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Aims

Methods and
results

Cardiac specificity provides an advantage in correlating heart failure (HF) biomarker plasma levels with indices of
cardiac function and remodelling, as shown for natriuretic peptides. Using bioinformatics, we explored the cardiac
specificity of secreted proteins and investigated in more detail the relationship of Dickkopf-3 (DKK3) gene expression
and DKK3 plasma concentrations with cardiac function and remodelling in (pre)clinical studies.

The cardiac specificity of secreted proteins was determined using RNAseq data for a large panel of organs and
tissues. This showed that natriuretic peptides (NPPA and NPPB) are highly cardiac-specific (>99%), whereas other
HF biomarkers, including galectin-3 (Gal-3, LGALS3) and growth differentiation factor-15 (GDF-15), lack cardiac
specificity (<4%). DKK3 was cardiac-enriched (44%), warranting further investigation. In three different HF mouse
models, cardiac Dkk3 expression was altered, but DKK3 plasma concentrations were not. In humans, DKK3
plasma concentrations were higher in HF patients (n =2090) in comparison with age- and sex-matched controls
without HF (n =240) (46.4 ng/mL vs. 36.3 ng/mL; P < 0.001). Multivariate regression analysis revealed that DKK3 was
strongly associated with HF risk factors and comorbidities, including age, kidney function and atrial fibrillation. After
correction for existing prediction models, DKK3 did not independently predict HF outcome [all-cause mortality/HF
hospitalization, hazard ratio 1.13 (0.79-1.61) per DKK3 doubling; P =0.503].

Of actively secreted HF biomarkers, only natriuretic peptides showed high cardiac specificity. Despite a cardiac
specificity of 44%, secreted DKK3 had limited additional diagnostic and prognostic value.
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Introduction

Nowadays, natriuretic peptides as plasma biomarkers are indis-
pensable in the diagnosis and treatment of heart failure (HF), and
are included in European and American HF treatment guidelines.’=3
The success of natriuretic peptides, which are actively released
from the heart upon myocardial stretch, is predominantly explained

by their cardiac specificity.3~” This also applies to cardiac-specific

Natriuretic peptides o

Cardiac specificity

troponins, which are released from the heart by passive leakage
upon myocardial damage.’*® However, these biomarkers provide
information only on myocardial stretch and myocardial damage.
New biomarkers could potentially provide additional insight into
ongoing cardiac remodelling processes and may improve diagnosis
and patient stratification.

Recently, we argued that, in the context of relating circulating
concentrations to cardiac remodelling and function, cardiac
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specificity is one of the most important characteristics of a car-
diac biomarker.*? Using several HF animal models, we showed
that a lack of cardiac specificity is likely to be an important rea-
son why many emerging HF biomarkers, including galectin-3 (Gal-3)
and growth differentiation factor-15 (GDF-15), have relatively lim-
ited clinical value.*° Thus, for the identification of possible novel
HF biomarkers that provide information on cardiac remodelling
and/or function, cardiac specificity seems indispensable. This idea
is further illustrated by established plasma biomarkers used in
other fields, which often show high organ specificity, such as
prostate-specific antigen (PSA) for prostate cancer, alanine amino-
transferase (ALAT) for liver disease, and pancreas-specific amylase
and lipase for pancreas disease.'-12

Thus, in the search for novel HF biomarkers, selecting for cardiac
specificity seems, amongst other factors, a relevant step. In line
with our recently proposed approach in HF biomarker studies,*
we embarked on a search for novel cardiac-specific biomarkers by
performing an extensive bioinformatics analysis based on RNAseq
data for a large panel of organs and tissues.”’> Two possible
candidates were identified and molecular assays were available
to perform further analyses on one of them, namely Dickkopf-3
(DKK3), for which previous studies suggested an attenuating effect
on cardiac remodelling.*~"® Expression levels of DKK3 were
determined in three different HF mouse models and in plasma
samples from HF patients.

