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BACKGROUND: Recent evidence suggests that cancer and cardiovascular
diseases are associated. Chemotherapy drugs are known to result in
cardiotoxicity, and studies have shown that heart failure and stress
correlate with poor cancer prognosis. However, whether cardiac
remodeling in the absence of heart failure is sufficient to promote cancer
is unknown.

METHODS: To investigate the effect of early cardiac remodeling on tumor
growth and metastasis colonization, we used transverse aortic constriction
(TAC), a model for pressure overload-induced cardiac hypertrophy, and
followed it by cancer cell implantation.

RESULTS: TAC-operated mice developed larger primary tumors with a
higher proliferation rate and displayed more metastatic lesions compared
with controls. Serum derived from TAC-operated mice potentiated cancer
cell proliferation in vitro, suggesting the existence of secreted tumor-
promoting factors. Using RNA-sequencing data, we identified elevated
mMRNA levels of periostin in the hearts of TAC-operated mice. Periostin
levels were also found to be high in the serum after TAC. Depletion of
periostin from the serum abrogated the proliferation of cancer cells;
conversely, the addition of periostin enhanced cancer cell proliferation in
vitro. This is the first study to show that early cardiac remodeling nurtures
tumor growth and metastasis and therefore promotes cancer progression.

CONCLUSIONS: Our study highlights the importance of early diagnosis
and treatment of cardiac remodeling because it may attenuate cancer
progression and improve cancer outcome.
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Clinical Perspective
What Is New?

e Heart failure correlates with poor cancer prognosis,
yet it remains unclear whether cardiac remodeling
in the absence of heart failure is sufficient to pro-
mote cancer progression.

e This is the first study to show that early cardiac
remodeling promotes tumor growth and metasta-
sis, possibly via secreted factors.

e Periostin was identified as an extracellular matrix
protein secreted from the remodeled heart and
associated with cancer progression as a putative
mediator of this effect.

What Are the Clinical Implications?

¢ We speculate that it may be recommended to con-
sider cancer surveillance at early stages of cardiac
remodeling among patients with preexisting risk
factors for cancer.

e Cardiac secreted factors that potentially promote
cancer growth can serve as predictors of poor out-
come in patients with cancer and may be incorpo-
rated in future risk stratifications models.

e Further study is needed to test the hypothesis
that early aortic valve replacement may reduce
cancer risk.

is an adaptive response to mechanophysical, met-

abolic, or genetic stress.! Sustained and chronic
cardiac stress turns the adaptive response into a mal-
adaptive process, leading to contractile dysfunction and
heart failure (HF).2 Cardiac hypertrophy is linked to clini-
cally relevant diseases such as hypertension, myocardial
infarction, coronary artery disease, valvular disease, and
obesity-induced cardiomyopathy.>> Advances in the
treatment for cardiovascular risk factors reduced HF
outcome and increased life span.® The latter results in
cardiovascular patients exposure to aging diseases such
as cancer.’

Cardiac growth was considered a tumor-like growth.
The biological principles of cell growth, death, and sur-
vival are as important in the onset of HF as in tumor
progression.® In addition, cell proliferation molecular
signals and cardiac myocyte hypertrophy are highly
conserved.® Cardiac diseases and cancer share similar
risk factors: genetic predisposition, smoking, obesity,
hyperlipidemia, sedentary lifestyle, diabetes mellitus,
and aging.”'® Although HF and cancer were consid-
ered separate diseases, it appears that they are highly
connected and affect each other’s outcome at multiple
levels.’®!" Multiple epidemiological studies suggest that
patients with HF are at higher risk to develop cancer
with poorer outcomes.'®"3

Pathological hypertrophic growth of cardiac muscle

Circulation. 2020;142:670-683. DOI: 10.1161/CIRCULATIONAHA.120.046471

Cardiac Remodeling Promotes Cancer

The communication between both heart and tumor
with all other organs in the body occurs through secreted
factors, which regulate the fate of both diseases.'> A re-
cent study has shown that HF after myocardial infarction
in mice with spontaneous intestinal adenoma formation
resulted in enhanced tumor load.”™ However, although
some evidence connecting HF and cancer exists, it is un-
known whether early cardiac remodeling in the absence
of HF is sufficient to promote cancer severity and outcome.

Here, we studied whether the early stages of cardiac
remodeling promote cancer progression and spread. To
depict early cardiac remodeling, we used transverse aor-
tic constriction (TAC), an experimental model for pres-
sure overload—induced cardiac hypertrophy, which also
occurs in aortic stenosis (AS) in patients. Subsequently,
we implanted mice with 2 cancer models, an orthotopic
breast cancer model (polyoma middle T [PyMT] cells)
and a syngeneic lung cancer model (Lewis lung carcino-
ma [LLC]). We show that TAC-operated mice developed
larger primary tumors and displayed higher metastatic
seeding rate compared with control mice, indicating
that TAC promotes cancer progression. Moreover, by
analyzing an echocardiography database, we show that
patients with moderate to severe AS are prone to de-
velop nonhematologic cancer compared with patients
without AS. Furthermore, AS emerges as a possible risk
factor for cancer in 40- to 60-year-old patients.

These results highlight the importance of early di-
agnosis and treatment of cardiac remodeling because
it may balance the potential causal effects of cardiac
disease on cancer progression.

METHODS

The authors declare that all supporting data are available
within the article and its online supplementary files except for
the human data. Because of the sensitive nature of the data
collected for this study, requests to access the data set from
qualified researchers trained in human subject confidential-
ity protocols may be sent to Dr Saliba at the Department of
Community Medicine and Epidemiology, Lady Davis Carmel
Medical Center (saliba_wa@clalit.org.il).

