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Cardiac Dysfunction Promotes Cancer Progression via
Multiple Secreted Factors
Lama Awwad and Ami Aronheim

ABSTRACT
◥

Heart failure and cancer are the leading cause of deaths
worldwide. While heart failure and cancer have been considered
separate diseases, it is becoming evident that they are highly
connected and affect each other’s outcomes. Recent studies using
experimental mouse models have suggested that heart failure
promotes tumor progression. The mouse models used involve
major irreversible surgery. Here, we induced heart hypertrophy
via expression of activating transcription factor 3 (ATF3) in
cardiomyocytes, followed by cancer cells’ implantation. Tumors
developing in ATF3-transgenic mice grew larger and displayed a
more highly metastatic phenotype compared with tumors in
wild-type mice. To address whether ATF3 expression or the
cardiac outcome are necessary for tumor progression, ATF3
expression was turned off after cardiac hypertrophy development
followed by cancer cell implantation. The tumor promotion
phenotype and the enhancement of metastatic properties were

preserved, suggesting that the failing heart per se is sufficient to
promote tumor progression. Serum derived from ATF3-trans-
genic mice enhanced cancer cell proliferation and increased
cancer cell metastatic properties in vitro. Using a cytokine array
panel, multiple factors responsible for promoting tumor cell
proliferation and the metastatic phenotype were identified. Inter-
estingly, the failing heart and the tumor separately and simul-
taneously contributed to higher levels of these factors in the
serum as well as other tissues and organs. These data suggest the
existence of intimate cross-talk between the hypertrophied heart
and the tumor that is mediated by secreted factors, leading to
cancer promotion and disease deterioration.

Significance: This work highlights the importance of early
diagnosis and treatment of heart failure prior to reaching the
irreversible stage that can exacerbate cancer progression.

Introduction
Heart failure (HF) and cancer are the leading cause of death

worldwide (1). While HF and cancer have been considered separate
diseases, it is becoming evident that these are highly connected and
affect each other’s outcome at multiple levels (2, 3). Cardiac diseases
and cancer share similar risk factors including environmental hazards,
genetic predisposition, smoking, obesity, hyperlipidemia, sedentary
lifestyle, diabetes, and aging (4–6). Cardiac hypertrophy has long been
thought as a “tumor-like” growth that display similarmolecular signals
for cell proliferation, cardiac myocyte hypertrophy, and cell death and
survival pathways (7). It is well established that cancer treatments that
are directed toward cancer cell eradication also cause cardiomyocyte
death (8–10).

Further studies have shown that patients with HF after myocardial
infraction (MI) have an increased risk for developing cancer (11, 12).
To study the possible mechanisms involved in the cross-talk between
these two diseases, cardiovascular research converged with cancer
research. Interestingly, a recent study has shown that MI in a mouse

model for HF resulted in enhanced intestinal adenoma tumor
load (13–15). Subsequently, tumor promotion phenotype was
described for breast cancer model following MI (6, 16).

In another mouse model that mimics heart changes that occur
following aortic stenosis (AS) in human patients revealed that early
cardiac remodeling prior to HF promotes cell proliferation and
metastasis seeding (17). Secreted factors and the immune system are
considered to be part of a large network that connects various organs to
inform their physiologic and pathologic state to maintain the organ-
ism’s homeostasis (2, 6). Because the studies described above employed
major surgery intervention to induce cardiac stress, we sought to study
tumor progression in a transgenic mouse model that spontaneously
develops cardiac hypertrophy (18). We used the activating transcrip-
tion factor 3 (ATF3) transgenic model (designated thereafter ATF3-
transgenic), developed in our lab, to induce cardiac hypertrophy and
cardiac dysfunction (19). We followed tumor growth and metastasis
phenotype in ATF3-transgenicmice. ATF3 is a transcription repressor
from the basic leucine zipper family that plays a role in preserving
cellular homeostasis following various stresses (20). ATF3 is an
immediate early gene found at the receiving-end of multiple stresses
and growth stimuli including cardiac insults (21). In addition, patients
with HF display high levels of ATF3 protein (22). While the exact role
of ATF3 is of debate (23, 24), it is well documented that ATF3
expression in cardiomyocytes is sufficient to induce cardiac hyper-
trophy, heartfibrosis, and reduced cardiac contractile function (19, 25).
Therefore, in ATF3-trangenic mice, cardiac hypertrophy occurs in the
absence of surgery intervention (19). Transgenicmice with adult ATF3
expression were implanted with Lewis lung carcinoma and breast
cancer cells in the flank and in the mammary fat pad, respectively.
Tumors displayed increased tumor size and higher metastatic capa-
bilities as comparedwith tumor developed in controlmice.We suggest
that the remodeled heart and cancer cells exhibit intimate cross-talk via
multiple secreted factors. Revealing the mode of communication
between organs in health and disease may provide new means to
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better cope with multiple pathologic situations such as cardiac remo-
deling, HF, and cancer to improve patient outcomes (2, 3, 15).