Methods

Ethics statement

The animal experimental protocols were approved by the Animal Eth-
ical Committee of the University of Groningen (AVD105002016487,
DEC6827A, DEC6920A and IVD16487-03-001) and conducted
according to the existing guidelines for the care and use of laboratory
animals. This study was performed according to the Declaration of
Helsinki. Informed consent was obtained from all human participants.

Bioinformatics

To determine the cardiac specificity of genes, several databases were
combined. For gene expression of organs and tissues in healthy humans,
RNAseq data as published by Fagerberg etal.’® were used. Included
organs and tissues are listed in online supplementary Appendix S1
(Methods). Cardiac specificity of genes was calculated as follows:
cardiac specificity (%) = (cardiac expression counts/expression counts
in all organs) x 100.

Expression counts are the RNAseq counts of each gene. To deter-
mine whether genes encode for secreted proteins, databases from
proteinatlas.org were consulted. Analyses were performed for males
and females separately. For a selection of genes, raw data and calcula-
tions are shown in online supplementary Table S 7.

Animal studies

Three mouse models were included: (i) a myocardial infarction (MI)
model; (ii) a transverse aortic constriction (TAC) model, and (iii) an
obesity/hypertension model. The animal experimental protocols have

9,19

been described in detail previoulsy”'” and are summarized in online

supplementary Appendix S 1 (Methods).

Real-time quantitative polymerase chain
reaction

Gene expression was determined by real-time quantitative polymerase
chain reaction (RT-qPCR) in total RNA extracted from mouse tissues.
The full procedure is described in online supplementary Appendix S7
(Methods). Oligonucleotide sequences are listed in online supplemen-
tary Table S2.

ELISA

Mouse DKK3 plasma concentrations were measured using
mouse DKK3 enzyme-linked immunosorbent assay (ELISA) kits
(OKCD02498-96; Aviva Systems Biology Corp., San Diego, CA,
USA). Mouse NT-proANP plasma concentrations as measured by
NT-proANP ELISA kits (BI-20892; Biomedica Medizinprodukte GmbH,
Vienna, Austria) have been reported previously’ and are presented
here for convenience. Human DKK3 plasma concentrations were mea-
sured using human DKK3 ELISA kits (DY 1118; R&D Systems, Inc., Min-
neapolis, MN, USA). For the DKK3 ELISAs, quality control and mate-
rials are described in online supplementary Appendix S71 (Methods).

Human heart failure cohort

DKK3 plasma concentrations were measured in 2090 patients with
HF. This cohort has been described in detail elsewhere.?° All patients
were aged >18 years and had evidence of HF [left ventricular ejection
fraction (LVEF) <40%, or plasma concentrations of BNP >400 pg/mL or
NT-proBNP >2000 pg/mL]. Plasma samples were collected at baseline
and stored at —80°C until analysis. Patients were followed for a
median of 21 months and endpoints were registered, including the
primary endpoint (HF hospitalization and all-cause mortality), all-cause
mortality and cardiovascular mortality.

Age- and sex-matched control group

To compare plasma DKK3 concentrations between HF patients and
controls, an age- and sex-matched control group of subjects without
HF was composed from a large population cohort. This cohort has
been described in detail elsewhere?! and is reported in brief, along with
the protocol used to select it, in online supplementary Appendix S1
(Methods). Plasma samples were collected at baseline and stored at
—80 °C until analysis.

Statistical analysis

The homogeneity of variance and normality of data were analysed using
Levene’s test for homogeneity of variance, and Kolmogorov—Smirnov
tests combined with QQ-plots, respectively. Animal data are presented
as the mean + standard error of the mean (SEM). For human data, nor-
mally distributed variables are presented as the mean + standard devia-
tion (SD), non-normally distributed variables as the median [interquar-
tile range (IQR)] and categorical variables as n (%). Differences between
two groups were analysed using independent-samples t-tests for nor-
mally distributed variables, Mann—Whitney U-tests for non-normally
distributed variables and Fisher’s exact tests for categorical variables.

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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To analyse differences among multiple groups, one-way analysis of vari-
ance (ANOVA) with Bonferroni post hoc correction was used for
normally distributed variables that showed homogeneity of variance
and Kruskal—Wallis tests followed by separate Mann—Whitney U-tests
were used otherwise. To analyse correlations between cardiac Dkk3
gene expression levels and DKK3 plasma concentrations with indices
of cardiac remodelling in mice, Pearson’s correlation tests were used.