Animals

Age-matched C57BI/6, NOD/SCID (nonobese diabetic/severe
combined immunodeficiency), and maladaptive cardiac
remodeling—resistant (MCRR) female and male mice (8-10
weeks old) were used. MCRR mice are genetically modified,
harboring inactivation mutations in JDP2 (c-Jun dimerization
protein 2) and activating transcription factor 3."” Mice were
bred and raised at the Pre-Clinical Research Authority at the
Ruth and Bruce Rappaport Faculty of Medicine. Experiments
were performed following Institutional Animal Care and Use
Committee approval and according to the Israeli welfare act,
which abides by the National Research Council guidelines, and
according to the Guide for the Care and Use of Laboratory
Animals of the National Institute of Health (IL-003-01-19).
Procedures were carried out under isoflurane anesthesia.
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TAC Surgery

TAC surgery was performed on male and female mice (8-10
weeks old) as previously described.'® Constriction was applied
with a 27-gauge blunt needle to create a standardized con-
striction of the aorta.

Echocardiography

Mice were anesthetized with 1% isoflurane and kepton a 37°C
heated plate throughout the procedure. Echocardiography
was performed with a Vevo2100 microultrasound imaging
system (VisualSonics, Fujifilm) equipped with 13- to 38-MHz
(MS 400) and 22- to 55-MHz (MS550D) linear array trans-
ducers. Cardiac size, shape, and function were analyzed by
conventional 2-dimensional imaging and M-mode recordings.
Maximal left ventricular end-diastolic (LVDd) and end-systolic
(LvDs) dimensions were measured in short-axis M-mode
images. Fractional shortening (FS) was calculated as follows:
FS (percent)=[(LVDd-LVDs)/LVDd]x100. All values were based
on the average of at least 3 measurements for each mouse.

Cell Culture

The LLC cell line was purchased from the American Type Culture
Collection (ATCC). The PyMT murine breast carcinoma cell
line was derived from primary tumor-bearing transgenic mice
expressing PyMT under the control of the murine mammary
tumor virus promoter (kindly provided by Dr Tsonwin Hai, The
Ohio State University). Cell lines were tested and found to be free
of mycoplasma contamination. Cells were cultured in DMEM
supplemented with 10% (volivol) FBS, 1% streptomycin and
penicillin, 1% L-glutamine, and 1% sodium (full medium) pyru-
vate at 37°C in a humidified atmosphere containing 5% CO,.

Primary Tumor and Metastasis Models

LLC and PyMT cancer cells (5x10° or 10°, respectively) were
implanted subcutaneously into the flanks and orthotopically
injected into the back left side mammary fat pad, respectively,
as previously described.?® Tumor volume was measured with a
caliper, and the tumor volume was calculated with the follow-
ing formula: Width?xLengthx0.5. According to the Institutional
Animal Care and Use Committee, the humane end point is
defined when the average tumor size reaches 1700 mm?3. An
experimental pulmonary metastasis assay was carried out with
LLC or PyMT cancer cells (2x10° or 2x10° cells, respectively, in
200 pL PBS) injected into the tail vein, as previously described.?'
At the end point, mice were euthanized, and their hearts,
lungs, and tumors were excised and weighed.

Blood Serum

Blood was obtained from the facial vein with a 4-um sterile
Goldenrod Animal Lancet (MEDIpoint, Inc, Mineola, NY). Blood
was collected and allowed to clot at room temperature for 2
hours, followed by 15 minutes of centrifugation at 2000g. Serum
was immediately aliquoted and stored at —20°C for future use.

Cell Proliferation Assay

PyMT or LLC cells were seeded in full medium at a con-
centration of 5x103 cells/mL for 6 hours. After the cells
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were attached to the plate, the medium was replaced
with serum-free medium overnight. Then, the medium
was replaced with fresh medium containing 10% (FBS;
positive control), serum free (negative control), or 10%
mouse serum derived from naive, control, sham, or TAC-
operated mice with or without cancer or 1000, 2000, or
4000 ng/mL recombinant mouse periostin (R&D Systems,
2955-F2-050) in 1% FBS DMEM medium. PyMT and LLC
cells were left with mouse blood serum or periostin for
24 and 48 hours. Proliferation rate was measured with the
CellTiter-Glo Luminescent Cell Viability Assay according
to the manufacturer’s instructions. Luciferase activity was
measured with a TD 20/20 luminometer (Turner Designs,
Sunnyvale, CA).

Immunodepletion Assay

Protein G PLUS-Agarose beads (sc-2002, Santa Cruz
Biotechnology) were preincubated with an anti-mPeriostin/
OSF-2 antibody (R&D Systems, AF2955) or PBS. Then, the
beads were blocked with anti-HA tag antibody (12CADb).
Beads were incubated with serum derived from sham or
TAC-operated mice. Periostin depletion was detected by
ELISA (Figure | in the Data Supplement). Depleted serum
was used to examine cell proliferation of cancer cells as
described earlier.

ELISA Test

Quantification of periostin and connective tissue growth fac-
tor (CTgF) protein levels in the serum was performed with the
Mouse Periostin/OSF-2 Quantikine ELISA Kit (R&D Systems
Inc, Minneapolis, MN) and Mouse CTGF-Connective Tissue
Growth Factor ELISA Kit (E-EL-M0340, Elabscience, Houston,
TX) according to the manufacturer’s instructions.

RNA Extraction and Quantitative

Polymerase Chain Reaction

Total RNA was extracted from hearts with an Aurum total
RNA fatty or fibrous tissue kit (No. 732-6830, Bio-Rad,
Hercules, CA) according to the manufacturer’s instruc-
tions. Next, cDNA was synthesized from 1000 ng purified
mRNA with the iScript cDNA Synthesis Kit (No. 170-8891,
Bio-Rad). Real-time polymerase chain reaction was per-
formed with Rotor-Gene 6000 (Bosch Institute, Sydney,
Australia) with absolute blue SYBER green ROX mix (Thermo
Scientific AB-4162/B). Serial dilutions of a standard sam-
ple were included for each gene to generate a standard
curve. Values were normalized to GAPDH expression lev-
els. The following primers were used: ANP (atrial natriuretic
peptide) forward (F), GCTTCCAGGCCATATTGGAG; ANP
reverse (R), GGGGGCATGACCTCATCTT; BNP (brain natri-
uretic peptide)-F, GAGGTCACTCCTATCCTCTGG; BNP-R,
GCCATTTCCTCCGACTTTTCTC; p-myosin - heavy chain
(BMHC)-F, TGCAAAGGCTCCAGGTCTGA,; BMHC-R, CTTGA
ACCTGTCCAACCACAA; ACTAT-F, GTGAGATTGTGCGCGA
CATC; ACTA1-R, GGCAACGGAAACGCTCATT, CTgF-F, AGA
CCTGTGGGATGGGCAT, CTgF-R, GCTTGGCGATTTTAG
GTGTCC; periostin-F, CCTGCCCTTATATGCTCTGCT, and
periostin-R, AAACATGGTCAATAGGCATCACT.
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Hematoxylin and Eosin Staining

