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Abstract

Introduction: Primary Malignant Cardiac Tumours (PMCTs) of the
heart and pericardium are extremely rare. The incidence rate of both
malignant and benign primary tumours is 0.02%, however only one
quarter of these are malignant. The reason why these specific ma-
lignancies are so uncommon is not yet well understood. This review
aims to determine why the heart and pericardium are such inhospi-
table hosts to PMCTs.

Materials and methods: Literature was systematically analysed
using a three-stage methodology; scientific databases were selected;
a literature search was conducted and finally a shortlist of six publica-
tions was created using a criteria based selection process.

Results: The hearts of 1-day-old mice were able to regenerate
after partial resection, however this capacity was lost at seven days
old. The terminal differentiation of cardiomyocytes is a result of early
cell cycle exit, regulated by Meisl. Myocyte-specific Meis1 deletion
resulted in the extension of the postnatal regeneration period and
caused reactivation of cardiomyocyte mitosis. Overexpression of
Meis1 inhibited cardiac regeneration and decreased neonatal myo-
cyte proliferation. Cardiomyocytes exiting the cell cycle after seven
days have less chance of being exposed to mutations. This lack of mu-
tation accumulation results in low rates of PMCTs.

Conclusions: This study has demonstrated the association be-
tween low PMCT rates and cardiomyocyte early cell cycle exit, caused
by Meis1. The extremely low number of PMCT cases is a result of the
heart being unable to regenerate. However, this inability to regener-
ate causes high incidence rates of cardiovascular disease, due to the
formation of scar tissue.

Keywords: Malignant; cardiomyocyte; meis1; regeneration; prolifera-
tion; mutation; tumour.
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Introduction
Background

Malignant tumours that originate in the heart are extremely
rare and are therefore one of the least investigated subjects in
oncology. Published autopsy studies reveal a 0.02% prevalence
of cardiac tumours, 75% of which are benign and 25% malig-
nant. The most common type of PMCT is the angiosarcoma,
which arises from the inner lining of blood vessels. These ac-
count for 30% of cardiac malignancies [1].

Types of heart malignancies

All tumours are classified as either benign or malignant. In
the heart, 75% of tumours are benign, meaning the tumour
does not invade the surrounding cells, therefore not spreading
around the body. Malignant tumours make up the remaining
25% of cardiac tumours and are cancerous tumours that grow
quickly and metastasise, often accompanied by a worse progno-
sis and clinical outcome. The WHO Histological Classification of

Tumours of the Heart and Pericardium states that the majority
of PMCTs can be classified as different types of sarcomas [2].
Sarcomas are a heterogeneous group of tumours that develop
from soft tissue mesenchymal cells and are most common in
the trunk, retroperitoneum, head and neck [3]. Even though
sarcomas form 75% of all malignant cardiac tumours [1], they
account for less than 1% of overall cancer cases. In America in
2004, soft tissue sarcomas made up 0.63% of all cancer cases,
showing how rare they are [3].

Sarcomas form 75% of PMCTs, and can be found in any
chamber of the heart, however are more frequently found in
the right atrium [1]. Angiosarcomas are the most common, aris-
ing from the inner lining of blood vessels and represent 30-45 %
cardiac malignancies. Other types of sarcomas seen within the
heart include; rhabdomyosarcomas, arising from skeletal mus-
cle cells that have failed to fully differentiate, fibrosarcomas,
which are derived from fibrous connective tissue, leiomyosarco-
mas, formed from soft tissue and osteosarcomas, which form in
the bones [4]. Table 1 compares these different types of PMCTs.

-

Table 1: Comparison of PMCTs. Each primary malignancy can be distinguished between due to different characteristics. This table com- \

pares how prevalent each tumour is, as well as the chamber it is most commonly found in. It also compares the ratio between men and

\\women, in addition to where the tumour arises (original table using [4,1]). j
Type of tumour Percentage prevalence Most common chamber Male:Female ratio Arise from

Angiosarcoma 30-45% 80% of cases found in right atrium 2:1 Vascular endothelium and epicardial surface

Rhabdomyosarcoma 20% Found in any heart chamber Equal frequency Striated cardiac musculature

Fibrosarcoma 10% Most frequent in right atrium Equal frequency Fibroblasts of cardiac connective tissue

Leiomyosarcoma 8-9% Left atrium (posterior wall) Equal frequency Smooth cardiac muscles

Osteosarcoma 3-9% Left atrium wall 2:1 Mesenchymal stem cells of the endocardium

Cardiac myxomas are a myxoid group of tumours of primi-
tive connective tissue and are the most prevalent type of pri-
mary cardiac tumour, accounting for 50-70% of cardiac benign
tumours [1]. Myxomas can occur in any age group; affecting
women more than men, however they are rare amongst chil-
dren and extremely rare in neonatal periods of life. It is most
common for cardiac myxomas to be diagnosed within the left
atrium (60-80%). Around 15-28% of myxomas are found in the
right atrium, however they are very rarely found in the ventri-
cles [5]. On average myxomas have a diameter of 5-6 cm (Figure
1), however they can grow as large as 15 cm [1].
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Figure 1: Excised myxoma with base. Average size myxoma
shown, with a smooth looking surface due to superficial thrombi
(Image taken from [1]).
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Cardiomyocyte cell cycle