For further analysis of the HF cohort, non-normally distributed
variables were log2-transformed. Trends over DKK3 quintiles were
tested using linear regression analysis for normally distributed vari-
ables, Jonckheere—Terpstra tests for non-normally distributed vari-
ables and Cochran—Armitage trend tests for categorical variables. Both
crude and age-adjusted linear regression analyses were performed.
Variables with a P-value <0.1 in age-adjusted analysis were included
in multivariable linear regression analysis, using forward selection and
pairwise exclusion. Differences in survival between DKK3 quintiles
were analysed using Kaplan—Meier curves combined with log-rank
tests. To analyse the association of DKK3 with clinical outcomes, Cox
regression analysis was performed. Using forward selection with entry
based on significance and removal based on likelihood ratio, the criti-
cally nullifying factors for DKK3 prediction capacity were determined.
Harrell’s C-statistic, the net reclassification index (NRI) and the inte-
grated discrimination index (IDI) were determined to investigate the
predictive performance of DKK3.

A P-value of <0.05 was considered to indicate statistical significance.
Statistical analysis was performed using IBM SPSS Statistics Version 23.0
(IBM Corp., Armonk, NY, USA) and STATA Version 14.0 (StataCorp
LLC, College Station, TX, USA).

Results

Several suggested heart failure
biomarkers lack cardiac specificity

To determine the cardiac specificity of established HF biomark-
ers, we first determined the cardiac specificity of the total
human genome as described in Figure 7A, using expression data
of healthy tissues as published by Fagerberg etal.'® Of the
18938 genes included in this analysis, only 24 genes (0.13%)
showed cardiac-specific expression (>90-100% cardiac-derived)
(Figure 1B). Based on the proteinatlas.org database, we subse-
quently selected for genes encoding for known and predicted
secreted proteins, which might constitute potential HF biomark-
ers. Of these, only three genes, including natriuretic peptide pre-
cursor type A (NPPA) and type B (NPPB), were cardiac-specific,
and five (0.24%) and 108 (5.1%) genes showed cardiac specificity
of, respectively, 50—90% and 10-50% (Figure 1B). The cardiac
specificity of four HF biomarkers is visualized in Figure 1C, which
shows that NPPB is highly cardiac-specific (99.9%), whereas other
markers, including Gal-3 (LGALS3), GDF-15 and tissue inhibitor of
metalloproteinase-1 (TIMP-T), have low cardiac specificity (3.2%,
0.06% and 3.6%, respectively). Similar results were acquired for
females (online supplementary Figure S7).

Next, cardiac specificity of secreted protein encoding genes
was plotted against their total cardiac expression (Figure 2). Again,
this confirmed that natriuretic peptides, including NPPA and NPPB,
had high cardiac specificity (>99%) and high absolute cardiac

expression (6250.9 and 3030.7 cardiac expression counts, respec-
tively). In contrast, several other HF biomarkers, including Gal-3
(LGALS3), interleukin-6 (IL-6), GDF-15, TIMP-1, insulin-like growth
factor-binding protein-7 (IGFBP-7), myeloperoxidase (MPO) and
human epididymis protein-4 (HE4), showed low absolute and low
relative cardiac gene expression (online supplementary Figure S2).
Similar results were acquired for females (online supplementary
Figures S3 and $4).

DKK3 showed biomarker potential
in bioinformatics analysis

The bioinformatics approach was used to identify possible novel
cardiac-specific HF biomarker candidates. Based on NPPA and
NPPB, both cardiac specificity and high absolute cardiac expression
were considered important characteristics. In line with these
criteria, DKK3 and bone morphogenic protein 10 (BMP-10)
were selected as biomarker candidates (Figure 2). DKK3 was
cardiac-enriched, with 44.1% of expression counts coming from
the heart. Moreover, total cardiac expression was relatively high,
with an absolute 942.3 cardiac expression counts. In addition to
the heart, DKK3 is also expressed in several other tissues, including
the brain, gastrointestinal tract, lung and kidney, amongst others
(online supplementary Figure S5). BMP-10 showed greater cardiac
specificity than DKK3 (97.9% cardiac-specific), but lower absolute
cardiac expression (300.5 cardiac expression counts). Because of
analytical difficulties, we were not able to include BMP-10 in this
study. Together, these results warranted further investigation of
DKK3 as an HF biomarker.