Lungs were fixed in 4% formaldehyde overnight, embedded
in paraffin, subsequently serially sectioned at 6-um intervals,
and then mounted on slides. Hematoxylin and eosin staining
was performed according to the standard protocol. Images
were acquired with 3DHistech Pannoramic 250 Flash Il
(3DHISTECH Ltd, Budapest, Hungary). Each section was fully
scanned. The area of metastatic lesions was calculated with
CaseViewer software.

Immunofluorescence Staining

Tumors were fixed in 4% formaldehyde overnight, embed-
ded in optimal cutting temperature compound, and serially
sectioned at 10-pm intervals. Frozen tumor sections were
stained for CD31 (BD Biosciences, 553370) and Ki67 (Abcam,
ab16667) and counterstained with DAPI, as previously
described.?’ Images were acquired with 3DHistech Pannoramic
250 Flash Il (3DHISTECH Ltd, Budapest, Hungary). Each sec-
tion was fully scanned; for each analysis, 5 fields were ran-
domly chosen and blindly and automatically analyzed with
Image) software.? For every dot plot of image analysis, each
dot represents the mean of the values taken from 5 fields,
derived from a single mouse.

RNA Sequencing Analysis

Quality control for total RNA was performed with TapeStation
(Agilent). The RNA integrity number equivalent value of all
samples was >7.8. Eight RNA-sequencing (RNA-seq) libraries
(NEBNext Ultra RNA Library Prep Kit for Illumina, catalog no.
E7530) were produced according to the manufacturer’s pro-
tocol with 800 ng total RNA. mRNA pull-up was performed
with Magnetic Isolation Module (NEB, catalog no. E7490). All
8 libraries were mixed into a single tube with equal molarity.
The RNA-seq data were generated on Illumina NextSeg500,
75-bp single-end reads, high-output mode (lllumina, FC-404-
2005). Quality control was assessed with Fastgc (version
0.11.5); reads were trimmed for adapters, low quality 3/, and
minimum length of 20 with CUTADAPT (version 1.1); 75-bp
single-end reads were aligned to mouse reference genome
(Mus_musculus.GRCm38.90downloaded from ENSEMBL)
with STARaligner (STAR_2.5.3a). The number of reads per
gene was counted with Htseq (0.6.0). Statistical analysis was
performed with DESeq2 R package (version 1.16.1; Genome
Biology 2014 15:550). Similarity between samples was evalu-
ated within the DESeq2 package. The multiple testing correc-
tion was Benjamini-Hochberg false discovery rate. Statistical
threshold for differential expression was P, . <0.05 (Table |
in the Excel File in the Data Supplement). Gene ontology and
pathway enrichment analyses were performed with the WEB-
based GEneSeT Analysis Toolkit (WebGestalt) and MetaCore
software.?> Genes encoding for secreted proteins were found
by use of the UniProt subcellular location.?*

Human Data

To assess the association between AS and cancer risk, we
used the echocardiography database from Lady Davis Carmel
Medical Center, which includes data from both inpatients and
outpatients from the Clalit Health Services group in the dis-
trict of Haifa and Western Galilee. The study was approved
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by the Review Board of the Lady Davis Carmel Medical
Center and conducted in accordance with the Declaration of
Helsinki protocol No. 0134-19 CMC. Eligible patients were
adults 240 years of age who underwent echocardiography
between January 1, 2005, and December 31, 2018. Patients
who underwent coronary artery bypass surgery or aortic or
mitral valve replacement were excluded. Population selection
for the study is depicted in Figure Il in the Data Supplement.
The first dated test of patients with moderate or severe AS
(defined as aortic valve area <1.5 cm?) was used to define the
exposure group (moderate to severe AS; Figure Il in the Data
Supplement). The first dated test of patients without evidence
of any degree of AS (defined as aortic valve area >2 cm? or
maximal aortic velocity <2.5 m/s) was used to define the com-
parative group (no AS).

Statistics

Mouse Studies

Data are presented as mean+SE. All mice were included
in each statistical analysis unless they were euthanized
for humane reasons before the experimental end point.
Experimental groups were blinded to the experimentalists
during data collection. Animals were selected for each group
in a randomized fashion. Statistical significance of tumor vol-
ume was determined by 2-way repeated-measures ANOVA
followed by the Bonferroni posttest. Comparison between
several means was analyzed by 1-way ANOVA followed by
the Tukey posttest. Comparison between 2 means was per-
formed by 2-tailed Student t test or Mann-Whitney U test.
Analyses were performed with GraphPad Prism 7 software
(La Jolla, CA). Values of P<0.05 were accepted as statistically
significant.

Human Data
Comparison of baseline characteristics between the 2 study
groups (patients with moderate to severe AS and patients with
no AS) was performed with the Student t test for continuous
variables and the y? test and Fisher exact test for categorical
variables. The 2 groups were followed up through June 30,
2019, for the occurrence of nonhematologic cancer. Cox pro-
portional hazard regression models were used to assess the
univariate and the multivariate associations between moder-
ate to severe AS and cancer. Models were adjusted for age,
sex, ethnicity, socioeconomic status, alcohol abuse, smoking,
obesity, diabetes mellitus, history of cancer, and aspirin and
statin use. Post hoc analysis was performed in prespecified age
subgroup (40-60 years versus =60 years). No correction was
made for multiple testing because the post hoc analysis was
considered an exploratory hypothesis-generating analysis.
The Major Resources Table in Methods in the Data
Supplement provides more details.