In humans, the cells of some tissues such as the bone mar-
row continue to divide throughout life. Other cells such as the
light-sensitive cells of the eye show virtually no replacement
[6]. The neonatal heart has regenerative capacity due to car-
diomyocyte proliferation, however at postnatal day seven, this
capacity is lost [7]. This is due to cardiomyocytes exiting the cell
cycle during early postnatal days, where they undergo a final
round of DNA synthesis and then terminally differentiate [8].

The mammalian cell cycle is a series of events that leads to
cell growth and development. In eukaryotes these events are
split into two main stages: The interphase and the Mitotic (M)
phase. During interphase, the cell grows and replicates its DNA.
The interphase is split into three sub phases, gap 1 (G1), S and
gap 2 (G2) (Figure 2). G1 is the phase in which the cell grows
larger by replicating organelles. During the S phase the amount
of DNA in the nucleus is doubled. G2 includes rapid cell growth
and protein synthesis to prepare the cell for M phase [9]. Finally,
the M phase consists of the cell dividing into two new cells.
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Figure 2: Cell division cycle outline. Simplified illustration of the
phases involved in the cell cycle. G1, S and G2 are all part of the
interphase, in which the cell grows and makes copies of its DNA.
The M phase produces two progeny cells (original figure, adapted
from Bolsover 2011 [6]). J

Genetic link

There are limited studies discussing whether a genetic link
can be drawn in terms of PMCTs being hereditary. This is due
to the small number of cases recorded, resulting in inadequate
research. Genetic links involving benign myxomas have been
made, concluding that 7% of these cases occur in familial clus-
ters, as part of the rare Carney complex [1]. The Carney complex
is an autosomal dominant disorder associated with myxomas
[10]. A genetically heterogeneous mutation of the tumour sup-
pressor gene PRKAR1A (protein kinase A regulatory subunit-1-
alpha gene) on chromosome 17g22-24 has been found to cause
this syndrome [11].

Research question

Recent studies, such as Mahmoud et al. [8] and Porrello et al,
[12] have explored the hearts limited capacity for regeneration
and cell proliferation. One key hallmark of cancer is the ability
to maintain cell proliferation, however initial findings suggest
the heart lacks this ability, which may affect primary malignancy
growth in this area.

Therefore, this paper aims to:

o Determine why the heart is such an inhospitable host to
primary malignancies, and how it appears to have a near
immunity to cancer.

o Explore why the heart has limited capacity to regenerate
and consider whether this results in low numbers of pri-
mary malignancies in the heart.

. Assess whether age, race, gender or other factors have an
effect on primary cardiac malignancy prevalence.

Methods and results

This study is a review of current literature that has been sys-
tematically analysed in order to determine why primary malig-
nancies of the heart and pericardium are so rare.

Selection outline

Chosen scientific databases were used to conduct literature
searches and assess the available literature. Publications were
filtered using a criteria based selection process, which involved
selecting the most relevant literature and enabled a shortlist of
six final publications to be created (Figure 3). These shortlisted
publications are to be critically analysed in the literature analy-
sis section.

Database Selection: Scopus, PubMed and Google
Scholar were used

Literature Search: Conducted using the chosen
databases

Critical Based Selection Process: Using relevance tree
and critical analysis

Shortlist Created: Final six publications

Figure 3: Methodology overview. Databases were selected in or-
der to conduct relevant literature search. Criteria based selection
process allowed a short list to be created by selecting the most

\\appropriate literature. j

Database selection

Scientific publications are widely available and can be
searched for using a number of databases (Figure 4). Scopus,
Google Scholar, PubMed and Web of Science are some of the
most renowned databases, so an initial basic search on the top-
ic was performed. Scopus claims to be the largest citation data-
base of peer-reviewed literature and has advanced filtering fea-
tures, which is useful when narrowing down results. PubMed
also has a strong filtering system as well as a ‘See Related Ci-
tations’ feature, which enables a wider study of the topic. Al-
though Google Scholar has a limited ability to filter the search,
the large number of publications allows a broad reading of the
topic, and covers a long time period. Web of Science produced
similar results to the other databases, however did not cover
such a large time frame, so this database was not used.

e N
PubMed

Google
Scholar

Database
Selection

Figure 4: Databases selected to conduct literature search. Scopus,
PubMed and Google Scholar were the three databases chosen to
\\conduct a literature search (Original figure). j

Literature search

The chosen scientific databases were used to conduct a lit-
erature search addressing PMCTs and reasons why they occur
so infrequently. On initial search it became apparent that the
majority of publications discussing primary heart malignancies
were mainly single-centre studies, prone to small sample size
and referral bias. This resulted in an unexpectedly large number
of hits during the literature search (Table 2), however only a
small number of papers addressed potential reasons why pri-
mary tumours of the heart are so rare. Due to this, a large crite-
ria based selection process was put in place, to enable a short
list to be created.
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Table 2: The number of hits each database provided when the \
search term ‘Cardiac Primary Malignancies’ was applied. A large
number of hits are seen, especially with Google Scholar, however
most of these studies are individual case reports (original table).