DKK3 in heart failure mouse models

To investigate the relationship between cardiac DKK3 expression
and DKK3 plasma concentrations, left ventricular (LV) Dkk3 gene
expression levels and DKK3 plasma concentrations were deter-
mined in three different HF mouse models, including an Ml model, a
TAC model and an obesity/hypertension model. Nppa gene expres-
sion and NT-proANP plasma concentrations were determined as
controls. These models have been described in detail previously,”'®
and data on cardiac remodelling, including hypertrophy, fibrosis,
cardiac function and cardiac dimensions are listed in online supple-
mentary Table S4. As shown previously,” LV Nppa gene expression
was increased in all models and was associated with increased
NT-proANP plasma concentrations (Figure 3A). In addition, LV
Dkk3 gene expression levels were increased in Ml and TAC mice,
but were decreased in obese/hypertensive animals (Figure 3B).
However, the changes in LV Dkk3 gene expression did not translate
into altered DKK3 plasma concentrations in any of these models
(Figure 3B). In liver, kidney and lung tissue, Dkk3 expression did
not change in association with the disease perturbations (online
supplementary Figure $S6). Similarly to findings in humans, mouse
Dkk3 gene expression was relatively high in the heart and low
in liver and kidney; however, mouse lung tissue showed relatively
high Dkk3 gene expression (online supplementary Figure S7). LV
Dkk3 gene expression was associated with cardiac hypertrophy,
cardiac dilatation and cardiac dysfunction (online supplementary

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 1 Cardiac specificity of the human genome and heart failure (HF) biomarkers. (A) Schematic depiction of the bioinformatics approach.
Gene expression data as measured by RNAseq in all organs and tissues of healthy humans were used.'® Included are adipose tissue, adrenal
gland, appendix, bone marrow, brain, colon, duodenum, gall bladder, heart, kidney, liver, lung, lymph node, oesophagus, pancreas, salivary gland,
skin, small intestine, spleen, stomach and thyroid gland. Sex-specific organs or tissues were the prostate and testis for males, and endometrium
and ovary for females. The cardiac specificity of genes was calculated by the formula shown. Finally, genes assumed to encode for secreted
proteins were selected. (B) The cardiac specificity of the human genome (top) and of secreted protein encoding genes (bottom, showing
the numbers of included genes. Coloured areas represent the amount of genes with the corresponding degree of specificity. Data include
those for male tissues. (C) Cardiac specificity of several HF biomarkers. Coloured areas represent organ specificity. Data include those for
male tissues. Gal-3 (LGALS3), galectin-3; GDF-15, growth differentiation factor 15; Gl tract, gastrointestinal tract, including appendix, colon,
duodenum, oesophagus, small intestine and stomach; NPPB, natriuretic peptide precursor type B; TIMP-1, tissue inhibitor of metalloproteinase
1; Sex organs, prostate and testis. The bioinformatics analysis was based on publicly available RNAseq data previously published by Fagerberg

etal.’’

Figures S8—S10). However, LV Dkk3 gene expression levels showed
no association with plasma DKK3 levels. Further, no direct associ-
ations between plasma DKK3 levels and indices of cardiac remod-
elling were observed (online supplementary Figures $8—S510). Thus,
in these models there was no simple relationship between circulat-
ing DKK3 with either cardiac Dkk3 expression or cardiac remod-
elling.