Materials and Methods
All experimental protocols were approved by the Institutional

Committee for Animal Care and Use at the Technion, Israel Institute
of Technology, Faculty of Medicine, Haifa, Israel. Approval number
IL-155–11–17. All study procedures are complied with the guidelines
from of the NIH Guide for the Care and Use of Laboratory Animals.

Animals
All mice used were backcrossed to C57Bl6 background for over six

generations. The ATF3-transgenicmousemodel is the result ofmating
of two transgenic mice; the first, expresses the human influenza
hemagglutinin (HA) fused to the human ATF3 under the control of
the tetracycline activator (tTA) regulatory DNA elements. The second
expresses the tTA transcription factor under the control of the aMHC
promoter (aMHC-tTA), directing tTA expression to cardiomyo-
cytes (26). The tTA protein binding to the promoter is regulated by
doxycycline (tet-off system). Double transgenic mice containing both
the aMHC-tTA and ATF3-transgenes are expressing the human
ATF3 in cardiomyocytes and are designated thereafter ATF3-
transgenic, while single transgenic were used as controls.

Breeding cages include mice harboring either ATF3-transgenic (19)
or aMHC-tTA (27). Mating cages were maintained under regular
chow supplemented with doxycycline (0.2 mg/mL, Sigma D9891) in
the drinking water containing 5% sucrose to counteract the bitter taste
of antibiotics. Mouse genotyping was performed as described previ-
ously (19).Upon weaning at three weeks of age, regular water was
provided to allowATF3-transgene expression in cardiomyocytes.Mice
were euthanized by 0.1 mL i.p. injection per 20 gmmouse of a mixture
containing ketamine 100 mg/mL and xylazine 100 mg/mL prior to
sacrifice. Hearts, tumors, and lungs were collected for further analysis.
Number of mice used in each experiment is indicated in the figure
legends.

Cell culture
The PyMT cancer cells were kindly provided by Prof. Tsonwin Hai

(Ohio State University, Columbus, OH). pyMT cells are murine breast
carcinoma cell line that was derived from primary tumor-bearing
transgenic mice expressing polyomamiddle T under the control of the
murine mammary tumor virus promoter (28). The LLC cell line was
purchased from theATCC (29). Both cell lines were tested on February
2021 by IDEXX BioAnalytics and found to be free ofMycoplasma and
viral contamination. Cells were cultured in DMEM containing 10%
FBS, 1% streptomycin and penicillin, 1% L-glutamine, and 1% sodium
pyruvate at 37�C in humidified atmosphere containing 5% CO2.
Cancer cell implantation used at maximal passage number five.

Cancer implantation
PyMT cells (105 cells per mouse) were orthotopically injected into

the back left side mammary fat pad. LLC cells (0.5 � 106 per mouse)
were implanted subcutaneously into the flanks. Tumor size was
measured using a caliper, and tumor volume was calculated with the
formula: Width2 � Length � 0.5. The humane endpoint is defined
when the maximal tumor size reaches 1,500 mm3, according to the
Institutional Animal Care and Use Committee. An experimental
pulmonary metastasis assay was carried out with PyMT cells injected
into the tail vein (2 � 106 cells/mL, unless otherwise specified). Mice
were sacrificed 10 days later (17).

Cell proliferation in vitro
PyMT or LLC cells were seeded inmedium containing 10% FBS at a

concentration of 2 � 104 cells/mL for 6 hours. After the cells were
attached to the plate, medium was replaced with serum-free medium
for overnight. Next, medium was replaced by either serum-free
medium or supplemented with 10% FBS (positive control), mouse
blood serum fromeither control orATF3-transgenicmice for 48hours.
CellTiter-Glo Luminescent Cell Viability Assay Kit was used to
measure cell viability according to the manufacturer’s instructions.
Luciferase activity was measured with a TD 20/20 luminometer
(Turner Designs).