Database Number of Hits: Cardiac Primary Malignancies
Scopus 20,290
PubMed 8,833
Google Scholar 433,000

Results

Three main searches were conducted in order to link poten-
tial reasons why PMCTs are so rare. First, relevant chapters of
Moore’s ‘Essential Clinical Anatomy’ and Palastanga’s ‘Anatomy
and human movement’ were read in order to gain a clear un-
derstanding of the anatomy of the heart and pericardium. Sec-
ondly the different types of primary cardiac tumours were ex-
plored in order to draw potential links between types of tumour
and prevalence. Finally, a search on the cardiomyocyte cell cycle
was conducted, as cardiomyocyte exit from the cell cycle can
be linked to the small number of cardiac tumours. The search
conducted on types of cardiac malignancy produced the most
publications due to being the most widely studied, compared
to cardiomyocyte exit from the cell cycle, which is less studied.

Through using the selection process above, a shortlist of six publications was created as shown in Table 3.

<Tab|e 3: Shortlist of publications used (original table).

)

Paper Title

Aim of Paper

Methods

Key Findings

Use in Current Study

Characteristics, survival
and incidence rates and
trends of primary
cardiac malignancies in
the United States (Saad
et al. 2018)

To investigate the
distribution, incidence
trends and the survival
rates of primary malig-
nant cardiac tumours
(PMCTs)

Used Surveillance,
Epidemiology, and End
Results (SEER)-18 registry to
calculate incidence rates and
annual percentage change
of PMCTs

Kaplan-Meier survival tests

were performed

497 cases were studied, 136 angiosarcomas
and 137 non-Hodgkin’s lymphoma (NHL).
Most angiosarcoma patients were male,
aged 20-50, and white. Most NHL cases were
male, older than 50 years, and white

Age, sex and race were found to have no
significant effect on cardiac malignancies’

survival

Comparison of age, sex
and race, with statistical
analysis

Increase in incidences of
NHL in the last 14 years,
with significantly better
survival rates than angio-

sarcomas

Risk factors for early
death in primary malig-
nant cardiac tumours:
An analysis of over 40
years and 500 patients
(He et al. 2018)

To investigate the risk
factors associated

with early death in
individuals diagnosed
with primary malignant

cardiac tumours

Data from the SEER registry
was used

Statistical analysis included
two-tailed X?or Fisher’s
exact test

Logistic regression analysis
was used to assess inde-
pendent risk factors of early
death

Disadvantaged income was associated with
early mortality

Black race ethnicity was associated with a
reduction in early mortality

Early death was more likely in males than

females

First study investigating
risk factors contributing to
early death in patients
Allows understanding of
potential trends and risk
factors of primary cardiac

tumours

Meis1 regulates postna-
tal cardiomyocyte cell
cycle arrest (Mahmoud
etal. 2013)

To investigate the role
of Meis1 in the cardio-

myocyte cell cycle

Deletion and overexpression
of Meis1 gene in mice
Quantitative PCR with
reverse transcriptase

In vitro siRNA knockdown
Meis1 knockout mouse
generated

Meis1 overexpressing mouse

generated

Meis1 deletion caused an extension in the
postnatal proliferation window of cardio-
myocytes

Overexpression of Meis1 decreased neonatal
myocytes proliferation and inhibited heart

regeneration

Cardiomyocyte exit from
the cell cycle at post-natal
day 7 causes the prolifera-
tion capacity of the cells
to be lost, which may

be linked to low tumour

growth in this area

Cardiomyocyte cell
cycle- Meis-ing some-
thing? (Mahmoud et
al. 2014)

To investigate the
mechanisms of car-
diomyocyte cell cycle

regulation

Examination of Meis1-null
cardiomyocytes

Examination of apoptosis fol-
lowing conditional deletion
of Meis1

Meis1 nuclear translocation corresponded to
cardiomyocyte cell cycle arrest

Meis1 deletion resulted in the extension of
the postnatal regeneration period and reacti-

vation of myocyte proliferation in the heart

The idea that cardiomyo-
cytes may exit the cell cycle
as a protective mechanism
against malignant trans-

formation

Transient Regen-
erative Potential of the
Neonatal Mouse Heart
(Porrello et al. 2011)

