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Abstract

Several large cohort studies in cardiovascular disease (CVD) patients have shown an increased incidence of cancer.
Previous studies in a myocardial infarction (MI) mouse model reported increased colon, breast, and lung cancer
growth. The potential mechanisms could be due to secreted cardiokines and micro-RNAs from pathological hearts
and immune cell reprogramming. A study in a MI-induced heart failure (HF) mouse demonstrated an increase

in cardiac expression of SerpinA3, resulting in an enhanced proliferation of colon cancer cells. In Ml-induced HF mice
with lung cancer, the attenuation of tumor sensitivity to ferroptosis via the secretion of miR-22-3p from cardiomyo-
cytes was demonstrated. In Ml mice with breast cancer, immune cell reprogramming toward the immunosuppressive
state was shown. However, a study in mice with renal cancer reported no impact of Ml on tumor growth. In addition
to M, cardiac hypertrophy was shown to promote the growth of breast and lung cancer. The cardiokine potentially
involved, periostin, was increased in the cardiac tissue and serum of a cardiac hypertrophy model, and was reported
to increase breast cancer cell proliferation. Since the concept that CVD could influence the initiation and progression
of several types of cancer is quite new and challenging regarding future therapeutic and preventive strategies, further
studies are needed to elucidate the potential underlying mechanisms which will enable more effective risk stratifica-

tion and development of potential therapeutic interventions to prevent cancer in CVD patients.
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Introduction

Cardiovascular disease (CVD) is one of the leading causes
of death worldwide. Over the past two decades, its preva-
lence has almost doubled from 271 to 523 million, and
mortality rates continue to increase [1]. Cancer prevalence
is also on the rise globally with an expected 28 million cases
in 2040, nearly a 50% increase from 2020, and remains the
leading cause of death [2]. Since the advancement of can-
cer treatment has led to more cancer survivors, there is
increasing recognition of the devastating cardiovascular
(CV) complications from cancer treatment. Cardio-oncol-
ogy has emerged as a new field in an effort to mitigate the
CV toxicity consequential to cancer therapy [3]. Inter-
estingly, there is also accumulating evidence of a reverse
relationship between CVD and cancer, termed “reverse
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cardio-oncology” [4]. Large cohort studies have demon-
strated that patients with CVD have an increased risk of
cancer development during follow-up [5-7]. In heart fail-
ure (HF) patients, non-CV death accounts for 15-30% of
all deaths [8]. Cancer has been shown to be the leading
cause of non-CV death in this population, contributing to
approximately 40% [8].

Several cohort studies have demonstrated an increased
risk of cancer in both HF and myocardial infarction (MI)
patients [5-7, 9-13]. Additionally, a prospective cohort
study in MI patients identified a subgroup that subse-
quently developed HF had an increased risk of cancer dur-
ing follow-up [5]. Conversely, one retrospective study using
the data from a Physicial Health Study (PHS) trial reported
no association between HF and cancer among male phy-
sicians [14]. This discrepancy could be due the use of
different study populations. These clinical reports are com-
prehensively summarized in Table 1.

The nature of these clinical studies is evidently limited by
their ability to establish a causal relationship between CVD
and cancer, for example the increased incidence of cancer
in CVD patients could be partly explained by shared risk
factors, including obesity, diabetes mellitus, hypertension
(HT), smoking, and inflammation [15]. However, emerg-
ing evidence particularly from in vivo studies suggests
a plausible direct effect of CVD on the enhancement of
tumor growth and metastasis. In this review, we aimed to
comprehensively summarize the contemporary evidence
on this reverse cardio-oncology concept and highlight the
potential direct mechanism of CVD on the enhancement
of tumor growth and metastasis from both in vitro and
in vivo studies.

Potential mechanisms of the effect of CVD

on the enhancement of tumor proliferation

and invasiveness: Evidence from in vitro

and in vivo studies

Effects of Ml on tumor growth and metastases

In an in vivo study using APC™" mice, a genetically
susceptible mouse strain prone to developing colonic
adenomas, MI-induced HF in these mice led to left ven-
tricular (LV) systolic dysfunction, hypertrophy and fibro-
sis. It was found that these mice had enhanced colon
cancer growth [16]. To exclude the potential effects of
hemodynamic disturbance, the study used a heterotopic
heart transplant from an MI rat into other APC™" mice,
which also resulted in increased colon cancer growth in
the recipient mice [16]. Likewise, a study using MI mice
with orthotopic breast cancer showed that MI enhanced
breast cancer growth [17]. MI also enhanced breast can-
cer growth and metastasis in MMTV-PyMT mice, which
was a transgenic mice model of spontaneous breast can-
cer [17]. In MI-induced HF mice with a xenograft Lewis
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lung carcinoma (LLC) model, it was shown that these
mice also had enhanced lung cancer growth [18]. How-
ever, in a study using MI-induced HF mice with ortho-
topic renal cancer it was found that there was no effect
on renal cancer growth and metastasis, despite the pres-
ence of LV systolic dysfunction, hypertrophy and fibrosis
as in other studies [19]. These in vivo studies suggested
there is a direct effect of MI on cancer growth, and the
effects on tumors were potentially cancer-type specific.