Echocardiography
Mice were anesthetized with 1% isoflurane and kept on 37�C heated

plate throughout the procedure. Echocardiography was performed
with a Vevo2100 micro-ultrasound imaging system (VisualSonics,
Fujifilm) equipped with 13- to 38- MHz (MS 400) and 22- to 55-MHz
(MS550D) linear array transducers. Cardiac size, shape, and function
were analyzed using conventional two-dimensional imaging and M-
mode recordings. Maximal left ventricular end-diastolic (LVDd) and
end-systolic (LVDs) dimensions weremeasured in short-axisM-mode
images. Fractional shortening (FS) was calculated with the following
formula: FS%¼ [(LVDd-LVDs)/LVIDd]x100. FS value is based on the
average of at least three measurements for each mouse.

RNA extraction
RNA was extracted from hearts and tumor using an Aurum total

RNA fatty or fibrous tissue kit (no. 732–6830, Bio-Rad) according to
the manufacturer’s instructions. Next, cDNA was synthesized from
1,000 ng purifiedmRNAwith the iScript cDNASynthesis Kit (no. 170–
8891, Bio-Rad).

Blood serum
Blood was obtained from the facial vein with a 4-mm sterile

Goldenrod Animal Lancet (MEDIpoint, Inc). Blood was collected and
allowed to clot at room temperature for 2 hours, followed by 15
minutes of centrifugation at 2,000 � g. Serum was immediately
aliquoted and stored at �20�C for future use.

ELISA
Quantification of candidate secreted factors protein levels in the

blood was performed with Mouse CTGF-Connective Tissue Growth
Factor ELISA Kit (E-EL-M0340, Elabscience), Mouse Ceruloplasmin
ELISA Kit (NBP2–82160, Elabscience, Novus Biologicals) and mouse
Fibronectin ELISA Kit (E-EL-M0506, Elabscience) according to the
manufacturer’s instructions.

Quantitative real-time PCR
Quantitative real-time polymerase chain (qRT-PCR) was per-

formed with Rotor-Gene 6000 (Bosch Institute, Sydney, Australia)
with absolute blue SYBRGreenROXmix (Thermo ScientificAB-4162/
B). Serial dilutions of a standard sample were included for each gene to
generate a standard curve. Values were normalized to either Hsp90 or
GAPDH expression levels for heart and tumor, respectively. All
oligonucleotide sequences used are found in Supplementary Table S1.

Immunofluorescence staining
Tumors were fixed in 4% formaldehyde overnight, embedded in

optimal cutting temperature solution, and was serially sliced at 10-mm
intervals. Frozen tumor sections were stained for Ki67 (Abcam,
ab16667) and counterstained with DAPI. Images were acquired with
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3DHistech Pannoramic 250 Flash III (3DHISTECH Ltd). Each section
was fully scanned; analysis was performed by person who was blinded
to the experimental groups, five fields were chosen randomly and
automatically analyzed with ImageJ software. For every dot plot of
image analysis, each dot represents the mean of the values taken from
five fields, derived from a single mouse.

Hematoxylin and eosin staining
Lungs were fixed in 4% formaldehyde overnight, embedded in

paraffin subsequently serially sliced at 6-mm intervals, then mounted
on slides. Hematoxylin and eosin (H&E) staining was performed
according to the standard protocol. Images were acquired using
3DHistech Pannoramic 250 Flash III (3DHISTECH Ltd). Each lung
section was fully scanned. The number and the area of metastatic
lesions were calculated with CaseViewer software.

Fibrosis staining
Heart or tumor tissue was fixed in 4% formaldehyde overnight,

embedded in paraffin, serially sectioned at 10-mm intervals, and then
mounted on slides. Masson trichrome staining was performed accord-
ing to the standard protocol. Images were acquired using 3DHistech
Pannoramic 250 Flash III (3DHISTECH Ltd). Each section was fully
scanned. The percent of the interstitial fibrosis was determined as the
ratio of the fibrosis area to the total area of the heart/tumor section
using Image Pro Plus software.