To explore whether the
capacity for cardiac re-
generation is absent in
mammals or whether
it exists and is switched
off after birth

Partial surgical resection of
1-day-old mouse heart
Serial histological analysis
Pulse-chase experiment

Genetic fate mapping

Hearts of 1-day-old neonatal mice can regen-
erate after partial surgical resection, but this
capacity is lost by 7 days of age

This response was characterised by cardio-

myocyte proliferation

For a brief period of time
after birth the mammalian
heart has regenerative
capacity, however this is
lost 7 days after birth

Evidence for cardiomyo-
cyte renewal in humans
(Bergmann et al. (2009)

To Identify the age of
cardiomyocyte s in

humans

Measured **C from nuclear
bomb tests in genomic DNA
of cardiomyocytes to allow

retrospective birth dating

Cardiomyocytes do renew, with a 1% turn-
over annually at the age of 20, decreasing to
0.3% at the age of 75

Offers a contrasting study
in which cardiomyocytes
have been found to
proliferate

Useful in future therapeu-

tic strategies
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Critical based selection

During the literature search, filtering took place to ensure
any review publications were avoided, due to their subjective
nature. This removed any chance of positive or negative biased
and left only primary publications for the shortlist to be select-
ed from. The majority of the literature surrounding PMCTs in-
volves single centre case studies, which is not useful when com-
ing to research why cardiac tumours occur so infrequently. After
removing these individual case reports, 286 publications re-
mained. 119 duplicates were removed to leave 167 unique pub-
lications. Literature published before 1989 was discarded due
to being superseded by more recent studies, leaving 139 pub-
lications. A relevance check was performed on the remaining
139 publication’s titles using a relevance tree (Figure 5), which
allowed oversight of the whole topic. This helped to eliminate
literature that did not directly relate to the various areas of re-
search, leaving 32 publications. The abstracts of the remaining
32 publications were scanned and a shortlist of the most up to
date and relevant six publications was created. These final six
publications are to be discussed and critically analysed in the
literature analysis section.

Limitations of selection process

The main limitation associated with this selection process is
the large number of publications obtained in the initial search,
however only a small number of these publications relate to
this literature review (Table 2). Ideally all publications would
undergo the relevance check, however the sheer number of
publications made this impossible. Single-case studies were au-
tomatically discarded, as analysing one individual case will not
provide information that is of use to this study. It would be pref-
erable to read and analyse all 32 pieces of literature remaining
after the relevance check, however the quantity of publications
meant this would not be practical. All papers in the shortlist
were written within the last ten years, making them up to date
and relevant. There is of course the chance that relevant litera-
ture may have been missed during this process, however given
the large amount of literature and time constraints, this meth-
od appeared to be the most practical. This process ensured the
most relevant and up-to-date literature was shortlisted and al-
lowed quick and easy removal of all non-relevant publications.

Discussion
Cardiac regeneration potential

The failure of the adult heart to regenerate myocardium has
until present been seen as a negative with regard to human
health. Mammals develop extensive scarring instead of regen-
eration, which is a leading cause of heart failure and therefore
death, worldwide [13]. However, the heart being unable to re-
generate may result in a very low number of PMCTs, which in
turn, is positive in respect to human health. This makes heart
regeneration clinically relevant and fascinating, with increased
research into therapeutically stimulating regeneration in in-
jured human hearts [14]. Mahmoud et al. [8] found that a dele-
tion in the Meis1 gene resulted in the extension of the postnatal
regeneration period and reactivation of myocyte proliferation
in the heart. This is advantageous in the development of treat-
ments for heart diseases, however, could be detrimental with
respect to heart cancer formation, as heart regeneration and
proliferation could increase the potential for cardiac malignan-
cies to form.

Many decades ago, mammalian hearts were thought to be

/ Primary Cardiac \
Malignancy
Topic 1: Anatomy

Layers of the Heart
Pericardium Chambers

‘ fibrous pericardium ‘ Serous pericardium

Topic 2: Types of
Primary Tumour

Exitfrom the
Cell Cycle

W

Malignant
Role of Meis1
Sarcomas Early Cell
Cycle Exit

Parietal Visceral
pericardium pericardium @
Right Atrium Capacity
nee ’TEHE‘ Race

Figure 5: Relevance tree. Mapped ideas on this topic to help iden-
tify specific areas for research. The three main search topics are
highlighted: The anatomy, types of primary tumour and cardio-
myocyte cell cycle. )

\

post-mitotic organs without the capacity to regenerate [15].
In 2011, Porrello and colleagues discovered that mammalian
hearts maintain the capacity to regenerate for a short period
after birth. This is significant as it is the first study reporting
regeneration potential in mammalian hearts. This study had a
positive impact, shown by the fact it is cited 1266 times, with
many subsequent papers building on its findings. The study
showed that the hearts of 1-day-old neonatal mice were able to
regenerate after partial surgical resection (Figure 6), however
this capacity was lost at 7-days-old. This regenerative response
of the 1-day-old mice was characterised by cardiomyocyte pro-
liferation [12]. An Echocardiogram was performed after two
months and revealed that the regenerated ventricular apex had
a normal function, showing successful regeneration capacity.