Regarding the potential mechanisms, the effects of MI
on tumor growth could be due to the cardiokines and mi-
RNAs secreted from pathologic hearts [16, 18]. A study
in an MI-induced HF model showed increased expres-
sion by cardiac mRNA of SerpinA3, SerpinAl, fibronec-
tin (FN), ceruloplasmin (CP), and paraoxonase 1 (PON1)
[16]. However, it was demonstrated that heterotopic
transplantation of an MI heart resulted in only SerpinA3,
EN and PONI1 having increased expression in cardiac
tissues [16]. To emphasize the importance of these car-
diokines, an in vitro study demonstrated that incubation
of colon cancer cells with SerpinA3 10 ng/mL or Ser-
pinA1l 50 ng/mL resulted in an enhanced proliferation of
colon cancer cells. However, exposure to FN 20 mcg/mL,
CP 0.1 mcM, or PON1 10 mM had no effect on colon
cancer cell proliferation [16]. These findings indicated
that the enhanced tumor growth in the MI-induced HF
model could be due to secreted cardiokines, including
SerpinA3 and SerpinAl. Unfortunately, the level of Ser-
pinA3 in plasma and tumor tissues were not reported in
that study [16].

A study in MI-induced HF mice with xenograft LLC
demonstrated that the MI-induced HF condition miti-
gated the tumor sensitivity to ferroptotic cell death [18].
Ferroptosis is a regulated cell death pathway character-
ized by iron-dependent lipid peroxidation with a distinct
morphological form of cell death [20, 21]. Growing evi-
dence suggests the importance of ferroptosis in tumor
biology in terms of its role in tumorigenesis, tumor pro-
gression, metastasis and therapeutic resistance, as a con-
sequence of ferroptosis evasion [20, 21]. Additionally,
ferroptosis is being recognized as a target of cancer vul-
nerability to cancer therapy, as it is a form of cell death
observed in response to various cancer treatments [20,
21]. A study in xenograft LLC mice model showed that
MlI-induced HF in mice attenuated the effect of ferrop-
tosis inducer, erastin and imidazole ketone erastin (IKE),
on tumor growth [18]. The ferroptosis markers includ-
ing prostaglandin-endoperoxide synthase 2 (PTGS2) and
acyl-CoA synthase long-chain family member 4 (ACSL4)
were upregulated, whereas glutathione peroxidase 4
(GPX4) was downregulated with erastin and IKE. These
effects were attenuated in an MI-induced HF condition
[18]. Interestingly, injection of isolated exosomes from



Page 3 of 32

(2024) 22:105

Attachaipanich et al. Journal of Translational Medicine

“ouqiyur duind uojoud |44 ‘Apnis YyyeaH uemisAyd SHd ‘oliel ppo yO ‘uonieju

s1eak uA ‘o11el 9dUIPIdUI PAZIPIRPUELS Y/S

pJed0AwW [y ‘O13ea B1R1 SDUSPIDUI YY/ ‘Ol1el PIeZRY YH ‘DiN|ie) 1ueay JH ‘Shiljlow $319geIp /g ‘9sessip Aleuow|nd aA13dNIISAO JIUOIYD GdOD

J30Ued Jo 1K 6°G uBaW IA 69 ajeway IA €9
[et] MSU pasesldul Ue YIIM Pa1eIdosSe SeM [N paisnfpeun (L0 L-€0'L 1D %S6) SO'L IS 715'01/16896 3]eU UeIpaUAIeuIUuS(/10L0d 9ANd3ds0.aY IN
SN1L1S DJWou
J92UBD JO  -02301205 PUB ‘Gd0OD ‘WA d1a ‘LH 494 Jepuajed 1K /1-0/4K 589 9]Wd} IA 765
[cl] U PISeaIDU! Ue Ylm PIRIDOSSe Sem || xas ‘abe 1o} paisnlpe (€1°1-€0'L 1D %56) 80'L Yl 6926/5/T'TCL SeW UeIPSW,AIeUWIUS(]/10L0D 9AND9ds0IIaY IN
|9A9] UOIIBINPS pue
J9oued Jo ‘Annoe [edsAyd ‘Buptows “JaH ‘WA das 1INg K161
l6] S/ PISeaIOUl UB YLM PIIRIDOSSR SBM ||\ ‘X3S ‘9be J0j paisn(pe (/£ 1-17'L 1D %S6) 9% | YH ovL//¥/1  UelpaWl/IA 79 ueaul/AemMION/10YOD dA1129dS0ld IN
2Insodxa uns pue
I9%20|0 ZH 'ldd ‘SISOYID 190ued JO AI01SIY Ajludey
suedIsAyd sjew buowe Jodued Jo  ‘unidse ‘asn joyod|e ‘Buiyows ‘ades ‘dnoib Jusw L6610
[rL] SH Pasealdul ue YlIM Paledosse 10U sem 4H -||0Ju 10} pRAsnipe (ST’ 1-+8'0 1D %S6) Z0'L YH LL1/0TrL UBIPSW/IA |9 UBSUI/SN/H0Y0D 9ANDIdSONISY 4H
132UBD JO ¥{SH pasealdul X9pul ApIgIowod uosjieyD pue
[ pey 4H padojensp oym siusiied | 1504 ‘3 ‘90 10y paasnipe (SE€-6€'L 1D %S6) 91T YH 8¢/87¢ A6 uesw/IA 7/ ueaw/SN/10y0d 3A13adsoId IW-3sod 4H
Jaoued Jo K01
(Lt] JSU pasesldul Ue YlM paiedosse sem JH paisnipeun (18'1-1/'1 1D %S6) 9/°L HO TEL'STHTI'00L  —0/4K 97/ ueBWI/AURWIZD/HI0YOD 8AI3D3dS01I9Y 4H
J95ued Jo X3S pue 1K G ueaw
[ JSI pasesidul Ue YiiM paiedosse sem JH obe 10y paisnipe (€€'1-G1'L 1D %S6) ¥T'L Yl G/6/L0¢6 /MK 8 /9 UeSW S IRWIUSJ/HO0YOD 9ANDRASONd (%S > 4IAT) 4H
J35ued Jo X9pUl ANPIQIOW0d UOS|IeYD) pue ‘Bupjous
[l JSI pasesidul ue YiM pajedosse sem JH ‘IWg 404 pa1snipe (97C—1L'L 1D %S6) 09'L YH ¢01/96S 1K 27 ueawy/IA ¢/ uBSW/SN/|0U0D-35ED) 4H
130Ued Jo K9G
[0l] Sl pasesidul Ue YiM paleldosse sem JH paisnfpeun (18 1-12'L 1D %S6) 921 YH 9€0'CL/LTY 0L ueIpaw/9/ ueaw/A|e1|/110yod 9ANd9ds0IIsY 4H
and ul
J9dUed Jo JIaquinu
N uonejaidiaiu| awod3no Aiewlid /AAD Jo 1I_quinN awn n4/26e/K13unod/Apnas jo adA| ]I

