. (28) found
CTGCs in all risk groups of prostate cancer using filtration,
but no CTC numbers were published. In contrast, when
CellSearch was used to isolate CTCs, CTCs were rarely
detected in localized prostate cancer (31).

Recent studies published single CTC sequencing to
establish the genomic profiles of CTCs and examined
CTCs from all risk groups starting with Gleason 6 (35,36).
It is anticipated that the presence of CTCs and their genetic
profiles may be predictive of patient outcome. Future
studies will provide further evidence to the molecular
genetic value of CTCs during a patient’s disease course.

The analysis of genetic alterations from sources other
than tissue biopsies is of key importance as prostate biopsies
have a success rate of 60-70% even with CT guidance (9).
CTCs provide such an opportunity: Due to the multifocal
nature of prostate cancer, the genetic analysis of CTCs
allows for an understanding of the GI profile of the tumor
they originate from. Several studies emphasize the clinical
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utility of this approach (9,33,34,37-40). For example,
Thalgott er al. (41) found for high-risk patients undergoing
neoadjuvant chemotherapy/hormonal therapy and RP that
those patients with persistent CTCs post-RP developed
biochemical recurrence. A summary of clinical applications
for CTCs is provided by Alix-Panabiéres and Pantel (40).

The molecular genetic characterization of CTCs is key
to an understanding of their association with indolent or
aggressive disease. Genetic approaches have been successful
in characterizing CTCs. Genomic data of pooled CTCs
and of single CTCs have been reported and technical
challenges of sequencing single or pooled CTCs have been
discussed (37-39).

Kanwar and Done (33) summarize data indicating that
the heterogeneity of CTCs measured by their genetic
profiles is representative of subclones in primary tumors
and of genetic signatures present in metastases. Data by
others also highlight degrees of concordance between the
CTCs and the tumor tissue (37). Lack et /. (37) studied
CRPC and treatment-naive tissues as well as CTCs using
whole genome amplification and exome sequencing. In
their pooled CTC study, CTCs had a higher frequency of
mutations than tissues in CRPC. These CTCs allowed for
the identification of 71% of mutations shared by treatment-
naive and CRPC tissue samples. Lohr ez 4/. (38) showed
recurrent and non-recurrent CTC aberrations (38). Greene
et al. (39) examined genomes of prostate cancer cell lines
and patient CTCs using array comparative genomic
hybridization (aCGH), fluorescent iz situ hybridization
(FISH), and next generation sequencing (NGS)-based
approaches. They identified a high level of heterogeneity
among the CTCs and classified them by the level of large-
scale state transitions (LSTs) as a measure of GI, and
through copy number variants (39).

Molecular imaging approaches have classified the level
of GI present in CTCs based on three-dimensional (3D)
quantitative nuclear telomere imaging and this approach
enables subgrouping of patients based on their level of GI.
This classification approach uses the quantitative analysis
of nuclear architecture in cancer. As postulated earlier
(3,4,42), cancer is a disease of DNA organization and
nuclear structure. In this context, Adebayo er 4/. (43) used a
3D imaging approach to genetic profiling of CTCs. In this
study, 3D quantitative nuclear telomere imaging of CTCs
was used to determine the level of GI present in each CTC.
Intra-patient tumor cell heterogeneity as well as interpatient
heterogeneity was clearly established. A similar approach
has been applied to CTCs of high risk prostate cancer
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patients undergoing hormone deprivation and radiation
therapy who were stratified into three distinct groups based
on their 3D nuclear telomeric profiling (44).

Conclusions

CTCs offer the opportunity to examine a patient’s tumor
without the need for tissue biopsies. CTCs allow us to gain
an understanding of the tumor cell genome: CTCs capture
the nature of the whole tumor, and their molecular profiles
reflect the dynamics of tumor cell evolution. It is anticipated
that the molecular genetic profiling of CTCs will unravel the
identification of those CTCs that exhibit a high level of GI
linked to disease aggressiveness and progression. This approach
will also detect those CT'Cs that are indolent with a low level of
GL. The molecular characterization of CT'Cs may, in the future,
enable truly personalized medicine for each patient.

Acknowledgments

Funding: S Mai gratefully acknowledges the support of the
Prostate Cancer Fight Foundation and Manitoba Ride for Dad.

Footnote

Provenance and Peer Review: This article was commissioned
by the Guest Editor (Heidi Schwarzenbach) for the series
“Technologies in Liquid Biopsies - Potential applications in
Medicine” published in Tiranslational Cancer Research. The
article has undergone external peer review.

Conflicts of Interest: S Mai is a director and chair of the
Clinical and Scientific Advisory Board of 3D Signatures Inc.

Ethical Starement: The author is accountable for all
aspects of the work in ensuring that questions related
to the accuracy or integrity of any part of the work are
appropriately investigated and resolved.