Invasion migration assay
PyMT cells (2 � 105 cells in 0.2 mL serum-free DMEM) were

incubated with 10% serum of either ATF3-transgene or control. FBS
(10%) served as positive control and medium without serum served as
negative control. Cells were added to the top compartment of a Boyden
chamber that was coated with either 50 mL Matrigel (BD Biosciences)
for invasion assays or 100 mL fibronectin (10 mg/mL) for migration
assays. After 16 hours, cells that migrated to the bottom filter were
stained with crystal violet and counted under an inverted microscope
(Leica DMIL LED, Leica Microsystems) per 200� objective field. At
least five fields per chamber were analyzed. Three biological repeats of
each experiment were performed. Number of cells per field were
counted using ImageJ software.

Western blot analysis
Heart tissues were homogenized in RIPA buffer (PBS containing 1%

NP-40, 5mg/mL sodium deoxycholate, 0.1% SDS) supplemented with
protease inhibitors cocktail (P-8340, Sigma Aldrich); 1 mmol/L DTT;
2 mmol/L PMSF; 20 mmol/L b-glycerolphosphate; 0.1 mmol/L sodi-
um vanadate; 20 mmol/L PNPP; PhosStop- (catalog no. 04906837001,
Roche). Homogenization was performed at 4�C using the Bullet
Blender homogenizer (BBX24; Next advance Inc.) according to the
manufacturer’s instructions as previously described. Next, lysates were
centrifuged at maximal speed for 10 minutes and supernatants were
frozen at �70`�C. The proteins were then separated by 12.5% SDS-
PAGE, followed by a transfer to a nitrocellulose membrane. Blots were
blocked in 5% drymilk in PBS andwashed three times for 5minutes in
PBS. The primary antibodies used: anti-a-tubulin (catalog no. T-9026
Sigma), anti-ATF3 (ab254268), and anti-HA (12CA5 mAb). Primary
antibodies were detected using the corresponding HRP-conjugated
secondary antibodies obtained from Sigma-Aldrich.

Cytokine array
Serum was obtained from tumor bearing either ATF3-transgene or

control mice and applied (75 mL) to Proteome Mouse XL Cytokine

Array filters (catalog no. ARY028) according to the manufacturer’s
instruction. The signal corresponding to each factor in the array was
quantified by TotalLab software analysis. The level of expression of
each protein on the arraywas calculated relatively to the value obtained
for the positive control.

Statistical analysis
Data are presented as mean �SD. All mice were included in each

statistical analysis unless they were euthanized for humane reasons
before the experimental endpoint. Experimental groups were blinded
to the experimentalists during data collection. Animals were selected
for each group in a randomized fashion. Number of mice in each
experimental group is at least n ¼ 5. Statistical significance of tumor
volume was determined by two-way repeated-measures ANOVA
followed by the Bonferroni posttest. Comparison between several
means was analyzed by one-way ANOVA followed by the Tukey
posttest. Comparison between twomeanswas performed by two-tailed
Student t test orMann–WhitneyU test. Analyses were performed with
GraphPad Prism 7 software. Values of P < 0.05 were accepted as
statistically significant.

Data availability statement
The data generated in this study are available upon request from the

corresponding author.

Results
We sought to examine whether mice with cardiac remodeling in the

absence of either MI-dependent HF or pressure overload–dependent
cardiac remodeling is sufficient to promote tumor progression.
Towards this end, we used a transgenic mouse model expressing
HA-tagged human ATF3 in cardiomyocytes, resulting in cardiac
hypertrophy, fibrosis, and heart dysfunction (19). ATF3-transgenic
and control mice were implanted into the mammary fat pad of female
mice with Polyoma middle T (PyMT cells) as a syngeneic orthotopic
breast cancer model at eight weeks of age (Fig. 1A; ref. 28). The tumor
in ATF3-transgenic mice grew significantly larger and heavier as
compared with control mice, starting at day 16 post implantation
until the humane endpoint (Fig. 1B and C). Cardiac function was
assessed by echocardiography prior to sacrifice and fractional short-
ening (FS) was calculated. The FS of ATF3-transgenic mice was
significantly lower as compared with the normal contractile function
of control mice (Supplementary Fig. S1A). As expected, ventricles/
body weight (VW/BW) ratio is higher in ATF3-transgenic mice
as compared with control mice (Supplementary Fig. S1B). ATF3-
transgenic mice displayed higher levels of hypertrophic gene markers
(Supplementary Fig. S1C). Masson’s trichrome staining of heart
sections from ATF3-transgenic stained significantly stronger as com-
pared with control mice (Supplementary Fig. S1D). This was accom-
panied by higher levels of fibrosis gene markers transcription as
assessed by qRT-PCR (Supplementary Fig. S1E). Collectively,
ATF3-transgenic mice display clear cardiac remodeling and cardiac
hypertrophy hallmark phenotype. Tumor sections derived from
ATF3-transgenic mice stained stronger by Masson’s trichrome stain-
ing (Fig. 1D and E). In addition, the tumors derived from ATF3-
transgenic mice displayed higher levels of fibrosis hallmark genes as
compared with control mice (Fig. 1F).