S9SeaSIP JBINDSBAOIPIED puUk 925UapPIdUl J19dUed UsaMla( UO|1RIDOSSe Uk palelisuowlap 1eyl syuodal [esidlD L o|qeL



Attachaipanich et al. Journal of Translational Medicine (2024) 22:105

MI mice also attenuated the effect of ferroptosis inducer
on tumor growth in xenograft LLC mice [18]. An in vitro
study exposed isolated exosomes from MI mice to a
lung cancer cell line (LLC) and an osteosarcoma cell line
(K7M2) demonstrated that those exosomes mitigated
the erastin-induced ferroptosis in those cancer cells [18].
Moreover, the inhibitory effect of ferroptosis inducer on
tumor cell invasion and migration was also attenuated by
exosomes from MI mice [18]. In support of those find-
ings on the roles of ferroptosis in tumor progression,
Ferrostatin-1, a ferroptosis inhibitor, was shown to effec-
tively reverse the inhibitory effect of erastin on tumor cell
invasion and migration, which are further reversed by
exosomes from MI mice [18].

The micro-RNAs (mi-RNAs) are short, non-coding
RNA segments that regulate gene expression [22]. Fur-
ther analysis revealed that in an MI-induced HF mouse
with xenograft LLC model, the mice had increased levels
of miR-22-3p in both the cardiac tissues and tumor and
also in plasma [18]. However, precursor miR-22 (pre-
miR-22) was only increased in cardiac tissues but not in
tumor, indicating that miR-22-3p was released from the
pathologic heart [18]. The potential effects of miR-22-3p
were further evaluated in both in vitro and in vivo stud-
ies. An in vitro study using transfecting LLC cells with
miR-22-3p showed cellular resistance to erastin-induced
ferroptosis, whereas blocking the action of miR-22-3p
further promoted ferroptosis in those cells [18]. Con-
sistent with these findings, inhibition of cardiac-specific
miR-22-3p in MI-induced HF mice with xenograft LLC
treated with erastin effectively attenuated the effect of
MlI-induced HF on enhanced tumor growth [18]. These
findings suggest that miR-22-3p secreted in the MI-
induced HF model could play a role in promoting tumor
growth by reducing the cellular sensitivity to ferroptosis,
as well as potentially modulating tumor response to can-
cer therapy.

In addition to the potential effect of secreted car-
diokines and mi-RNAs from a pathologic heart in
enhancing tumor growth, immune cell reprogramming
has also been proposed [17]. MI mice with an orthotopic
breast cancer model showed an increase in Ly6C" mono-
cytes in both plasma and tumor, as well as a decrease in
T cells. However, the proportion of regulatory T cells
in the tumor microenvironment was increased [17].
MMTV-PyMT mice with MI also had increased num-
bers of Ly6Chi monocytes in the tumors [17]. In an adop-
tive transfer experiment, MI induced Ly6CM monocyte
recruitment into the tumor was demonstrated. MI was
induced in CCR2-diphtheria toxin receptor mice, which
had depleted monocytes and showed decreased effects
on tumor growth, decreased tumor Ly6CM monocytes,
and a decrease in the proportion of regulatory T cells, as
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well as an increased proportion of activated T cells (gran-
zyme B+) [17]. A bone marrow transplant from a donor
MI mouse with tumor implantation into the wild type
mice and implanted with a tumor also showed enhanced
tumor growth and an increase in circulating Ly6CM
monocytes [17]. These results indicated that the effect of
MI on breast cancer growth and metastasis was through
immune cell reprogramming and resulted in an immu-
nosuppressive state within the tumor microenvironment
[17].

In conclusion, current evidence from in vitro and
in vivo studies demonstrated that MI could enhance
tumor growth and metastasis as a consequence of
secreted cardiokines, and mi-RNAs and immune cell
reprogramming. Interestingly, the effect of MI on tumor
growth was shown to be cancer-type specific. These
reports are comprehensively summarized in Fig. 1,
Tables 2 and 3.

Cardiac hypertrophy

A study using transverse aortic constriction (TAC) to
induce pressure overload in mice resulted in LV hypertro-
phy and systolic dysfunction, leading to increased tumor
growth in both orthotopic breast cancer (PyMT) and
LLC models [23]. When breast and lung cancer cells were
injected into TAC-operated mice, it was shown that car-
diac remodeling also enhanced metastasis of both cancer
types [23]. In a separate study using an immunodeficient
mouse model lacking lymphoid cells and dysfunctional
myeloid cells, TAC-operated NOD/SCID (nonobese
diabetic/severe combined immunodeficiency) mice also
demonstrated an increase in breast cancer growth [23].
However, there were no effects on tumor growth in the
breast cancer model in TAC-operated maladaptive car-
diac remodeling-resistant (MCRR) mice, which were
resistant to cardiac remodeling and did not develop any
cardiac remodeling [23].