Plasma DKK3 concentrations were
higher in heart failure patients

Plasma concentrations of DKK3 were determined in HF patients
and in age- and sex-matched controls without HF. These results
showed that median DKK3 plasma concentrations were higher
in HF patients than in controls [46.4ng/mL (IQR 38.6—57.4) vs.
36.3ng/mL (IQR 31.5-41.3); P<0.001] (online supplementary

Figure S117A and Table S5). Moreover, in HF patients, DKK3 concen-
trations increased with increasing NT-proBNP quartiles, indicating
a relationship with HF severity (online supplementary Figure S71B).

Associations between DKK3 and patient
characteristics

Next, the association of DKK3 with patient characteristics was
further investigated in the total HF cohort. The mean+SD
age of the cohort was 68.3 +12.1years. Median estimated
glomerular filtration rate (eGFR) and LVEF were 59.5 mL/min
(IQR 44.2-77.6 mL/min) and 30% (IQR 25-36%), respectively.
Median DKK3 plasma concentration was 49.4ng/mL (IQR
40.5-61.8 ng/mL). Baseline characteristics according to DKK3
quintiles are shown in Table 1. Patients in higher DKK3 quintiles
were generally older, and had a lower body mass index (BMI) and a

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 2 The cardiac specificity of secreted protein encoding genes. The total cardiac expression of secreted protein encoding genes was
plotted against their calculated cardiac specificity. All genes with cardiac specificity of >10% are shown. Gene name abbreviations are used
for readability. Organs and tissues include adipose tissue, adrenal gland, appendix, bone marrow, brain, colon, duodenum, gall bladder, heart,
kidney, liver; lung, lymph node, oesophagus, pancreas, salivary gland, skin, small intestine, spleen, stomach and thyroid gland, and sex-specific
organs or tissues for males (prostate and testis). The bioinformatics analysis was based on publicly available RNAseq data previously published

by Fagerberg etal.?

lower eGFR. Moreover, these patients showed more severe HF, as
indicated by a higher New York Heart Association (NYHA) class,
higher prevalence of peripheral oedema, and higher circulating
levels of NT-proBNP and blood urea nitrogen (BUN). Echocardio-
graphy showed that higher plasma DKK3 levels were associated
with smaller LV end-diastolic diameters (LVEDDs), larger left atrial
diameters and a higher prevalence of mitral valve regurgitation.
Finally, this group’s medical records showed a more vulnerable
patient, with a higher prevalence of HF hospitalizations in the
past year, and higher prevalences of atrial fibrillation and chronic
obstructive pulmonary disease (COPD).

Online supplementary Table S6 shows the associations between
plasma DKK3 and clinical variables. Next, a multivariable model

was composed (Table 2). The strongest correlates with higher
DKK3 concentrations were lower eGFR, higher age, higher
NT-proBNP level, presence of atrial fibrillation and lower BMI. The
adjusted R? for the model was 0.212.

DKK3 and HF outcome

During a median follow-up of 21 months, 869 patients (41.6%)
reached the primary endpoint (HF hospitalization or all-cause
mortality) and 555 patients (26.6%) died, 319 (57.5%) of whom
from a cardiovascular cause. Kaplan—Meier curves for crude
DKK3 quintiles showed that higher quintiles were associated with
lower survival rates for all endpoints (log-rank for all endpoints

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 3 Cardiac gene expression and plasma concentrations of ANP and DKK3 in three different heart failure (HF) mouse models. Included
HF models are transverse aortic constriction (TAC) (top row), myocardial infarction (MI) (middle row) and an obese/hypertension mouse
model with HF with preserved ejection fraction characteristics (HFD + Angll, bottom row). (A) Natriuretic peptide precursor type A (Nppa)
left ventricular (LV) gene expression (left) and N-terminal pro-atrial natriuretic peptide (NT-proANP) plasma concentrations (right). Data on
Nppa and NT-proANP have been published previously,’ but are presented here for convenience. (B) Dickkopf-3 (Dkk3) gene expression (left)
and DKK3 plasma concentrations (right). Gene expression values are corrected for 36b4 gene expression and presented as fold change. Bars
represent means. Error bars represent standard errors of the mean. *P < 0.05 vs. sham or low fat diet. #P < 0.05 vs. HFD. Angll, angiotensin-Il;

HFD, high fat diet; LFD, low fat diet.