To examine whether the increase in tumor size and weight is due to
increased cell proliferation, we stained tumor sections with cell
proliferation marker anti-Ki67 (Fig. 2A). Tumor sections derived
from ATF3-transgenic mice stained significantly higher for cell
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proliferation per total cells as compared with tumor sections derived
from control mice (Fig. 2B).

To test the role of putative secreted factor/s responsible for the
increase in tumor cell proliferation mice serum was used to supple-
ment serum-free culture medium of growing PyMT cells. Cells sup-
plemented with serumobtained fromATF3-transgenicmice displayed
higher cell proliferation as compared with control serum (Fig. 2C).
Cell proliferation was alike in medium supplemented with either
ATF3-transgenic serum or regular 10% FBS (Fig. 2C). Thus, we
conclude that cardiac remodeling induced by ATF3 expression pro-
motes tumor growth and cancer cell proliferation in the absence of
pressure overload possibly via secreted factor/s. Tumor sections
stained byH&E derived fromATF3-transgenic but not control tumors
displayed invagination of cancer cells into the fatty tissue of the
mammary fat pad (Fig. 2D). To study whether cancer cell invasiveness
is due to serum-secreted factors as well, we used invasion and
migration assay in vitro supplemented with mice serum. PyMT cells
incubated with serum derived fromATF3-transgenic displayed higher

invasion and migration properties as compared with serum derived
from control mice (Fig. 2E and F).

To examine whether the tumor progression phenotype that occurs
in ATF3-transgenic mice occurs in another cancer cell line, we used
xenograft model for Lewis lung carcinoma (LLC) implanted in the
flanks of eight weeks of age ATF3-transgenic and control male mice
(Supplementary Fig. S2A). Tumor volume grew larger in ATF3-
transgenic mice starting at day 18 until endpoint (Supplementary
Fig. S2B). Cardiac function was lower and heart weight to body weight
ratio was higher in ATF3-transgenic mice as compared with control
mice (Supplementary Fig. S2C and S2D). Consistently with the results
with PyMT cells, LLC tumors derived from ATF3-transgenic mice
were significantly heavier than the tumors derived from control mice
(Supplementary Fig. S2E). Finally, serum derived from ATF3-trans-
genic promoted LLC cell proliferation in vitro as compared with serum
derived from control mice (Supplementary Fig. S2F).

We next sought to study whether ATF3-transgenic also induce
the metastatic potential of cancer cells. Toward this end, we used

Figure 1.

Cardiac ATF3-transgenic promotes PyMT tumor progression. A, Schematic experimental timeline for polyoma middle T (PyMT) cancer cell model with female mice
control (cont.; n ¼ 13) or ATF3 transgenic (ATF3 tg.; n ¼ 10). Doxycycline (Dox) was provided until weaning. Control and ATF3-transgenic were orthotopically
implanted into the mammary fat pad with PyMT cells (105 cells per mouse). B, Tumor volume was monitored over time. C, Tumor weight at the endpoint.
D, Representative images of tumor sections stained for Masson’s trichrome. Scale bar, 200 mm. E, Quantification of the percent of the interstitial fibrosis. F, Tumor
mRNA levels of the Collagen1a and TGFb3 genes were measured by qRT-PCR, normalized to GAPDH housekeeping gene. Data are presented as relative expression
compared with control determined as 1. Each dot represents one mouse. Data are presented as mean �SD. Two-way repeated measures ANOVA followed by
Bonferroni posttests (B), Student t test (C and E) or one-way repeated measures ANOVA followed by Tukey posttests. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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pulmonary experimentalmetastasis assay.Micewere sacrificed 10 days
following cancer cell injection (Fig. 3A). H&E lung sections derived
from ATF3-transgenic mice displayed more metastatic lesions that
were also larger in size as compared with lungs sections derived from
control mice (Fig. 3B–D).