/- -\

A day 1 B day 2 D day 21

£l

Genetic Link

Figure 6: Serial histological analysis showing regeneration of the
resected left ventricle of 1-day-old mice. Staining of the mouse
heart at (A) day 1, (B) day 2, (C) day 7 and (D) day 21 after the
surgical resection. The arrow indicates the site of injury. Progres-
sive regeneration of the heart is seen, with full restoration of the
myocardium 21 days after surgery (Figure taken from [12]).
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Figure 7: Quantitative PCR showing Meis1 expression. a, Meis1 ex-
pression increases from P1 to P7. This coincides with cardiomyo-
cyte cell cycle arrest, which occurs at P7. b, expression of Meisl
following Sham or MI. Ml results in a small decrease at P1, and a
significant increase in expression at P7 (Figure taken from Mah-
\\moud etal, 2013 [7]). /
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Interestingly, not all animal hearts lose the ability to regen-
erate shortly after birth. Certain fish and amphibians retain re-
generation capacity throughout life. For example, the hearts of
adult zebrafish can completely regenerate after resection, which
is due to cardiomyocyte proliferation. However, the adult hearts
of mammals and fish are anatomically very different, which may
influence the difference in regeneration potential. The mamma-
lian heart is a four chambered, double circulation system that
works at high pressure. This differs from fish hearts, which com-
prise of only two chambers and single circulation. Cardiomyo-
cytes also differ between the two, with mammalian myocytes
withdrawing from the cell cycle seven days after birth, resulting
in the loss of ability to proliferate. On the other hand, zebraf-
ish cardiomyocytes are mononucleated and maintain the ability
to proliferate throughout adult life [12]. Despite the differences
between adult hearts, the neonatal mammal heart, before un-
dergoing septation, has a regeneration capacity reminiscent of
lower vertebrates [8]. Both involve a single circulation system
and cardiomyocytes that are able to proliferate, indicating that
cardiomyocyte proliferation is a key factor of successful cardiac
regeneration.

Bergmann et al. [16] discovered that cardiomyocyte prolifer-
ation could occur in adult hearts, but at an extremely low level.
This contradicts studies such as Porrello et al. [12], who suggest
no cardiomyocyte proliferation occurs in adult hearts, however
it is important to explore both findings. Due to a nuclear bomb
test during the Cold War, carbon-14 (14C) was integrated into
DNA. Bergmann and colleagues [16] measured the 14C in ge-
nomic DNA of human myocardial cells, which allowed the iden-
tification of the cell’s birth date. It was found that 1% of human
cardiomyocytes are renewed annually at the age of 25, which
is reduced to 0.3% at the age of 75. This suggests that an ex-
tremely small number of cardiomyocytes retain the ability to
proliferate, however an insufficient number to have an impact-
ful effect on overall cardiac regeneration.

The role of Meis1

Meisl belongs to the TALE (3-amino-acid loop extension)
family of homeodomain transcription factors. Originally the role
of Meisl in cardiomyocytes was unknown, however in 2013
Mahmoud and colleagues identified Meis1 as a key regulator of
postnatal cardiomyocyte arrest. They also found Meis1 to be a
regulator of cardiomyocyte proliferation and a possible benefi-
cial target for heart regeneration. The effect Meis1 deletion and
overexpression had on cardiomyocyte proliferation and heart
regeneration was investigated. Myocyte-specific Meis1 deletion
resulted in an extension of the postnatal regeneration period
and caused re-activation of cardiomyocyte mitosis in the adult
heart. However, no change in cardiac function was observed,
making Meis1 deletion a promising area of research for poten-
tial heart regeneration treatments. On the other hand, overex-
pression of Meis1 inhibited cardiac regeneration and decreased
neonatal myocyte proliferation. Mahmoud and colleague’s
(2013 and 2014) studies are significant as they provide evidence
on the effects of Meis1 deletion and overexpression that have
not been studied before.

Mahmoud et al. [7] investigated the role of Meis1 in the reg-
ulation of the cardiomyocyte cell cycle. They started with exam-
ining the Meisl expression pattern. Quantitative PCR showed
an increase in Meisl expression at postnatal day seven (P7),
compared to postnatal day one (P1) (Figure 7a). Immunostain-
ing revealed expression of Meis1 from as early as four days after
birth and throughout adult life. Myocardial Infarction (MlI) at P1

was linked to a slight decrease in expression of Meisl. Meisl
mMRNA expression levels were significantly increased following
Ml at P7 (Figure 7b). This coincides with an absence of mitotic
induction of cardiomyocytes [7].