P <0.001) (online supplementary Figure S72). These results were
corroborated by crude Cox regression analysis, showing that
baseline DKK3 plasma concentrations were predictive for the
primary endpoint [hazard ratio (HR) 2.42 (1.74-3.38) per DKK3
doubling; P < 0.001], all-cause mortality [HR 2.78 (2.11-3.67)
per DKK3 doubling; P < 0.001] and cardiovascular mortality [HR
2.71 (1.86—3.93) per DKK3 doubling; P < 0.001] (Table 3, model
A). These remained significant after correction for age for all end-
points (Table 3, model B), including the primary endpoint [HR 1.83
(1.29-2.60) per DKK3 doubling; P < 0.001], all-cause mortality
[HR 2.01 (1.05-2.72) per DKK3 doubling; P < 0.001] and car-
diovascular mortality [HR 2.03 (1.36—3.04) per DKK3 doubling;
P = 0.001]. However, after adjusting for established HF prediction
models?? (for predicting primary endpoint and all-cause mortality)
or the multivariable model (Table 2, for predicting cardiovascu-
lar mortality), DKK3 did not independently predict HF outcome
(Table 3, models E and F). Critically nullifying factors for DKK3 pre-
diction capacity were age + NT-proBNP for the primary endpoint
and cardiovascular mortality, and age+ NT-proBNP +BUN for
all-cause mortality (Table 3, models C and D). Harrell’s C-statistic,
the NRI and the IDI confirmed that DKK3 did not improve
prediction models of HF outcome (online supplementary Table S7).

Discussion

By performing a bioinformatics analysis, we determined the car-
diac specificity of known HF biomarkers with the aim of iden-
tifying novel HF biomarkers of cardiac remodelling by selecting
for cardiac specificity. We confirmed that several suggested HF
biomarkers, including Gal-3 and GDF-15, lack cardiac specificity,
whereas natriuretic peptides are characterized by both high relative
and absolute cardiac expression. A search for novel HF biomark-
ers with higher cardiac specificity and absolute cardiac expression
showed that DKK3 is cardiac-enriched and hence could be a poten-
tial HF biomarker. However, in three different HF mouse models,
no relationship between cardiac Dkk3 expression and circulating
DKK3 concentrations was observed. Moreover, although DKK3
plasma concentrations were increased in HF patients compared
with age- and sex-matched controls, plasma concentrations were
predominantly associated with HF risk factors and comorbidities
and showed no independent association with clinical outcomes.
Overall, DKK3 has limited value as an HF biomarker in addition
to natriuretic peptides, and it appears that proteins must have a
high degree of cardiac specificity to have potential as diagnostic HF
biomarkers.

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Table 1 Baseline characteristics of heart failure patients according to blood plasma DKK3 quintiles

DKK3, ng/mL

Q1: <38.8 Q2: 38.8-45.7
(n=418) (n=418)
Clinical characteristic
Age, years, mean + SD 61+3 66+12
Male sex, n, % 300 (71.8) 323 (77.3)
White race, n, % 415 (99.3) 411 (98.3)
BMI, kg/m?, median (IQR) 28 (25-33) 28 (24-31)

SBP, mmHg, median (IQR)
eGFR, mL/min/1.73 m?,
median (IQR)

120 (110-138)
77.8 (59.3-92.2)

125 (110-140)
63.1 (47.2-79.3)