Collectively, adult ATF3 expression in cardiomyocytes results in
cardiac remodeling, cardiac hypertrophy, fibrosis, and contractile
dysfunction. Cancer cells implanted in ATF3-transgenic mice grew
larger in size and weight with increased cell proliferation, enhanced
invasive capacity, and had higher level of fibrosis. Serum derived
from ATF3-transgenic mice enhanced cancer cell proliferation,
migration, and invasion properties in vitro as compared with
control serum.

One of the questions that arise is whether the cancer progression
effect observed is dependent on ATF3 expression. To examine this,
ATF3 expression was turned-off by doxycycline supplementation at
seven weeks of age followed by PyMT implantation at eight weeks of
age (Fig. 4A). ATF3-transgene expression was significantly reduced
following doxycycline addition as verified by both qRT-PCR and
Western blotting using appropriate primers and antibodies, respec-
tively (Supplementary Fig. S3A–S3C).

Clearly, the hearts derived from ATF3-transgenic that were treated
with doxycycline for four weeks preserved their cardiac remodeling
phenotype, that is, increased ventricles to body weight ratio (Supple-
mentary Fig. S3D).

The potentiation of the cancer progression phenotype was pre-
served despite the fact that ATF3-transgene was no longer expressed
(Fig. 4B–D).

Similarly, the increase of cancer cells seeding to the lungs was
independent on continuous ATF3 expression (Supplementary
Fig. S4A–S4D).

Previous studies as well as results herein suggest that the
communication between the failing heart and the tumor occurs
via serum-secreted factors. To identify these factors, we probed
proteome profiler cytokine array with serum derived from tumor-
bearing either ATF3-transgenic or control mice. Multiple cytokines
and secreted factors were found at significant levels and with at
least >2-fold higher levels in the serum of tumor-bearing ATF3-
transgenic mice (Fig. 5A).

Previous studies suggested the possible involvement of secreted
factors in failing heart following MI (13) and remodeled heart fol-
lowing transverse aortic constriction (TAC; ref. 17). Because the
proteome array does not include all these factors, we examined the
serum of some of themissing factors by ELISA. This analysis identified
ceruloplasmin, connective tissue growth factor (CTGF), and fibro-
nectin, to be elevated in the serum derived fromATF3-transgenic mice
(Fig. 5B).

Multiple tissues may be responsible for the expression of the
factors that were identified in the serum. Therefore, we measured
the mRNA levels of the secreted factors in the hearts and the tumors

Figure 2.

Cardiac ATF3-transgenic promotes cancer cell proliferation.A, Representative image of PyMT tumor sections of control and ATF3-transgenic stained with anti-Ki67
(proliferating cells; red) and DAPI (nuclei; blue). Scale bar, 50 mm.B,Quantification of the number of proliferating cells in tumor section field. Each dot represents the
mean of five fields in tumor section derived from a singlemouse (n¼ 4mice each)C, PyMT cellswere cultured for 48 hours in the absence or supplementedwith 10%:
FBS,mouse blood serumdrawn from either control or ATF3-transgenic. Proliferationwasmeasured by Luminescent Cell Viability Assay kit using serum derived from
at least threemice per group (n¼ 4wells per treatment).D, Tumor sections derived from either ATF3-transgenic or control mice (n¼ 3mice per group shown). Scale
bar, 200 mm. E and F, Migration (E) and invasion (F) of PyMT cells assessed by Boyden chamber assays in the presence of fibronectin or Matrigel, respectively.
Representative images are shown. Scale bar, 200 mm. Cell coverage was quantified from the images (n ¼ 5–8 fields/group). Data are presented as mean � SD.
Student t test (B) or one-way repeated measures ANOVA followed by Tukey posttests (C, E, and F). � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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derived from ATF3-transgenic and control mice (Fig. 5B and C).
Interestingly, we identified factors that are expressed at higher levels
specifically in the hearts of ATF3-transgenic mice as compared with
control mice (these include: IGF1, periostin, ceruloplasmin, and
Serpin E1; Fig. 5C and D, red bars). In contrast, some factors are
expressed at higher levels exclusively in the tumors derived from
ATF3-transgenic mice as compared with controls (these include:
angiopoietin2, angiopoietin like-3, chitinase 3 like 1; Fig. 5C and D,
black bars). In addition, the mRNA of VCAM, MMP9, CTGF, and
fibronectin have been found to be expressed at elevated levels in
both hearts and tumors derived from ATF3-transgenic mice
(Fig. 5C and D, light blue bars). Moreover, the mRNA levels of
cystatin C and E-selectin were not elevated neither in the heart nor
in the tumor (Fig. 5C and D, green bars). This suggests that other
tissues/organ expressing these factors at elevated levels in ATF3-
transgenic mice as compared with control mice. Previous study
suggested that SerpinA3 plays a key role in promoting cancer
progression following MI and proliferation of colon cancer cells
in vitro (13). Consistently, mRNA levels of SerpinA3 were found at
significantly higher levels in the hearts derived from ATF3-trans-
genic mice (Supplementary Fig. S5A and S5B).