RESULTS

Cardiac Remodeling Promotes Tumor
Growth

Pressure overload and volume overload induce cardiac
remodeling processes in the heart.?> Cardiac remod-
eling is an adaptive process at its early stages, which
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then turns into a maladaptive process leading to HF
and death.?® Here, we studied whether early cardiac re-
modeling processes affect noncardiac tissue pathology.
We used TAC to induce pressure overload in C57Bl/6
female mice. Naive mice (control) and sham-operated
mice (sham) served as control groups (Figure 1A). Ten
days after TAC procedure, before the occurrence of
major cardiac remodeling processes, we challenged the
mice with a breast cancer PyMT orthotopic model. Tu-
mor growth was monitored over time until the experi-
ment reached humane end point (Figure 1A). We de-
tected increased tumor volume in TAC-operated mice
(1460+£185.3 mm?3) compared with tumors implanted in
control (1082.8+224.9 mm?3) and sham-operated mice
(1001.2+87.5 mm?3; Figure 1B). Control and sham-op-
erated mice had a similar growth rate (Figure 1B), thus
excluding the effect of surgery on tumor growth. To as-
sess cardiac function after TAC, we used echocardiog-
raphy 1 day before the end point. FS was calculated as
the heart contraction ratio in diastole and systole (Table
Il'in the Data Supplement). Both naive and sham control
groups displayed normal cardiac function, but the FS of
TAC-operated mice was significantly decreased (Figure
1A in the Data Supplement). TAC-operated mice dis-
played increased heart weight/body weight (HW/BW)
ratio compared with control and sham-operated mice,
indicating hypertrophy of the heart (Figure llIB in the
Data Supplement). Consistently, the increase in heart
size after TAC was accompanied by elevated mRNA lev-
els of hallmark hypertrophic markers such as ANP, BNP,
BMHC, and ACTAT (Figure llIC in the Data Supplement).

Cardiac Remodeling Promotes Cancer

Nonetheless, no cardiac fibrosis was detected with
Masson trichrome staining (Figure IlID in the Data Sup-
plement). Collectively, TAC-operated mice displayed
mild cardiac remodeling and hypertrophy phenotype
with reduced contractile function, with no signs of HF.
Consistent with tumor volume measurements, tumors
of TAC-operated mice were heavier compared with
control and sham-operated mice (Figure 1C). In this ex-
perimental design, at the end point, we did not detect
metastatic lesions in the lungs.

Next, we examined the effect of cardiac remodel-
ing on tumor growth in male mice using a xenograft
lung cancer model (Figure 1E). TAC-operated and con-
trol mice were implanted subcutaneously into the flank
with LLC cells 17 days after TAC operation to have an
experimental length comparable to that of the PyMT-
TAC model (Figure 1E). TAC-operated mice displayed a
typical cardiac remodeling phenotype as appreciated by
reduced contractile function, increased HW/BW ratio,
and elevated levels of hypertrophic gene signature (Fig-
ure llIE through lIG and Table Il in the Data Supplement)
with no sign of cardiac fibrosis (Figure IlIH in the Data
Supplement) or HF. Similar to PyMT tumors, the growth
rate of the LLC tumor volume was significantly higher in
TAC-operated mice (control: 1345.6+£275.4 mm3; TAC:
19994304 mm?; Figure 1F). In addition, tumors from
TAC-operated mice were heavier than sham-operated
tumors (Figure 1G). In this experimental design, we did
not detect metastatic lesions in the lungs.

To understand whether the tumor-promoting
growth phenotype found in TAC-operated mice is the
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Figure 1. Transverse aortic constriction (TAC) enhances tumor growth.

A, A schematic diagram of the polyoma middle T (PyMT) cell model in female mice with control (Con.; n=5), sham (n=4) or TAC (n=5) operation after PyMT cancer
cell injection (inj). B, Control, sham, and TAC-operated mice were orthotopically implanted into the mammary fat pad with PyMT cells (10° cells per mouse). Tumor
volume was monitored over time with the following formula: Width?xLengthx0.5. C, Tumor weight at the end point. Each dot represents 1 mouse. D, Quanti-
fication of the number of proliferating cells (Ki67+) in the tumor sections derived from control, sham, or TAC-operated mice. Each dot represents the mean of 5
random fields taken from 1 mouse. Data are presented as mean+SE. Representative image of at least three experiments. Two-way repeated-measures ANOVA
followed by Bonferroni posttests (B) or 1-way ANOVA followed by Tukey posttests (C and D). *P<0.05. **P<0.01. ***P<0.001. E, A schematic diagram of the
Lewis lung carcinoma (LLC) model in male mice with sham (n=6) or TAC (n=8) operation after subcutaneous implantation into the flanks with LLC cells (0.5x10°
cells per mouse). F, Tumor volume was monitored over time and analyzed as described in B. G, Tumor weight at the end point. Each dot represents 1 mouse. H,
Quantification of the number of proliferating cells (Ki67*) in the tumor sections. Each dot represents the mean of 5 random fields taken from 1 mouse. Data are
presented as mean=SE. Representative image of at least three experiments. Two-way repeated-measures ANOVA followed by Bonferroni posttests (F) or Student t

test (G and H). **P<0.01. ***P<0.001.
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result of angiogenesis or increased cell proliferation,
we immunostained PyMT and LLC tumor sections
with anti-CD31 (endothelial cell marker). This analy-
sis revealed no substantial differences in the area of
blood vessels per field between tumor sections of all
groups (Figure IVA through IVD in the Data Supple-
ment). In contrast, Ki67 staining (cell proliferation
marker) indicated a higher number of proliferating
cells per field in tumor sections of TAC-operated mice
compared with either control or sham-operated mice
(Figure 1D and 1H and Figure IVE and IVF in the Data
Supplement).