Transgenic mice with overexpression of activating tran-
scription factor 3 (ATF3) have been shown to develop
cardiac remodeling, including LV hypertrophy and sys-
tolic dysfunction, and showed enhanced tumor growth in
orthotopic breast cancer and xenograft lung cancer mod-
els [24]. Injection of breast cancer cells into ATF3-trans-
genic mice also increased breast cancer metastasis [24].
Inhibition of ATF3 expression caused by supplementation
with doxycycline after cardiac remodeling had already
occurred did not have any impact on tumor growth or
metastasis, indicating that the enhanced tumor effect was
due to cardiac remodeling and was independent of ATF3
expression [24]. Low-dose phenylephrine (PE)-induced
HT in mice, which induced LV hypertrophy without sys-
tolic dysfunction, also enhanced orthotopic breast cancer
growth [25]. These in vivo studies suggested that cardiac



Attachaipanich et al. Journal of Translational Medicine (2024) 22:105

.‘%7 :

\\\
N\

Regulatory T-cell
/ hi a
g‘\DLyGC monocyte

' (Cancer cell

Page 5 of 32

Fig. 1 Potential direct effects of myocardial infarction (MI) on tumor growth and metastasis. An Ml model was shown to promote colon, lung,

and breast cancer growth. The Ml condition also increased metastasis of breast cancer. Cardiac expression of SerpinA3, SerpinA1, and miR-22-3p
were increased in MI models. The miR-22-3p was also increased in plasma and tumor tissue, resulting in attenuated breast cancer cell sensitivity

to erastin-induced ferroptosis. Ml also increased Ly6C" monocytes in plasma, tumor, and bone marrow, which led to an increased proportion

of regulatory T-cells in the tumor microenvironment. Blue arrows indicate the changes of potential cardiokines and micro-RNAs. Red arrows indicate
the effect of MI on tumor growth. The purple arrow indicates the change in ferroptotic cell death sensitivity. Figure created with BioRender.com

remodeling induced by TAC and genetic modification
could potentially enhance tumor growth.

Several potential biomarkers have been found and
reported on in models of cardiac hypertrophy in associ-
ation with tumor progression. TAC-operated mice with
orthotopic breast and lung cancer had shown enhanced
tumor growth and it was found that cardiac expression
and plasma levels of periostin and connective tissue
growth factor (CTGF) were increased [23]. Similarly, in
TAC-operated mice injected with breast cancer cells,
increased cardiac and plasma levels of periostin and
CTGF were observed, along with enhanced metastasis
[23]. However, in TAC-operated MCRR mice with an
orthotopic breast cancer model, which did not develop
any cardiac remodeling and with no affect on tumor
growth, there was no increase in cardiac or plasma
levels of periostin and CTGF [23]. When serum from
TAC-operated mice with or without breast and lung
cancer was applied to breast cancer cells (PyMT) and
lung cancer cells (LLC), increased cancer cell prolif-
eration in both cell types was demonstrated [23]. In
the same study, periostin at 2000 and 4000 ng/mL was
shown to enhance the proliferation of both breast and

lung cancer cells, whereas periostin-deprived serum
from a TAC-operated mouse with a breast cancer
model had no effect on cancer cell proliferation [23].
ATF3-transgenic mice with orthotopic breast can-
cer, which showed enhanced tumor growth, exhib-
ited increased cardiac expression of periostin, CTGE,
EN, SerpinA3, and CP [24]. The expression of CTGF
and FN was also increased in breast cancer tissues,
whereas the plasma levels of CTGF and FN remained
unchanged [24]. When the serum from ATF3-trans-
genic mice was applied to breast and lung cancer
cells, it was shown to enhance both breast and lung
cancer cell proliferation [24]. In the low-dose PE-
induced LV hypertrophy with orthotopic breast cancer
model which resulted in increased the tumor growth,
increased cardiac expression of periostin and FN was
demonstrated [25]. The plasma levels of periostin, FN,
and CTGF were also increased. However, in the tumor
only the expression of CTGF was increased, while peri-
ostin and FN were unchanged. The SerpinA3, PONI,
and CP expression also remained unchanged in both
the cardiac tissues and tumor in this model. Consist-
ently, serum from low-dose PE-infused mice was
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Table 3 Effect of myocardial infarction and cardiac hypertrophy on tumor progression: evidence from in vitro studies

Model Exposure Proliferation Invasion/ Interpretation Refs.
migration
Colon cancer cells (HT-29)  SerpinA3/10 ng/mL 1 - SerpinA3 and SerpinA1 promoted colon  [16]
SerpinA1/50 ng/mL A _ cancer cell proliferation
Fibronectin/20 mcg/mL <« -
Paraoxonase 1/10 mM <~ -
Ceruloplasmin 0.1 mcM e -
Breast cancer cells (PyMT)  Serum of TAC-operated mice with PyMT M - Periostin was increased in early cardiac [23]
model/48 h remodeling in TAC mice and promoted
Serurn from TAC-operated mice with- 2 _ breast and lung cancer cell proliferation
out cancer/48 h
Periostin 2000-4000 ng/mL/48 h 1 -
Periostin 1000 ng/mL/48 h <> -