Mahmoud et al. [7] undertook multiple experiments dur-
ing their study. For example, they investigated the effect Meis1
deletion had on cardiomyocyte proliferation and whether this
deletion resulted in cell cycle re-entry. In vitro siRNA knock-
down was performed using rat neonatal cardiomyocytes. Meis1
knockdown caused a threefold increase in cardiomyocyte pro-
liferation. A cardiomyocyte-specific Meis1 knockout mouse was
created and compared to a control. Heart size and cardiac func-
tion at P14 were unaffected in the knockout mouse, however
the cardiomyocytes were smaller than the controls. An induc-
ible knockout mouse was also created and proved that condi-
tional deletion of Meis1 in the adult heart induces cardiomyo-
cyte cell cycle re-entry.

As well as investigating the effects of Meis1 deletion, they
also investigated the effect of Meis1 overexpression. A cardio-
myocyte-specific Meis1 overexpressing mouse was generated,
which showed a decrease in the number of mitotic neonatal
cardiomyocytes and inhibition of neonatal heart regeneration
following the induction of Ml at P1. This indicates that Meisl
overexpression in neonatal hearts results in early cardiomyo-
cyte cell cycle arrest, confirming that Meis1 is the key regulator
of cardiomyocyte cell cycle exit.

The results that Mahmoud et al. [7] present are proven at
an immunochemical, molecular and genetic level, with good
use of statistical analysis. The conclusions made are justified,
with no further experiments needed to validate the results
presented. Due to its significant findings, this paper has been
widely referenced (cited by 270) and built upon, with research
into why cardiomyocytes exit the cell cycle early being conduct-
ed in response. Mahmoud et al [8] states that there is now a
clear understanding that targeting the cardiomyocyte cell cycle
is a feasible therapeutic option. This paper also suggests that
the reason why cardiomyocytes exit the cell cycle permanently
seven days after birth may be a protective mechanism against
malignant transformation. This is due to cardiomyocytes not be-
ing able to proliferate, meaning any mutations picked up before
cell cycle arrest cannot accumulate.

Comparison of regeneration in other cell types

Cardiomyocytes, along with neurons in the brain, are one of
the only cell types that are unable to regenerate. As mentioned
previously, the lost ability of cardiomyocytes to proliferate is
due to an early exit from the cell cycle that occurs seven days
after birth in mammals, and is regulated by Meis1 [12]. Several
mutations may occur during the cell cycle [17], and it is the ac-
cumulation of these mutations that leads to cancer, a disease
of the genome [18]. Cells exiting the cell cycle after only seven
days have less chance of being exposed to mutations, and can
no longer divide, meaning any mutations picked up during fetal
development are not multiplied and passed onto daughter cells.

Neurons also lack the ability to regenerate and are viewed as
post-mitotic cells that undergo apoptosis in response to cell cy-
cle reactivation. They permanently block their capacity to pro-
liferate once they are differentiated and remain in the quiescent
state during adult life [19]. The incidence of Primary Malignant
Brain Tumours (PMBT) is 3.7 per 100,000 for men, and 2.6 per
100,000 for women. Approximately 21,810 individuals were di-
agnosed with PMBTs in the United States in 2008 [20]. In spite
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of these statistics, only a very small number of PMBTSs originate
from the neurons. At present a total of only 62 cases of neuro-
nal tumours have been recorded [21]. This is a result of neu-
rons being unable to proliferate and undergo mitosis, leaving
less chance for mutations to be picked up during the cell cycle
that may accumulate and result in cancer [19]. Gliomas are the
most common type of PMBTSs, arising from glial cells. These are
the non-neural cells of the Central Nervous System (CNS) that
provide nutrients and support to neurons. They retain the abil-
ity to undergo cell division throughout adult life. Consequently,
mutations are more likely to develop in these cells, resulting in
cancer that is much more common than in neurons. Gliomas
account for approximately 10,000 cases of PMBTs diagnosed
every year in the United States [22].

Epithelial cells are the polar opposite of cardiomyocytes
and neurones in terms of proliferation. Epithelial cells func-
tion as a mechanical and chemical barrier between the body
and environment and are continuously growing and regenerat-
ing throughout life. These cells do not exit the cell cycle like
cardiomyocytes do; they undergo mitosis throughout their life.
They are constantly being replaced by new cell divisions, which
allows mutations to accumulate, which can eventually lead to
cancer. Carcinomas are cancers that arise from epithelial tissue.
They are extremely common and account for 90% of cancer
cases, with the other 10% arising as leukemias and sarcomas
[23]. Cancer is a disease that develops slowly. For example, in
solid human tumours there is often, but notably not always, an
interval of 20 years from carcinogen exposure to clinical detec-
tion [18]. This highlights the benefits of cardiomyocyte early cell
cycle exit as a protective mechanism against malignant forma-
tions, as cells such as epithelial cells that remain in the cell cycle
are not protected from the accumulation of mutations, and
therefore the formation of cancer.