To gain further insights into the connection be-
tween cardiac remodeling and tumor growth at more
advanced stages of cardiac remodeling, we implanted
PyMT cancer cells 30 days after TAC operation (Figure
VA in the Data Supplement). Although heart function
as monitored by FS deteriorated only mildly with time
compared with the previous model (Figure llIA in the
Data Supplement), an increase in HW/BW ratio and
hypertrophic markers was readily detected at 55 days
after TAC (Figure VB through VD in the Data Supple-
ment). Consistently, the tumors of TAC-operated mice,
implanted 30 days after surgery were larger than
those implanted 10 days after the operation (30 days:
1746.4£157.3 mm?3; 10 days: 1460+185.3 mm?; Fig-
ure VE and VF in the Data Supplement). We identified
a linear correlation between the severity of cardiac re-
modeling parameters after TAC (ie, HW/BW ratio, ANP
and BNP) and tumor weight (Figure VIA through VIC in
the Data Supplement). Overall, these results emphasize
a tight connection between cardiac remodeling severity
and tumor growth.

Cardiac Remodeling Promotes Metastasis
Colonization in the Lungs

Because of the relatively short time of the experi-
mental models we used so far, we were unable to
identify lung metastases in both PyMT and LLC cancer
cell models. To examine whether cardiac remodeling
affects metastasis to the lungs, we used an experi-
mental metastasis assay in which cancer cells were
injected directly into the tail vein of control and TAC-
operated mice (Figure 2A and 2E). Similar to our pre-
vious results, TAC-operated mice displayed a cardiac
remodeling phenotype, shown by an increased HW/
BW ratio, and elevated levels of hypertrophic markers
(Figure VIIA through VIID in the Data Supplement).
Lung sections from TAC-operated mice displayed
more cancer cell lesions with a larger area for both
PyMT and LLC models (Figure 2B through 2D and Fig-
ure 2F through 2H). These results suggest that cardiac
remodeling not only promoted cancer growth but
also increased the number and size of tumor cell le-
sions in the lungs.

Circulation. 2020;142:670-683. DOI: 10.1161/CIRCULATIONAHA.120.046471
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Increased Tumor Growth After TAC Is Not
Mediated by Immune System Alterations

Our model suggests a connection between distinct and
remote diseases that involve systemic processes such
as immune processes and secreted proteins. We there-
fore investigated the possible involvement of the im-
mune system in cardiac remodeling—dependent tumor
growth. Using flow cytometry, we did not detect any
significant changes in the percentage of major immune
cell populations or in T-cell activation in the blood or
tumor (Figure VIIIA through VIIF and Figure IXA through
IXC in the Data Supplement). To further exclude the
possible involvement of the immune system, we used
the immunodeficient NOD/SCID mouse model in which
mice exhibit deficiencies of lymphoid and nonfunc-
tional myeloid cells.?” We implanted PyMT cells in either
TAC-operated or control NOD/SCID mice and moni-
tored tumor growth over time (Figure 3A). Similar to
the phenomenon we observed in C57BI/6 mice, TAC-
operated NOD/SCID mice displayed a significant in-
crease in cardiac remodeling phenotype as indicated by
reduced FS, increased HW/BW ratio, and elevated levels
of hypertrophic gene signature with no sign of fibrosis
(Figure 3B and 3C and Figure X and Table V in the Data
Supplement). Tumors derived from NOD/SCID TAC-
operated mice were larger in both volume and weight
than those of control mice (TAC: 1746.4+157.3 mm?3;
control: 1344.9+196.5 mm?; Figure 3D and 3E). Col-
lectively, increased tumor growth after TAC in immune-
deficient mice excludes the significant involvement of
major immune cell populations in this process.

Secreted Proteins in the Serum of TAC-
Operated Mice Potentiate Cancer Cell
Proliferation

To identify possible mediators of the TAC-induced tu-
mor growth, we examined whether blood serum de-
rived from TAC-operated mice can enhance cancer cell
proliferation in vitro. To this end, PyMT and LLC cells
were cultured in the presence of 10% mouse serum de-
rived from naive, control, sham, or TAC-operated mice,
tumor bearing or non—tumor bearing. Cell proliferation
was monitored with luminescent cell viability assay af-
ter 24 and 48 hours, revealing that serum derived from
TAC-operated mice increased both PyMT and LLC cell
proliferation in vitro (Figure 4A and 4B and Figure Xl in
the Data Supplement). These results point to the pres-
ence of cell proliferation factors in the serum, poten-
tially derived from the remodeled heart.

To identify whether and which tumor support-
ing factors are secreted by the remodeled heart, we
compared RNA-seq data derived from hearts of non-
tumor-bearing control, sham, and TAC-operated mice
(Figure 4C and Table | in the Excel File in the Data
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Figure 2. Transverse aortic constriction (TAC) enhances metastasis colonization in the lungs.

A, A schematic diagram describing TAC operation followed by polyoma middle T (PyMT) cell experimental metastasis assay (tail vein injection of 2x10° cells per
mouse) in control (Con.; n=5) or TAC-operated (n=5) female mice. B, Representative images of lung sections stained with hematoxylin and eosin (H&E). Scale bar,
1000 and 50 pm. €, Number of metastatic lesions in the lung. D, Average area of the metastatic lesions. E, Schematic diagram describing TAC operation followed
by the Lewis lung carcinoma (LLC) experimental metastasis assay (tail vein injection of 2x10° cells per mouse) in control (n=5) or TAC-operated (n=7) male mice. F,
Representative images of lung sections stained with H&E. Scale bar, 1000 and 50 pm. G, Number of metastatic lesions in the lung. H, Average area of the meta-
static lesions. Data are presented as mean+SE. Each dot represents 1 mouse. Mann Whitney U test (C and H) and Student t test (D and G). *P<0.05. **P<0.01.