Periostin-depleted serum of TAC-operated <> -
mice with PyMT model/48 h

Lung cancer cells (LLC) Serum from TAC-operated mice with LLC 1 -
model/48 h
Serum from TAC mice-operated mice 1 -
without cancer/48 h
Periostin 2000-4000 ng/mL/48 h 0 -
Periostin 1000 ng/mL/48 h A -
PyMT cells Serum from low-dose PE-infused 1 - Serum derived from PE-induced cardiac [25]
mice/48 h remodeling mice enhanced breast cancer
cell proliferation
PyMT cells Serum from AFT-3 transgenic mice/48 h 0 - Cardiac remodeling in AFT-3 transgenic [24]
Serum from AFT-3 transgenic mice +doxy- 1 _ mice without pressure overload increased
cycline/48 h breast and lung cancer cells growth
and invasiveness
LLC cells Serum from AFT-3 transgenic mice/48 h 1 -
LLC cells Erastin/20 mcM/24 h W W MI-derived EXO attenuated lung cancer 18]
Erastin/20 mcM/24 h+Sham-EXO 1 mcg/ 4 N and osteosarcoma cells
mL/24 h
Erastin/20 mcM/24 h+MI-EXO 1 mcg/ \ i
mL/24 h
Osteosarcoma cells (K7M2)  Erastin/5 mcM/24 h W W
Erastin/5 mcM/24 h+Sham-EXO 1 mcg/ 44 W
mL/24 h
Erastin/5 mcM/24 h+MI-EXO 1 mcg/ \ !
mL/24 h
LLC cells Erastin/20 mcM/24 h - Wi MI-derived EXO further enhanced antifer-
Frastin/20 mcM/24 h+Fer-1 2 mcM/24 b — I roptotic activity of Fer-1 in erastin-induced
) suppression of invasion and migration
Erastin/20 mcM/24 h+Fer-1 2 - W
mcM/24 h+Sham-EXO 1 mcg/mL/24 h
Erastin/20 mcM/24 h+Fer-1 2 - 1
mcM/24 h+MI-EXO 1 mcg/mL/24 h
LLC cells miR-22-3p mimics > - miR-22-3p attenuated erastin-induced
Erastin/20 mcM/24 h i - ferroptosis
Erastin/20 mcM/24 h+miR-22-3p mimics -
AMO-22-3p < -
Erastin/20 mcM/24 h W -
Erastin/20 mcM/24 h+ AMO-22-3p Wi -

AMO antisense oligonucleotide sequence, ATF3 activating transcription factor 3, EXO exosomes, Fer-1 ferrostatin-1, LLC Lewis lung carcinoma, PE phenylephrine, PyMT
Polyoma middle T, TAC transverse aortic constriction
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shown to enhance the proliferation of breast cancer
cells [25].

All of these findings indicated that cardiac remodeling
from various models could increase tumor growth and
metastasis, which could be due to the secretion of factors
including periostin, FN and CTGE. The reports regarding
the potential mechanisms of the effect of CVD on can-
cer growth and metastasis from both in vivo and in vitro
studies are comprehensively summarized in Fig. 2, and
Tables 2 and 3.

Potential cardiokines and mi-RNAs as potential
links between CVD and cancer

Growing evidence suggests that several cardiokines and
mi-RNAs could be responsible for the promotion of
tumor proliferation and invasiveness in CVD models.
These include SerpinA3, SerpinAl, periostin, miR-21,
and miR-22. The effects and expression of those car-
diokines and mi-RNAs in CVD and cancer based on
in vitro, in vivo and clinical studies are comprehensively
summarized in Tables 4 and 5.

Lod
CTGF

FN

-
f‘.} Cancer cell
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SerpinA3

SerpinA3, also known as anti-chymotrypsin, is a mem-
ber of the Serpin superfamily that functions as a ser-
ine proteinase inhibitor and plays a role in the function
and homeostasis of various organs throughout the body
including regulation of blood pressure, insulin sensitivity
and inflammatory response [26].

SerpinA3 in pathological hearts

An in vitro study using an atherosclerosis model dem-
onstrated an increase in SerpinA3 expression in aortic
smooth muscle cells exposed to oxidized LDL [27]. In
MI and LV hypertrophy in ATF3-transgenic mice models
with tumors, an enhancement in tumor growth and an
increase in cardiac expression of SerpinA3 were observed
[16, 24]. However, in mice with low-dose PE-induced LV
hypertrophy without LV systolic dysfunction, no change
in cardiac SerpinA3 expression was found [25]. In clini-
cal studies, increased expression of SerpinA3 has been
reported in various cardiac conditions and was associ-
ated with poor clinical outcome. Levels of SerpinA3

Fig. 2 Potential direct effects of cardiac hypertrophy on tumor growth and metastasis. Cardiac hypertrophy was shown to enhance lung and breast
cancer growth and metastasis. It has been reported that cardiac expression and plasma levels of periostin increase in a cardiac hypertrophy model.
[t has also been shown that expression of connective tissue growth factor (CTGF) and fibronectin (FN) increases in cardiac and tumor tissues

and in plasma. Blue arrows indicate the changes of potential cardiokines. Red arrows indicate the effect of cardiac hypertrophy on tumor growth.

Figure created with BioRender.com
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in the plasma were increased in coronary artery dis-
ease (CAD) patients and correlated with the extension
of atherosclerosis [27]. In MI patients, plasma levels of
SerpinA3 were increased and predicted major adverse
cardiac events (MACE) [28]. In HF with reduced ejec-
tion fraction (HFrEF), levels of plasma SerpinA3 were
also found to increase [29, 30]. In dilated cardiomyopa-
thy (DCM) patients, cardiac expression and plasma lev-
els of SerpinA3 were increased and correlated with poor
outcomes [29]. The increased levels of SerpinA3 in DCM
patients with LV assist devices (LVADs) were reduced
after offloading LVADs [31]. Furthermore, in cases of
calcific aortic stenosis, both cardiac and plasma levels of
SerpinA3 were also increased [32].