Primary cardiac malignancy trends

Primary cardiac malignancies are rare events, and the litera-
ture on their incidence, cause and treatment is largely limited.
The incidence of cardiac tumour diagnosis has risen in the past
few decades, however it is uncertain if this is due to over diag-
nosis or due to an actual rise in malignancy formation [2]. Very
recently, two studies have been published with data collected
over a wide time frame, allowing trends and risk factors of pri-
mary malignant cardiac tumours to be analysed. Saad et al. [24]
conducted a study on the characteristics, survival and incidence
rates and trends of primary cardiac malignancies in the United
States. He et al. [2] studied the risk factors associated with early
death in patients diagnosed with primary malignant cardiac tu-
mours. These studies are useful as many previous publications
related to cardiac tumours are single centre studies, which do
not allow for trends or risk factors to be investigated.

Saad et al. [24] selected patients with PMCTs diagnosed
between 2000 and 2014, excluding cases where the diagnosis
relied only on autopsy or death certificates. Data was selected
from the Surveillance, Epidemiology and End Results (SEER)-18
registry. 497 cases were reviewed, 136 of these being angiosar-
comas and 134 were non-Hodgkin’s lymphomas (NHL). The rest
were divided into ‘other sarcomas’ which included all sarcomas
apart from angiosarcomas, and ‘other’ which included epithe-
lial tumours, germ cell tumours and any other types that did
not fit the previous groups. Within these groups, Saad et al. [24]
looked into multiple variables, including: sex, race and age at
diagnosis. Most patients with angiosarcomas were male, white
and aged 20-50. Most NHL patients were also male and white,

however they were older than 50 years of age (Table 4) [24].

‘ Table 4: Characteristics of PMCT patients diagnosed between \

the year 2000 and 2014 in the United States. (Adapted from Saad
et al. 2018 [24]). ‘
) /
Histological type no. (%)
Angiosarcoma NHL Other sarcomas = Other
Overall 136 (100) 134 (100) 173 (100) 54 (100)
Sex:
Male 75 (55.1) 74 (55.2) 81 (46.8) 30 (55.6)
Female 61 (44.9) 60 (44.8) 92 (53.2) 24 (44.4)
Age at diagnosis:
<20 3(2.2) 3(2.2) 15 (8.7) 7(13.0)
20-49 80 (58.8) 16 (11.9) 71 (41.0) 17 (31.5)
>50 53(39.0) 115 (85.8) 87 (50.3) 30 (55.6)
Race:
White 91 (66.9) 103 (76.9) 146 (84.4) 42 (77.8)
Black 27 (19.9) 10 (7.5) 11 (6.4) 7 (13.0)
Other 18 (13.2) 20 (14.9) 16 (9.2) 5(9.3)
Vital status:
Alive 17 (12.5) 59 (44) 35(20.2) 8(14.8)
Dead 119 (87.5) 75 (56) 138 (79.8) 46 (85.2)
Chemotherapy:
No/Unknown 59 (43.4) 37 (27.6) 100 (57.8) 35 (64.8)
Yes 77 (56.6) 97 (72.4) 73 (42.2) 19 (35.2)
Surgery:
No 67 (49.3) 109 (81.3) 40(23.1) 30 (55.6)
Yes 68 (50) 23(17.2) 132 (76.3) 23 (42.6)

Saad et al. [24] calculated the incidence rate of angiosarcoma
and NHL between the year 2000 and 2014. The incidence rate
of angiosarcoma did not change significantly (p>0.05), with a T-
Test producing a p-value of 0.483. However, the incidence rate
of NHL was seen to increase significantly over the time period
(p<0.05), with a T-Test producing a p-value of 0.003. The median
survival time of both angiosarcomas and NHL was also calcu-
lated. Results concluded a mean survival time of nine months
for angiosarcomas, and 34 months for NHLs. The survival time
for NHLs was significantly better than angiosarcomas (P<0.001).
Saad et al. [24] include good use of statistics throughout their
study, which allowed deeper analysis of results.

He et al. [2] conducted a similar study in the United States,
involving 564 patients over a 40-year time frame. With this
time frame being longer than the previous paper, trends can
be drawn back to an even earlier date. This paper is the first of
its kind to investigate the risk factors that contribute to early
deaths in patients diagnosed with PMCTs. This is impactful as
understanding the risks contributing to early death could even-
tually lead to better survival rates in PMCTs. Data selected from
the SEER registry showed 744 patients with PMCTs from 1973
to 2014. Patients (180) were excluded due to only having an
autopsy report or because they had had multiple primary tu-
mours. This left a total of 564 patients, 214 of which were regis-
tered as early deaths (survived <3 months after diagnosis). The
two groups, early death and not early death, were compared
on the basis of: sex, age, race and ethnicity. The types of PMCTs
were also compared between the two groups. The early death
group had a lower proportion of sarcomas and lymphomas
compared to the non-early death group.