Supplement). The samples of control and sham-oper-
ated mice were clustered together, and the major ef-
fect was the result of TAC surgery. Gene analysis was
performed according to the flow diagram depicted in
Figure 4E. We identified 520 differentially expressed
genes, of which 412 genes were upregulated and 108
genes were downregulated after TAC (Figure 4D). Us-
ing Gene Ontology, we annotated 395 of the 412 up-
regulated genes, and 59 of them were related to cell
proliferation (Figure XlI in the Data Supplement). Car-
cinoma- and lung cancer—associated pathways were
ranked as the highest score—associated pathways (first
and fourth, respectively) in the hearts of non—-tumor-
bearing mice after TAC operation (Figure XllI in the
Data Supplement). Next, we classified 33 genes encod-
ing for secreted proteins, which were upregulated af-
ter TAC (Table VIin the Data Supplement). These genes
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include ANP, CTgF, and Periostin (all 3 genes displayed
a >2.5 fold increase; Figure 4E). ANP is a known car-
diac hypertrophic marker?® that was upregulated in all
TAC-operated mice. CTgF and Periostin are known to
play key roles in cancer progression.?*-3!

To further validate the RNA-seq results in our ex-
perimental setting, we examined the mRNA levels of
CTgF and Periostin in the heart by quantitative poly-
merase chain reaction. Consistently, we found that
CTgF and Periostin transcription was elevated in TAC-
operated mice compared with control mice indepen-
dently of cancer (Figure 4F and 4G). Moreover, we
found elevated protein levels of CTgF and periostin
in the serum of TAC-operated mice (Figure 5A and
5B). Because periostin levels in the serum were sig-
nificantly higher than CTgF levels (microgram versus
nanogram range, respectively), we next examined the

Circulation. 2020;142:670-683. DOI: 10.1161/CIRCULATIONAHA.120.046471
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Figure 3. Transverse aortic constriction (TAC) enhances tumor growth in NOD/SCID (nonobese diabetic/severe combined immunodeficiency) mice.
A, Schematic diagram of the polyoma middle T (PyMT) cell model in immunodeficient NOD/SCID female mice with control (Con.; n=5) or TAC (n=5) operation
starting 20 days before PyMT cancer cell injection (inj). One day before the end point, mouse hearts were examined by echocardiography. B, Fractional shortening
(FS). C, Heart weight/body weight (Hw/Bw) ratio. D, Control and TAC-operated mice were orthotopically implanted into the mammary fat pad with PyMT cells
(1x10° cells per mouse). Tumor volume was monitored over time and analyzed as described in Figure 1. E, Tumor weight at the end point. Data are presented

as mean=SE. Each dot represents 1 mouse. Two-way repeated-measures ANOVA followed by Bonferroni posttests (D) or Student t test (B, C, and E). **P<0.01.

***P<0.001.

role of periostin and cancer cell proliferation in vitro.
As shown in previous studies,??33 periostin addition to
the media of PyMT or LLC cell cultures increased cell
proliferation in a dose-dependent manner (Figure 5C
and 5D). Moreover, periostin-depleted serum derived
from TAC-operated mice did not increase PyMT cell
proliferation in vitro (Figure 5E). Taken together, these
results suggest that periostin and possibly CTgF secre-
tion from the early remodeled heart can mediate the
increase in tumor cell proliferation.

Cardiac Remodeling Per Se Promotes
Tumor Growth

To examine whether mechanical stress caused by pres-
sure overload or cardiac remodeling is responsible
for increased tumor growth, we performed TAC and
PyMT cancer cell implantation in a genetically modified
mouse strain resistant to maladaptive cardiac remod-
eling (MCRR)" (Figure 6A). As expected, MCRR mice

Circulation. 2020;142:670-683. DOI: 10.1161/CIRCULATIONAHA.120.046471

displayed no cardiac remodeling phenotype according
to their FS, HW/BW, and hypertrophic markers (Fig-
ure 6B through 6D and Table VII in the Data Supple-
ment). In addition, TAC-operated MCRR mice and
control mice displayed similar tumor growth rates (Fig-
ure 6E and 6F). Periostin and CTgF mRNA and protein
levels were similar in TAC-operated and control MCRR
mice, in the heart and in the serum, respectively, which
was in accordance with the inability of TAC to promote
cancer growth in this mouse model (Figure 6G and 6H).
Collectively, these results suggest that intrinsic early car-
diac remodeling processes are responsible for the in-
crease in tumor growth.

Association Between AS and Cancer Risk

TAC is an experimental model for pressure overload-
induced cardiac hypertrophy, which also occurs in AS
in humans. To address the relevance of our study to
human disease, we studied echocardiography data of
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Figure 4. Serum of transverse aortic constriction (TAC)-operated mice increases cancer cell proliferation in vitro.

A and B, Polyoma middle T (PyMT, A) and Lewis lung carcinoma (LLC; B) cells were cultured in 10% FBS, serum free (SF), or 10% mouse serum of naive, control,
sham, or TAC-operated non—tumor-bearing or tumor-bearing mice from the PyMT (A) or the LLC (B) models for 24and 48 hours. Proliferation rate was measured
with the Luminescent Cell Viability Assay; n=4 plates per treatment per time point. Data are presented as mean+SE. Representative image of at least 3 experi-
ments. Two-way ANOVA followed by Bonferroni posttests: difference between mouse treatments, **P<0.01 and ***P<0.001; tdifference compared with 10%
FBS; #difference compared with non-tumor-bearing TAC-operated mice. C, Schematic diagram of the RNA-sequencing (RNA-seq) experiment. Control (Con.;
n=4; 2 Con.+ 2 sham) and TAC-operated (n=4) cancer-free male mice. D, Volcano plot of the total RNA-seq depicting the fold difference in gene expression
levels. Red dots represent downregulated genes; green dots represent upregulated genes according to their log fold change in x axis and adjusted P value (log'
P ustea) Paausiea<0-01 In y axis. E, Flowchart of the steps taken to identify novel cardiac remodeling genes encoding for secreted proteins. F and G, mRNA levels

of connective tissue growth factor (CTgF; F) and periostin (G) in the hearts of mice from the PyMT, LLC, NOD/SCID (nonobese diabetic/severe combined im-
munodeficiency), tail vein injection models, and non-tumor-bearing mice, determined by quantitative polymerase chain reaction. Data are presented as relative
expression compared with control or sham determined as 1. Data are presented as mean+SE. One-way ANOVA followed by Tukey posttests or multiple Student t
tests. **P<0.01. ***P<0.001.
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Figure 5. Periostin depletion abrogates cancer cell proliferation in vitro.