SerpinA3 in cancer

SerpinA3 has been implicated in cancer proliferation
and invasiveness. SerpinA3 expression was increased in
various cancer cell lines including colon cancer and lung
adenocarcinoma cell lines [33, 34]. The enhanced expres-
sion of SerpinA3 has been shown to promote tumor cell
invasion and migration in colon cancer, breast cancer,
and glioblastoma cell lines [34—36]. SerpinA3 also pro-
moted the proliferation of colon cancer cells after in vitro
exposure [16]. SerpinA3 was also associated with tumor
invasiveness as a consequence of remodeling the extra-
cellular matrix, as shown in studies using melanoma
and glioblastoma [36, 37]. In mice injected with down-
regulated SerpinA3 colon cancer cells, a decrease in liver
metastasis was demonstrated [34]. In clinical studies,
SerpinA3 expression was increased in various tumor tis-
sues, including colon, lung adenocarcinoma, breast and
glioma [33-36]. Increased SerpinA3 expression in colon
cancer tissues was associated with higher metastasis [34].
Increased expression of SerpinA3 by tumors was also
associated with larger tumor size and poor survival in
lung adenocarcinoma patients [33]. In addition, high Ser-
pinA3 expression in glioma tissues was shown to be asso-
ciated with poor survival [36]. Plasma levels of SerpinA3
were elevated in lung cancer patients and were also asso-
ciated with metastasis [38].

SerpinA3 as a link between CVD and cancer

In summary;, it has been reported that SerpinA3 is upreg-
ulated in association with various types of CVD and
enhanced tumor proliferation and invasiveness in several
types of cancer. In an MI mouse model which showed
enhanced tumor growth, the SerpinA3 expression was
increased in cardiac tissue, and an in vitro study demon-
strated its role in increasing the growth of colon cancer
cells [16]. An ATF3-transgenic mouse model that had
enhanced tumor growth was also shown to have increased
levels of expression of SerpinA3 in cardiac tissues but not
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in tumor cells [24]. This evidence suggests that SerpinA3
from CVD could be a cardiokine responsible for the
enhanced tumor growth. These reports on SerpinA3 are
comprehensively summarized in Tables 4 and 5.

SerpinA1
SerpinAl, also known as antitrypsin, is also a member of
the Serpin superfamily [26].

SerpinA1 in pathological hearts

Unlike SerpinA3, the evidence surrounding the expres-
sion of SerpinAl in CVD models is still limited. In a
mouse model of MI, cardiac SepinAl expression was
found to be increased [16]. In clinical studies, plasma
levels of SerpinAl were also elevated in MI and HFrEF
patients [39, 40]. More studies are needed to validate
these findings regarding the level of SerpinA1l in associa-
tion with CVD.

SerpinA1 in cancer

SerpinAl has been reported to promote and be associ-
ated with outcomes in various types of cancer. It has been
shown to promote cell proliferation in colon cancer and
non-small cell lung cancer (NSCLC) [16, 41]. Addition-
ally, upregulation of SerpinAl has also been found to
promote tumor migration and invasion in various can-
cer cell lines, including gastric, colon, breast, ovarian
and lung cancer cells [41-45]. In mice, upregulated Ser-
pinAl was shown to promote metastasis of lung adeno-
carcinoma [43]. In clinical studies, increased expression
of SerpinAl in tumor tissues was associated with larger
tumor size, metastasis and poor survival in colorectal and
gastric cancer patients [42, 44]. In lung cancer patients,
increased SerpinAl expression was associated with
metastasis and poor survival [41, 43, 45]. Additionally,
SerpinAl has been shown to promote lung cancer metas-
tasis through regulation of expression of FN [43, 45].

SerpinA1 as a link between CVD and cancer

As mentioned earlier, it has been demonstrated that Ser-
pinAl promotes growth in various types of tumor, how-
ever, the evidence in CVD models is still very limited.
Only one report has demonstrated the potential effect of
CVD through SerpinAl on the enhancement of tumor
growth. In an MI-induced HF mouse model in which
enhanced tumor growth was found, increased cardiac
SerpinAl expression was demonstrated [16]. However,
there was no change in cardiac SerpinAl expression fol-
lowing the heterotopic heart transplant of an MI model,
which also reported enhanced tumor growth [16]. Fur-
ther studies are needed to warrant the potential role of
SerpinAl in this setting. These reports are comprehen-
sively summarized in Tables 4 and 5.
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Periostin

Periostin is a secreted protein that serves as a compo-
nent of the extracellular matrix and plays a crucial role in
cell-matrix interactions [46]. It is associated with trans-
forming growth factor-p (TGF-f) and regulates fibroblast
function, contributing to collagen fibrillogenesis, which is
involved in cardiac remodeling [46].

Periostin in pathological hearts

An in vitro study demonstrated that angiotensin II (Ang
IT) promoted the expression of periostin in adult rat car-
diac fibroblasts [47]. Mice treated with an Ang II infu-
sion developed LV hypertrophy and fibrosis, and an
increase in expression of periostin by cardiac tissue was
reported [47]. In high salt-induced HT rats, increased
cardiac expression of periostin along with cardiac fibro-
sis was shown [48]. Cardiac expression of periostin was
also increased in both MI and hypertensive-induced HF
models [49-52]. Studies demonstrated enhanced tumor
growth in cardiac remodeling models including TAC-
operated mice, low-dose PE-induced HT mice, and
ATF3-transgenic mice also reported increased periostin
expression in cardiac tissues [23-25]. In clinical studies,
increased cardiac expression of periostin was observed
in patients with MI and HFrEF [49, 52, 53]. Addition-
ally, levels of periostin were found to be elevated in the
plasma in ST-elevation MI (STEMI) patients and were
associated with increased CV events and declining LV
systolic function [54].