Open Access Statement: This is an Open Access article
distributed in accordance with the Creative Commons
Attribution-NonCommercial-NoDerivs 4.0 International
License (CC BY-NC-ND 4.0), which permits the non-
commercial replication and distribution of the article with
the strict proviso that no changes or edits are made and the
original work is properly cited (including links to both the
formal publication through the relevant DOI and the license).
See: https://creativecommons.org/licenses/by-nc-nd/4.0/.

© Translational Cancer Research. All rights reserved.

tcr.amegroups.com

$195

References

1. Gerlinger M, Rowan AJ, Horswell S, et al. Intratumor
heterogeneity and branched evolution revealed by
multiregion sequencing. N Engl ] Med 2012;366:883-92.

2. Lipinski KA, Barber L], Davies MN, et al. Cancer
Evolution and the Limits of Predictability in Precision
Cancer Medicine. Trends Cancer 2016;2:49-63.

3. Boveri T. Zur Frage der Entstehung maligner Tumoren.
Jena: Fischer, 1914.

4. Boveri T. The origin of malignant tumors. Translated by
Marcella Boveri. Baltimore: The Williams & Wilkens
Company, 1929.

5. Lalonde E, Ishkanian AS, Sykes J, et al. Tumour genomic and
microenvironmental heterogeneity for integrated prediction
of 5-year biochemical recurrence of prostate cancer: a
retrospective cohort study. Lancet Oncol 2014515:1521-32.

6. Ferlay J, Shin HR, Bray F, et al. Estimates of worldwide
burden of cancer in 2008: GLOBOCAN 2008. Int J
Cancer 2010;127:2893-917.

7. Barbieri CE, Demichelis F, Rubin MA. Molecular genetics
of prostate cancer: emerging appreciation of genetic
complexity. Histopathology 2012;60:187-98.

8. Beltran H, Yelensky R, Frampton GM, et al. Targeted
next-generation sequencing of advanced prostate cancer
identifies potential therapeutic targets and disease
heterogeneity. Eur Urol 2013;63:920-6.

9. Schoenborn JR, Nelson P, Fang M. Genomic profiling
defines subtypes of prostate cancer with the potential for
therapeutic stratification. Clin Cancer Res 2013;19:4058-66.

10. Boutros PC, Fraser M, Harding NJ, et al. Spatial genomic
heterogeneity within localized, multifocal prostate cancer.
Nat Genet 2015;47:736-45.

11. Tomlins SA, Rhodes DR, Perner S, et al. Recurrent fusion
of TMPRSS2 and ETS transcription factor genes in
prostate cancer. Science 2005;310:644-8.

12. Gonzalgo ML, Isaacs WB. Molecular pathways to prostate
cancer. J Urol 2003;170:2444-52.

13. Tomlins SA, Laxman B, Dhanasekaran SM, et al. Distinct
classes of chromosomal rearrangements create oncogenic
ETS gene fusions in prostate cancer. Nature 2007;448:595-9.

14. Palanisamy N, Ateeq B, Kalyana-Sundaram S, et al.
Rearrangements of the RAF kinase pathway in prostate cancer,
gastric cancer and melanoma. Nat Med 2010;16:793-8.

15. Taylor BS, Schultz N, Hieronymus H, et al. Integrative
genomic profiling of human prostate cancer. Cancer Cell
2010;18:11-22.

16. Kumar A, White TA, MacKenzie AP, et al. Exome
sequencing identifies a spectrum of mutation frequencies
in advanced and lethal prostate cancers. Proc Natl Acad

Transl Cancer Res 2018;7(Suppl 2):S192-S196


https://creativecommons.org/licenses/by-nc-nd/4.0/

S$196

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

© Translational Cancer Research. All rights reserved.

Sci U S A2011;108:17087-92.

Barbieri CE, Baca SC, Lawrence MS, et al. Exome
sequencing identifies recurrent SPOP, FOXA1 and MED12
mutations in prostate cancer. Nat Genet 2012;44:685-9.
Grasso CS, Wu YM, Robinson DR, et al. The mutational
landscape of lethal castration-resistant prostate cancer.
Nature 2012;487:239-43.

Eastham JA, Stapleton AM, Gousse AE, et al. Association
of p53 mutations with metastatic prostate cancer. Clin
Cancer Res 1995;1:1111-8.

Cairns P, Okami K, Halachmi S, et al. Frequent
inactivation of PTEN/MMACI in primary prostate
cancer. Cancer Res 1997;57:4997-5000.

Cancer Genome Atlas Research Network. The

Molecular Taxonomy of Primary Prostate Cancer. Cell
2015;163:1011-25.

Hieronymus H, Schultz N, Gopalan A, et al. Copy number
alteration burden predicts prostate cancer relapse. Proc
Natl Acad Sci U S A 2014;111:11139-44.