Collectively, ATF3-transgene expression in cardiomyocytes elicits a
vicious cycle that results in hypertrophied heart, fibrosis, and cardiac
dysfunction. Increased levels of multiple factors secreted by the heart,
tumor and other organs mediate the promotion in tumor cell prolif-
eration and potentiate their tumor metastatic phenotypes.

Discussion
Tissues and organs in the body are found in a constant cross-talk

during normal growth as well as in pathological situations. Although,
much focus is made to treat the diseased organ, the organism homeo-
stasis is perturbed and therefore a wider holistic approach needs to be
considered. It is well established that patients with HF due to either
myocardial infraction or aortic stenosis have higher risk to develop
cancer (12, 13, 17, 30). Recent studies demonstrated an unique cross-
talk between the failing heart and tumor (13, 16, 17). Using mice
models for pressure overload (TAC) and HF (MI), secreted factors
were found to play key role in tumor promotion via either direct or
indirect mechanisms. The former represents secreted factors that
promote cell proliferation (17). Alternatively, the indirect effects are
mediated via monocyte epigenetic switch in the bone marrow, result-
ing in an immunosuppressive phenotype (16). It is hypothesized that
the indirect effects are mediated as well by secreted factors, which
impose the monocytes “education” in the bone marrow. Previous
studies suggested that HF effects on cancer cells are not generic, and it
is dependent on the type of cancer (31).Whether or not HF and tumor
cross-talk is dependent on the pathophysiologic basis leading to heart
HF is questionable.Micemodels forHF and pressure overload requires
irreversible surgeries, therefore, it was impossible to distinguish
between whether the cause or the HF outcome are responsible for
promoting the tumor phenotype. To overcome this, in the MI model,
the failing heart was transplanted to na€�ve mice and was connected to
the circulation (13). This enabled to prove that HF-dependent secreted

Figure 3.

Cardiac dysfunction enhances cancer cell colonization to the lungs in ATF3-transgenic mice model. A, Schematic experimental timeline for ATF3-transgenic and
control mice followed by PyMT cell pulmonary experimental metastasis assay by tail vein injection (TV Inj.) of 2� 106 cells permouse; Control (Cont.; n¼ 3) or ATF3-
transgenic (ATF3 tg.;n¼4) femalemice.B,Representative image of lung sections stainedwithH&E. Scale bar, 1,000mm.C,Number ofmetastatic lesions in the lungs.
D, Average area of the metastatic lesions. Data are presented as mean �SD. Student t test. � , P < 0.05.