Periostin in cancer

As a component of the tumor microenvironment, peri-
ostin is one of the matricellular proteins, a group of non-
structural matrix components that plays a critical role
in tumorigenesis and metastasis [55]. Periostin has been
shown to interact with tumor cells and promote cell pro-
liferation, migration, survival, epithelial-mesenchymal
transition, and contribute to distant metastasis [55]. An
in vitro study showed that incubation with periostin
enhanced the proliferation of breast and lung cancer cells
[23]. Upregulation of periostin was shown to stimulate
lung cancer cell proliferation and migration, promote
tumor angiogenesis in breast cancer cells, and promote
colon cancer cell survival under stress conditions [56—
58]. In mice, upregulation of periostin in breast and colon
cancer cells promoted tumor growth and metastasis,
respectively [57, 58]. In cancer patients, periostin expres-
sion was increased in various types of cancer tissues,
including colon, prostate, NSCLC and breast cancer, and
was associated with poor survival [57-61]. Increased
tumor expression of periostin was also associated with
advanced stages in colon, prostate, NSCLC and hepato-
cellular carcinoma (HCC) patients [56, 58, 59, 62, 63].
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Plasma periostin levels were elevated in multiple types
of cancer patients, including colon, NSCLC and HCC
patients, and were correlated with poor survival [56, 58,
59, 64, 65]. In breast cancer patients, elevated plasma
periostin levels were associated with bone metastasis
[66].

Periostin as a link between CVD and cancer

Evidence demonstrated that expression of periostin in
both cardiac tissue and plasma were increased in vari-
ous CVD models and play a role in tumorigenesis and
progression. In a cardiac remodeling mouse model that
showed enhanced tumor growth, both cardiac tissues and
plasma levels of periostin were reported to be increased,
and an in vitro study demonstrated its role in tumor cell
proliferation [23-25]. These findings suggest that peri-
ostin could be chemokine potentially responsible for
enhanced tumor growth in CVD models. The reports on
periostin in CVD and cancer are comprehensively sum-
marized in Tables 4 and 5.

miR-21

miR-21 in pathological hearts

The miR-21 was found to be expressed by both cardio-
myocytes and cardiac fibroblasts [67]. Previous in vitro
studies using neonatal rat cardiomyocytes reported an
increased miR-21 expression after exposure to hyper-
trophic stimuli including PE and Ang II [68, 69]. In vari-
ous HF mouse models, including [;-adrenergic receptor
transgenic mice, TAC-induced HF mice, and isoprotere-
nol-induced HF mice, cardiac expression of miR-21 was
increased [70]. In cardiac ischemic/reperfusion (I/R)
injury mice, miR-21 expression was increased in the
infarct region, particularly with regards to cardiac fibro-
blasts [71]. In an MI rat model, miR-21 expression was
upregulated at the border zone but was downregulated in
the infarct area during early post-MI, specifically within
the first 24 h [72]. Between 3 days to 2 weeks, miR-21
expression, however, was upregulated in both the border
and infarct zones, especially in the infarct area in MI mice
[73]. In clinical studies, cardiac expression of miR-21 was
also increased in end-stage HF patients [70]. Plasma lev-
els of miR-21 were found to be elevated in acute coronary
syndrome (ACS), CAD and HFrEF patients [74, 75]. Ele-
vated plasma levels of miR-21 were also associated with
a decline in LV ejection fraction and increased NYHA
functional status in HFrEF patients [74].

miR-21 in cancer

The miR-21 is one of the most closely cancer-related
mi-RNAs and is frequently upregulated in a wide range
of solid tumors and hematologic malignancies [76, 77].
Several mechanisms have been identified through which
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miR-21 promoted cancer cell proliferation and migration
[76, 77]. Upregulated miR-21 enhanced tumor cell prolif-
eration in various cancer cell lines, including colorectal,
NSCLC and gastric cancer [78—80]. Additionally, miR-21
expression enhanced tumor cell migration and invasive-
ness in colorectal, breast, NSCLC, gastric, glioblastoma
and HCC [78-86]. Previous in vivo studies using mouse
models showed that miR-21 promoted growth of colo-
rectal and breast cancer [78, 83]. In clinical studies, it has
been observed that expression of miR-21 is increased in
various cancer tissues including colorectal, breast, lung,
gastric, glioma, prostate, HCC and diffuse large B-cell
lymphoma [64, 79, 80, 82, 85-88]. High expression of
miR-21 by the tumor has been associated with metastasis
in colorectal, breast, NSCLC and gastric cancer patients
[64, 79, 80, 82]. In colon cancer patients, high tumor
miR-21 expression was correlated with poor survival
[89]. Elevated plasma miR-21 levels have been observed
in breast, NSCLC, prostate, and gastric cancer patients
[83, 90-92]. In NSCLC patients, high plasma miR-21 lev-
els have been associated with lymph node metastasis and
poor survival [90]. High plasma miR-21 levels have also
been associated with advanced disease in prostate cancer
patients [92].

miR-21 as a link between CVD and cancer

Overall, there is extensive evidence that there is increased
expression of miR-21in CVD and that it is linked to tum-
origenesis and cancer progression. Despite this evidence,
there have still been no studies verifying the causal effect
of miR-21 in tumor enhancement in CVD models. Fur-
ther studies are required to illustrate the mechanistic link
and determine the potential role of miR-21 in reverse
cardio-oncology. These reports on miR-21 in CVD and
cancer are comprehensively summarized in Tables 4 and
5.

miR-22

miR-22 in pathological hearts

It has been demonstrated that miR-22 is related to car-
diac remodeling and LV hypertrophy [93]. Previous
in vitro studies using neonatal rat cardiomyocytes dem-
onstrated an increase in miR-22 expression after expo-
sure to hypertrophy stimuli, including PE and Ang II [69,
94]. An in vivo study in TAC-induced cardiac hypertro-
phy mice also demonstrated increased cardiac expression
of miR-22 [94]. In clinical studies, both cardiac expres-
sion and plasma levels of miR-22 were elevated in HFrEF
patients [95, 96]. Elevated plasma miR-22 levels were
also associated with an increased risk of CV death [96].
The miR-22-3p is the mi-RNA derived from the 3’ arm
of miR-22 [22]. An in vivo study using MI-induced HF
mice reported increased cardiac expression and plasma
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levels of miR-22-3p [18]. A study in HF patients, includ-
ing both HFpEF and HFrEF, showed that an increased
plasma miR-22-3p level was associated with a lower risk
of CV events [97]. It has also been reported that plasma
miR-22-3p was increased in CAD patients [98, 99]. Con-
versely, an earlier study reported decreased plasma miR-
22 levels in CAD patients [100]. These discrepancies in
the expression levels could be explained by differences in
patient subgroups and specific type of miR-22.