Ashworth TR. A case of cancer in which cells similar to
those in the tumours were seen in the blood after death.
AM]J 1869;14:146-7.

Meng S, Tripathy D, Frenkel EP, et al. Circulating tumor
cells in patients with breast cancer dormancy. Clin Cancer
Res 2004;10:8152-62.

Stott SL, Lee RJ, Nagrath S, et al. Isolation and
characterization of circulating tumor cells from patients
with localized and metastatic prostate cancer. Sci Transl
Med 2010;2:25ra23.

Shao C, Liao CP, Hu P, et al. Detection of live circulating
tumor cells by a class of near-infrared heptamethine
carbocyanine dyes in patients with localized and metastatic
prostate cancer. PLoS One 2014;9:e88967.

Kolostova K, Broul M, Schraml J, et al. Circulating tumor
cells in localized prostate cancer: isolation, cultivation

in vitro and relationship to T-stage and Gleason score.
Anticancer Res 2014;34:3641-6.

Awe JA, Saranchuk J, Drachenberg D, et al. Filtration-
based enrichment of circulating tumor cells from all
prostate cancer risk groups. Urol Oncol 2017;35:300-9.
van der Toom EE, Groot VP, Glavaris SA, et al.
Analogous detection of circulating tumor cells using the
AccuCyte® -CyteFinder® system and ISET system in
patients with locally advanced and metastatic prostate
cancer. Prostate 2018;78:300-7.

Liu C, Lu S, Yang L, et al. Near-Infrared Neodymium Tag
for Quantifying Targeted Biomarker and Counting Its Host
Circulating Tumor Cells. Anal Chem 2017;89:9239-46.
Khurana KK, Grane R, Borden EC, et al. Prevalence of

32.

33.

34.

35.

36.

38.

39.

40.

41.

42.

43.

Mai. Gl in prostate cancer CTCs

circulating tumor cells in localized prostate cancer. Curr
Urol 2013;7:65-9.

LiJ, Gregory SG, Garcia-Blanco MA, et al. Using
circulating tumor cells to inform on prostate cancer biology
and clinical utility. Crit Rev Clin Lab Sci 2015;52:191-210.
Kanwar N, Done SJ. Molecular Profiling and Significance
of Circulating Tumor Cell Based Genetic Signatures. Adv
Exp Med Biol 2017;994:143-67.

Alix-Panabieres C, Pantel K. Challenges in circulating
tumour cell research. Nat Rev Cancer 2014;14:623-31.
Miyamoto DT, Zheng Y, Wittner BS, et al. RNA-Seq of
single prostate CTCs implicates noncanonical Wnt signaling
in antiandrogen resistance. Science 2015;349:1351-6.

Fraser M, Sabelnykova VY, Yamaguchi TN, et al. Genomic
hallmarks of localized, non-indolent prostate cancer.
Nature 2017;541:359-64.

. Lack ], Gillard M, Cam M, et al. Circulating tumor cells

capture disease evolution in advanced prostate cancer. J
Transl Med 2017;15:44.

Lohr JG, Adalsteinsson VA, Cibulskis K, et al. Whole-exome
sequencing of circulating tumor cells provides a window into
metastatic prostate cancer. Nat Biotechnol 2014;32:479-84.
Greene SB, Dago AE, Leitz L], et al. Chromosomal
Instability Estimation Based on Next Generation
Sequencing and Single Cell Genome Wide Copy Number
Variation Analysis. PLoS One 2016;11:¢0165089.
Alix-Panabieres C, Pantel K. Clinical Applications of
Circulating Tumor Cells and Circulating Tumor DNA as
Liquid Biopsy. Cancer Discov 2016;6:479-91.

Thalgott M, Rack B, Horn T, et al. Detection of
Circulating Tumor Cells in Locally Advanced High-risk
Prostate Cancer During Neoadjuvant Chemotherapy and
Radical Prostatectomy. Anticancer Res 2015;35:5679-85.
Pienta KJ, Partin AW, Coffey DS. Cancer as a disease of
DNA organization and dynamic cell structure. Cancer Res
1989;49:2525-32.

Adebayo Awe ], Xu MC, Wechsler ], et al. Three-Dimensional
"Telomeric Analysis of Isolated Circulating Tumor Cells (CTCs)
Defines CTC Subpopulations. Transl Oncol 2013;6:51-65.
Wark L, Klonisch T, Awe J, et al. Dynamics of three-
dimensional telomere profiles of circulating tumor cells in
patients with high-risk prostate cancer who are undergoing
androgen deprivation and radiation therapies. Urol Oncol
2017;35:112.el-ell.

Cite this article as: Mai S. Genomic instability and circulating

tumor cells in prostate cancer. Transl Cancer Res 2018;7(Suppl
2):5192-5196. doi: 10.21037/tcr.2018.02.05

tcr.amegroups.com

Transl Cancer Res 2018;7(Suppl 2):5192-S196