Awwad and Aronheim

Cancer Res; 82(9) May 1, 2022 CANCER RESEARCH1758



factors are responsible for tumor promotion. In the TAC model, a
mouse strain resistant to cardiac remodeling failed to promote tumor
growth (32). Thus, we concluded that cardiac remodeling per se is
required for promoting tumor progression (17). Here, we employed an
ATF3-transgenic mouse model to induce cardiac remodeling and
heart hypertrophy. The advantages of the transgenic model are dual;
the first is that cardiac remodeling occurs in the absence of any surgery
intervention or hemodynamic alterations. The second, the cause for
the cardiac-specific effects, that is, cardiac ATF3 expression, is revers-
ible and can be turned off by doxycycline supplementation in the diet.
Themodel includes two phases; the first is an initiation phase in which
the ATF3-dependent gene expression program is induced prior to the
cardiac phenotype, and the second phase, a cardiac remodeling gene
program is activated and includes hallmark genes responsible for
fibrosis, inflammation, cardiac hypertrophy, and HF (19). The
ATF3-transgenic mouse model enabled us to examine whether tumor
promotion phenotype requires continuous ATF3 expression or once
the cardiac remodeling gene program is initiated, it is sufficient to
provoke tumor promotion phenotype. Our results clearly show that
once heart function is irreversibly deteriorated, the tumor progression
occurs even in the absence of continues ATF3-transgene expression.
Cardiac remodeling is known to result in an irreversible vicious
cycle (33, 34) that is mediated by secreted factors and continues
expression of endogenous ATF3 expression in the heart, leading to
a tumor progression phenotype.

Using a proteome cytokine array, we have identifiedmultiple factors
that are present at higher levels in the serum derived from ATF3-

trangenicmice that altogether contribute to the increased proliferation
and migratory properties of cancer cells. The following factors have
already been shown to play a role in promoting tumor progression:
chitinase 3-like 1 (35), angiopoietin 2 (36), angiopoietin like-3 (37),
E-selectin (38), MMP9 (39), IGF1 (40), cystatin C (41), CTGF (42),
periostin (43), and SerpinA3 (44). Although it was expected that the
failing heart will be the main source of synthesis of these factors, we
found that some of these factors are highly expressed in both the tumor
and the heart simultaneously. Furthermore, some factors are exclu-
sively expressed in the tumor. In contrast, the expression of cystatinC a
renal biomarker (45) and E-selectin a cell adhesion molecule on
endothelial cells (38) is neither attributed to the heart nor to the
tumor. These factors may be secreted by the kidneys and endothelial
cells, respectively. Therefore, we conclude that an intimate cross-talk
between the heart and the tumor is responsible for the overall cancer
outcome and the failing heart. In addition, we highlight the possible
contribution of other tissues and organs to the tumor promotion
phenotype via factors secreted in a paracrine fashion.

Chronic stress is known to promote cancer development via the
activation of the neuroendocrine system (46, 47); however, here we
showed that a direct communication occurs between the remodeled
heart and the tumor through the secretion of multiple factors to the
blood that promotes tumor progression.

The current study focused on the heart and the tumor; however, we
cannot exclude the recruitment of the immune system to the heart,
tumor and/or both. In addition, previous studies showed that HF
affects the metabolism in other organs such as the liver, b-cells, and

Figure 4.

Tumor promotion phenotype is independent on continuous ATF3-transgene expression.A, Schematic experimental timeline for PyMT cell model with control (cont.;
n¼ 5) or ATF3-transgenic (ATF3 tg.; n¼ 7) female mice. Doxycycline (Dox) was removed at 3 weeks of age and was added back at 7 weeks of age. PyMT cells were
injected oneweek later. Mice were sacrificed at humane endpoint.B, Tumor volumewas monitored over time. C, Tumor weight at the endpoint. Each dot represents
one mouse. D, PyMT cells were cultured for 48 hours in serum-free medium in the absence or supplemented with 10%: FBS, mouse blood serum drawn from either
control or ATF3-transgenic. Proliferation was measured by Luminescent Cell Viability Assay using serum from at least three mice per group (n ¼ 4 wells per
treatment). Data are presented as mean �SD. Two-way repeated measures ANOVA followed by Bonferroni posttests (B), Student t test (C), or one-way repeated
measures ANOVA followed by Tukey posttests (D). ��� , P < 0.001.
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skeletal muscles (48, 49), thus, further studies directed toward under-
standing the role of additional tissues and organs participating in a
larger communication network to mediate the cross-talk between the
failing heart and the tumor are needed.

Collectively, ATF3-transgenic mouse model induces spontaneous
cardiac hypertrophy that promotes cancer growth and metastatic
tumor characteristics. As long the cardiac damage is reversible, the
cross-talk can be discontinued.However, once the hypertrophied heart
mediates the cross-talk with cancer cells in an ATF3-independent
manner, a vicious cycle is inevitable. This result has wide clinical
implications, highlighting the importance in early diagnosis and
treatment of HF prior to reaching the irreversible phase: A phase that
increases cancer risk and promotes deterioration of cancer progres-
sion, aggressiveness and overall outcome.
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