A and B, Protein levels of connective tissue growth factor (CTgF; A) and periostin (B) in the blood serum of mice from the polyoma middle T (PyMT), Lewis lung
carcinoma (LLC), NOD/SCID (nonobese diabetic/severe combined immunodeficiency), tail vein injection models, and non-tumor-bearing mice, determined by
ELISA. Data are presented as mean=SE. One-way ANOVA followed by Tukey posttests or multiple Student t tests. **P<0.01. ***P<0.001. PyMT (C) and LLC (D)
cells were cultured in 1% FBS supplemented with 1000, 2000, or 4000 ng/mL periostin for 48 hours. Proliferation rate was measured as described in Figure 4.
Data are presented as mean+SE. One-way ANOVA followed by Tukey posttests or multiple Student t tests. Difference compared with control (O ng/mL),** P<0.01,
**%P<0.001; tdifference compared with 1000 ng/mL E, PyMT cells were cultured in 10% of FBS, serum-free (SF), or 10% blood serum of sham or TAC-operated
mice from the PyMT models after control immunodepletion (Con. Dep.) or periostin immunodepletion (Per. Dep.) for 24and 48 hours. Proliferation rate was
measured as described in Figure 4. Data are presented as mean+SE. Two-way ANOVA followed by Bonferroni posttests. Difference between mouse treatments,
**%P<0.001; tdifference compared with 10% FBS; #difference compared with TAC-Con. dep.

patients and followed them up for cancer diagnosis
thereafter. A total of 80723 patients were included in
the study (75800 with no AS and 4923 with moderate
to severe AS; Table VIII in the Data Supplement). Over-
all, 8277 new nonhematologic cancers were diagnosed
during a median follow-up of 5.4 years (interquartile
range, 2.4-8.8 years). The crude incidence rate (Table)
and the cumulative death (Figure XIV in the Data Sup-
plement) of cancer were higher in patients with mod-
erate to severe AS than in patients with no AS. After
further adjustment for age, ethnicity, alcohol abuse,
smoking, obesity, diabetes mellitus, history of cancer,
and aspirin and statin use, there was no significant as-
sociation between moderate to severe AS and cancer
(hazard ratio, 1.00 [95% Cl, 0.91-1.09]; P=0.929).
However, a post hoc analysis within a prespecified age
groups showed a significant interaction between age
and AS (P <0.001) with a significant association

interaction

Circulation. 2020;142:670-683. DOI: 10.1161/CIRCULATIONAHA.120.046471

in patients 40 to 60 years of age (hazard ratio, 1.64
[1.14-2.36], P=0.008) but not in patients >60 years of
age (hazard ratio, 1.00 [95% Cl, 0.91-1.11]; P=0.913,;
Table and Table IX in the Data Supplement). Thus, we
hypothesize that AS may be associated with increased
risk of cancer in 40- to 60-year-old patients.

DISCUSSION

Cardiac remodeling is an adaptive response that may
turn into a maladaptive process, leading to heart hy-
pertrophy and contractile dysfunction. Reduced muscle
contractility is caused mainly by muscle dilatation and
fibrosis, resulting in a vicious cycle that eventually leads
to HF and death. Although it has been shown that myo-
cardial infarction—-induced HF promotes cancer progres-
sion,'® thus far, data have not been available on the
early stages of cardiac remodeling before HF.
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Figure 6. Transverse aortic constriction (TAC)-enhanced tumor growth is abrogated in the maladaptive cardiac remodeling-resistant (MCRR) mouse

model.

A, A schematic diagram of the polyoma middle T (PyMT) cell model in female MCRR mice with control (Con.; n=6) or TAC (n=7) operation after PyMT cancer cell
injection (inj). B, Fractional shortening (FS). C, Heart weight/body weight (Hw/Bw) ratio. D, mRNA levels of the hypertrophy markers ANP (atrial natriuretic peptide),
BNP (brain natriuretic peptide), B-myosin heavy chain (BMHC), and ACTA1 were determined by quantitative polymerase chain reaction. E, Control and TAC-oper-
ated mice were orthotopically implanted into the mammary fat pad with PyMT cells (1x10° cells per mouse). Tumor volume was monitored over time and analyzed
as described in Figure 1. F, Tumor weight at the end point. G, mRNA levels of CTgF and Periostin in the heart. H, Protein levels of connective tissue growth factor
(CTgF) and periostin in the serum. Each dot represents 1 mouse. Data are presented as mean+SE. Student t test (B, C, and F), multiple Student t tests (D, G, and H)

or 2-way repeated-measures ANOVA (E).