miR-22 in cancer

The mechanistic role of miR-22 in cancer is variable and
depends on specific cancer types [101]. It has been shown
to have a tumor suppressor role by inhibiting tumor pro-
liferation, invasion, and metastasis in various types of
cancer [101]. Previous in vitro studies showed decreased
expression of miR-22 in various cancer cell lines includ-
ing NSCLC, HCC and colorectal cancer and overexpres-
sion of miR-22 suppressed cancer cell proliferation and
migration in these cancer cell lines [102—104]. In NSCLC,
overexpression of miR-22-3p also inhibited cell prolif-
eration [105]. Similarly, in triple negative breast cancer
cells, decreased expression of miR-22-3p was observed,
and that the overexpression of miR-22-3p could suppress
cancer cell proliferation and migration [106]. Previous
in vivo studies have also demonstrated the tumor sup-
pressing effect of miR-22 and miR-22-3p in lung, colorec-
tal, HCC and breast cancer mice models [102—-104, 106].
Conversely, miR-22 has been reported to promote tumor
progression and metastasis in some cancers [101]. Higher
miR-22 expression was observed in highly metastatic
breast cancer cell lines, and also enhanced cell migration
and invasion [107]. Similarly, prostate cancer cells also
had increased miR-22 expression [108]. In an orthotopic
breast cancer mouse model with miR-22 overexpression
and an miR-22 transgenic mice model enhanced breast
cancer metastasis was reported [107]. Overexpression of
miR-22 also enhanced prostate cancer growth in a mouse
model [108].

In clinical studies, decreased tumor expression of
miR-22-3p has been reported in various cancers includ-
ing lung, HCC, and breast cancer [102, 103, 106]. Low
miR-22-3p expression was associated with poor survival
in HCC patients [103]. Tumor miR-22 expression also
decreased in colorectal cancer patients, and low tumor
miR-22 expression was associated with liver metastasis
and poor survival [104, 109]. However, another study
in colon cancer patients reported increased expression
of miR-22-3p by the tumor [110]. Conversely, elevation
of tumor miR-22 has been reported in prostate cancer
[108]. In breast cancer, elevated tumor miR-22 expres-
sion was associated with poor survival [107]. In advanced
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Fig. 3 A schematic diagram summarizes the potential direct effects of cardiovascular disease on tumor growth and metastasis. An Ml model

was shown to promote colon, lung, breast cancer growth and metastasis of breast cancer, with potential cardiokines including SerpinA3, mi-RNAs,
and immune cell reprogramming. Cardiac hypertrophy was demonstrated to enhance the growth and metastasis of lung and breast cancer
through potential cardiokines, including periostin. Figure created with BioRender.com

NSCLC patients, plasma miR-22 has been reported to be
increased [111].

miR-22 as a link between CVD and cancer

A recent study demonstrated that secreted miR-22-3p
from pathologic hearts of MI-induced HF mice miti-
gate the sensitivity of lung cancer to ferroptosis which
may be responsible for tumor growth and possible can-
cer therapy resistance [18]. However, investigation into
miR-22 is still very limited. Further studies are needed to
better understand the role of decreased ferroptosis sen-
sitivity of cancer induced by miR-22-3p in the pathologi-
cal heart model. These reports on miR-22 in CVD and
cancer are comprehensive summarized in Table 4 and 5,
respectively.

Future perspective and conclusion

There is an increasing body of evidence from both in vitro
and in vivo studies to demonstrate possible mechanisms
by which CVD directly promotes cancer growth and
metastasis. Currently, the effect of CVD on the pro-
motion of tumor growth and proliferation are cancer-
type specific and may be mediated via the secretion
of several cardiokines, and mi-RNAs and immune cell

reprogramming. An MI mouse model showed increased
tumor growth and metastasis of colon, lung and breast
cancer via possible cardiokines including SerpinA3,
and mi-RNAs, and also as a consequence of immune
cell reprogramming into an immunosuppressive tumor
microenvironment. The mi-RNAs including miR-22-3p
in an Ml-induced HF model also attenuated the tumor
sensitivity to ferroptosis in a lung cancer mouse model.
Cardiac hypertrophy also enhanced breast and lung can-
cer growth and metastasis, which could be mediated by
several cardiokines including periostin. The schematic
diagram summarizing the current evidence is shown in
Fig. 3. Nevertheless, there are still a limited number of
studies dedicated to investigating and verifying a causal
relationship between CVD and tumor progression. Fur-
thermore, while many cardiokines and mi-RNAs have
been shown to be involved in both CVD and cancer, stud-
ies that examine their causal relationship remain limited.
Further studies for potential cardiokines and mi-RNAs
secreted from pathological heart tissues are required.
Moreover, the possible mechanisms involved in the sys-
temic disturbance from CVD and the secreting factors
from other organs as a result of hemodynamic changes or
neurohormonal responses could also play a role in cancer
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exacerbation and require further investigations. A better
understanding of the pathophysiology of reverse cardio-
oncology could contribute to future risk stratification and
therapeutic prevention for subsequent cancer progres-
sion in CVD patients.
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