In patients with sarcomas, results showed that men had

www.jcimcr.org

Page 7



a higher risk of early death compared to women. Individuals
younger than 20 had a lower risk of early death compared to in-
dividuals over 80, who showed a significant increase in the risk
of early death. The risk of early death was not affected by race,
ethnicity, education or income. In patients with lymphomas, the
only group observed to be statistically significant was the age
group. Individuals in age groups over 41 showed significantly
high early death rates compared to individuals aged 20-40. The
overall early death rate decreased slightly over the five decades
that this study covered. He et al. [2] included a broad range of
statistical analysis such as the X? and Fisher’s exact test, which is
useful when comparing variables.

Both Saad et al. [24] and He et al. [2] have produced impact-
ful studies that were conducted over long time periods . How-
ever, there are some limitations, for example the fact that due
to the rarity of PMCTs the number of patients included in both
studies is relatively small [25-29]. The SEER database cannot
provide information on chemotherapy and radiotherapy treat-
ments, making it unclear which patients received treatment
[2]. The terminology for different classifications of PMCTs has
changed many times since the 1970’s. This makes the compari-
sons that He et al. [2] made between different types of PMCT
less reliable. Despite these limitations, both studies provide
evidence for trends and risk factors that have not been inves-
tigated before, proving very useful for future studies [29-32].

Conclusion
Impact of cardiomyocyte cell cycle arrest

This study explored many aspects of PMCTs, including the
cardiomyocyte cell cycle, the role of Meis1 and the trends and
incidence rates of PMCTs. The main conclusion that can be
drawn from this literature review is that PMCTs rarity is largely
due to cardiomyocyte cell cycle arrest. Cardiomyocytes exit the
cell cycle at postnatal day seven, meaning they are only ex-
posed to mutations picked up during the cell cycle for a short
period of time. As cardiomyocytes can no longer undergo mi-
tosis once they exit the cell cycle, any mutations picked up in
the first seven days cannot be excessively multiplied and there-
fore will rarely accumulate to form cancer. As a result, there are
an extremely low number of heart cancer cases. However, the
mechanism that enables protection against malignancy contrib-
utes to the very high number of cardiovascular disease cases.
Cardiomyocytes being unable to divide results in the hearts in-
ability to regenerate and instead scar tissue is formed, resulting
in cardiovascular disease. This highlights that the early exit of
cardiomyocytes from the cell cycle has both a positive and neg-
ative effect on human health. It results in extremely low rates
of cardiac malignant transformations, conversely, the inability
of the heart to regenerate causes very high incidence rates of
cardiovascular disease.

Future aims

Although there have been some important conclusions
drawn from this literature review, there are still some questions
that remain unanswered. Going forward in this investigation
into the rarity of heart cancer, new aims should be set, in order
for more advances to be made. For example, we have estab-
lished that PMCTs are rare due to cardiomyocyte early cell cycle
exit. However, we do not know the reason why cardiomyocytes
undergo cell cycle arrest. A future aim would be to investigate
the reason why Meis1 causes cardiomyocytes to exit the cell cy-
cle. Is it a protective mechanism for malignant transformation,

or is there another reason why cardiomyocytes are made to exit
the cell cycle so early? The same question can be asked in re-
gard to the trends in PMCTs. It has been established within this
review that PMCTs are more common in males than females
and are more common in the white ethnicity compared to the
black ethnicity. These are important findings, however a future
aim would be to understand why this is the case. Is there a rea-
son why PMCTs are more common in males and white people
compared to females and black people? Creating new aims will
allow the development of future investigations, which will be
discussed in the next chapter of this review.

Limitations of this review

As with most studies, this literature review has some limita-
tions. Due to the rarity of PMCTs, research on this subject is
largely limited. There is a very restricted amount of literature
relating to PMCTs, with most of these publications being single
centre studies. These are not of use to this literature review as
single centre studies are largely subjective and do not allow
for comparisons to be made. There is no research comparing
PMCTs in neonates and adult humans and very limited research
on reasons why these malignancies do not form very frequent-
ly. This has made it difficult to find research that relates to the
question being asked in this review. The rarity of PMCT cases
also results in a very small sample size when analysing trends
and incidence rates. For example, in this review, trends were
analysed, however the sample size used was only 500 cases,
which is relatively small. Consequently, the results are less reli-
able than if trends were analysed using a much larger sample
size. Furthermore, the terminology for different classifications
of PMCTs has changed over the years. For example, new tumour
types have been discovered and existing terminology has been
changed. This makes comparisons between tumour types over
a long period of time more difficult. In spite of these limitations,
this review records significant findings. It provides a broad anal-
ysis of recent literature, enabling positive advances to be made
in the cardiology field.
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