Here, we studied TAC in mice, a model for pressure
overload-induced cardiac hypertrophy; this is one of
the processes occurring in AS in humans in which the
narrowing of the aortic valve results in pressure over-
load.?* The narrowing of the aortic valve occurs gradu-
ally and may take a decade before reaching a severe
stage, in which valve replacement surgery is performed
to prevent HE3®> Although AS is treated symptomati-
cally and considered a local disease of the heart, limited
information is available on the effects of the remod-
eled heart on other organs. Studies have shown that
patients with cancer and AS display a poorer prognosis
compared with patients with cancer without AS.3637

Treating AS by aortic valve replacement did not im-
prove the prognosis of patients with cancer,?® further
indicating the importance of early detection and treat-
ment of early cardiac remodeling. The crude analysis in
our study showed that patients with AS are more prone
to develop nonhematologic cancers. Extensive analy-
sis revealed that the higher incidence is caused mainly
by common risk factors for both cardiac disease and
cancer (smoking, obesity, diabetes mellitus, and oth-
ers).3® However, in a post hoc analysis, we found that
in the subgroup of patients 40 to 60 years of age, AS
is a significant risk factor for nonhematologic cancers.
[t must be noted that the subgroup was based on a

Table. AS Is Associated With Increased Risk of Cancer in Younger Patients

Follow-Up, Person- | Incidence Rate, per | Crude Hazard Ratio Adjusted* Hazard

AS Status Events, n Year 1000 Patient-Year (95% Cl) Ratio (95% Cl)
Entire study population (n=80723)

Moderate to severe AS (n=4923) 494 20746 23.8 1.33(1.21-1.46) 1.00 (0.91-1.09)

No AS (n=75800) 7783 450972 17.3 Reference Reference
Age 40-60 y (n=23266)

Moderate to severe AS (n=285) 30 1869 16.0 1.71(1.19-2.46) 1.64 (1.14-2.36)

No AS (n=22981) 1464 156 885 9.3 Reference Reference
Age 260y (n=57457)

Moderate to severe AS (n=4638) 464 18877 24.6 1.11(1.01-1.22) 1.00 (0.91-1.11)

No AS (n=52819) 6319 294088 21.5 Reference Reference

Crude incidence rate of nonhematologic cancers according to AS status and crude and adjusted hazard ratios presented separately for the entire study group and
by age group (40-60 years versus >60 years).

AS indicates aortic stenosis.

*Adjusted for age (continuous variable), sex, ethnicity, socioeconomic status, smoking, alcohol abuse, obesity, diabetes mellitus, history of cancer, aspirin use,
and statin use.
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relatively small number of patients with AS (n=285) in-
cluding only 30 events. Therefore, these results should
be interpreted with caution and should be considered
hypothesis-generating findings that need to be repli-
cated in a new data set.

We excluded the effect of surgery on tumor growth by
using sham-operated mice, which had a tumor growth
similar to that of naive mice. Although previous studies
demonstrated that surgery promotes remodeling of the
lung,* the effects were found to last for a relatively short
period of time (up to 72 hour). In our study, TAC surgery
was performed at least 10 days before mice were sub-
jected to tumor cell implantation, therefore eliminating
the possible effect of surgery on lung tumor cell seeding.
In addition, the TAC-associated increase in cancer pro-
gression was independent of immune system alterations
because we did not detect any significant changes in the
percentage of tumor or blood immune cell populations
between groups. This was a surprising result because
both cardiac remodeling and cancer are known to be
modulated by immune cells and inflammatory process-
es."741 Nonetheless, TAC-operated NOD/SCID mice lack-
ing B cells, T cells, and functional myeloid cells showed
an increase in tumor growth similar to the increase we
showed in TAC-operated C57BI/6 mice.

Subsequently, we identified that the cardiac remod-
eling—dependent tumor growth was regulated, at least
in part, by secreted factors in the blood. Serum derived
from TAC-operated mice induced cancer cell prolifera-
tion in vitro. Our RNA-seq analysis of heart tissue iden-
tified Periostin and CTgF as putative factors that may
affect tumor cell proliferation and metastatic lesions.
Indeed, the levels of both periostin and CTgF were ele-
vated in blood serum after TAC. Both factors are known
to be extracellular matrix proteins that affect cancer cell
proliferation and migration and epithelial to mesenchy-
mal transition.??314243 Accordingly, periostin-depleted
serum derived from TAC-operated mice abrogated the
increase in cell proliferation. Conversely, periostin also
increased cell proliferation in vitro. The upregulation of
Periostin and CTgF in the heart after TAC may further
emphasize the connection of cardiac remodeling and
tumor growth.

Using a pulmonary metastasis assay, we demon-
strated that TAC operation likely contributed to tumor
cell seeding and expansion in the lungs, reinforcing the
results of the primary tumors. This improved seeding of
cancer cells in the lungs of TAC-operated mice can be
attributed to the secretion of periostin and CTgF be-
cause they are key factors in the progression of meta-
static lesions by affecting cell mobility and adhesion.*-*¢

A previous study identified that myocardial infarction
(HF mouse model) in a genetic spontaneous intestinal
adenoma formation model promotes intestinal tumor
load.™4748 The authors identified a total of 5 secreted
proteins that may affect the observed increase in tumor

Circulation. 2020;142:670-683. DOI: 10.1161/CIRCULATIONAHA.120.046471
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load and ultimately proposed serpin3a as the major
factor that induces the tumor progression effect.’® We
tested all 5 factors in the hearts of our TAC-operated
mice but did not detect changes in their expression
compared with control mice. This suggests an altered
gene expression signature of secreted factors between
early and late stages of cardiac remodeling and HF. We
specifically used an early, pre-HF, cardiac remodeling
paradigm to demonstrate that early cardiac remodeling
is sufficient to promote cancer progression.

We further investigated whether the tumor growth-
promoting effects result from the intrinsic remodeling of
the heart or originate from the constriction of the aorta
and perturbation. First, we showed a linear correlation
between multiple cardiac remodeling hallmark pheno-
types and tumor weight. Second, to distinguish between
tumor growth after TAC operation in the presence or ab-
sence of cardiac remodeling, we used the MCRR mouse
strain. Indeed, MCRR TAC-operated mice displayed no
cardiac remodeling and did not have any differences
in tumor growth compared with control MCRR mice.
This strain enabled us to provide evidence that cardiac
remodeling per se is responsible for increased tumor
growth. Consistently, the lack of increased levels of peri-
ostin and CTgF in TAC-operated MCRR mice matched
the failure to promote cancer growth.

Collectively, our study suggests that early stages of
cardiac remodeling before HF promote cancer progres-
sion. Our data highlight the importance of diagnosis
and treatment at the early stages of cardiac remodeling
because it may attenuate cancer onset and ameliorate
cancer outcome.
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