Current AF, n, % 80 (20.9) 123 (334)
NYHA class lll or IV, n, % 232 (57.1) 231 (57.0)
Peripheral oedema, n, % 168 (50.8) 188 (53.9)
Current smoker, n, % 91 (21.8) 78 (18.7)
Echocardiography
LVEF, %, median (IQR) 30 (25-36) 30 (25-35)
LVEDD, mm, mean + SD 62+10 62+9
LVESD, mm, mean + SD 5112 50+ 11
Interventricular WT, mm, 10 (9-12) 10 (9-12)
median (IQR)
Posterior WT, mm, 10 (9-11) 10 (9-11)
median (IQR)
Left atrial diameter, mm, 46+7 47 +7
mean + SD
Mitral valve regurgitation, n (%) 149 (38.3) 190 (48.1)
Medical history, n (%)
HF hospitalization in past year 113 (27.0) 132 (31.6)
Myocardial infarction 140 (33.5) 155 (37.1)
Stroke 31(74) 33(7.9)
Peripheral arterial disease 45 (10.8) 45 (10.8)
Diabetes 133 (31.8) 138 (33.0)
COPD 59 (14.1) 73 (17.5)
Medication, n (%)
Beta-blocker 358 (85.6) 352 (84.2)
ACEi/ARB 325 (77.8) 313 (74.9)
Aldosterone antagonist 248 (59.3) 213 (51.0)
Diuretics 418 (100.0) 418 (100.0)
Blood laboratory values
Haemoglobin, g/dL, mean + SD 134+18 133+19
Haematocrit, %, mean + SD 40.5+49 403+54
BUN, mmol/L, median (IQR) 8.3 (6.0-13.7) 10.4 (7.5-17.1)
Sodium, mmol/L, median (IQR) 140 (137-141) 139 (137-141)
Potassium, mmol/L, median (IQR) 4.2 (3.9-4.5) 4.3 (3.9-4.7)

HDL, mmol/L, median (IQR)
NT-proBNP, pg/mL, median (IQR)
Serum creatinine, pg/dL,

median (IQR)
Troponin-T, pg/mL, median (IQR)

1.01 (0.80-1.32)
1444 (636-3177)
1.00 (0.81-1.19)

1.06 (0.86—1.27)
2345 (1062—-4884)
1.14 (0.95-1.40)

21.0(13.1-374) 28.4 (17.9-49.5)

P-value

for trend
Q3:45.8-53.2 Q4:53.3-65.8 Q5: >65.8
(n=418) (n=418) (n=418)
70+ 11 72+ 11 73+10 <0.001*
306 (73.2) 304 (72.7) 301 (72.0) 0.552
414 (99.0) 415 (99.3) 412 (98.6) 0.767
27 (24-31) 26 (24-30) 26 (23-29) <0.001*
124 (110-140) 120 (110-140) 120 (108-130) 0.002*
59.6 (45.2-75.5) 53.5 (42.1-69.6) 45.8 (31.9-62.2) <0.001*
146 (41.6) 163 (48.1) 180 (53.3) <0.001*
258 (62.9) 257 (64.4) 270 (66.0) 0.001*
207 (57.3) 218 (64.1) 241 (68.9) <0.001*
55(13.2) 44 (10.6) 40 (9.6) <0.001*
30 (25-38) 30 (25-35) 30 (25-38) 0.069
61+9 60+10 60+10 0.003*
50+ 11 50+ 11 49+12 0.134
10 (9-12) 10 (9-12) 10 (9-12) 0.207
10 (9-12) 10 (9-11) 10 (9-12) 0.328
48+7 47+9 48+9 0.009*
191 (47.4) 194 (48.4) 201 (50.8) 0.002*
122 (29.2) 136 (32.5) 150 (35.9) 0.009*
153 (36.6) 165 (39.5) 164 (39.2) 0.063
44 (10.5) 36 (8.6) 58 (13.9) 0.003*
48 (11.5) 43 (10.3) 48 (11.5) 0.843
134 (32.1) 141 (33.7) 121 (28.9) 0.486
85 (20.3) 75 (17.9) 64 (15.3) 0.621
344 (82.3) 335(80.1) 348 (83.3) 0.127
286 (68.4) 287 (68.7) 288 (68.9) <0.001*
229 (54.8) 220 (52.6) 187 (44.7) <0.001*
416 (99.5) 418 (100.0) 418 (100.0) 1.000
132+19 13.1+19 128+1.9 0.541
40.0+5.3 398+54 39.1+54 0.880
11.1 (7.4-17.9) 11.1 (8.0-18.2) 13.9 (9.3-22.5) <0.001*
140 (137-142) 140 (138-141) 139 (136-142) 0.964
4.3 (3.9-4.6) 4.2 3.9-4.6) 4.2 (3.9-4.6) 0.945
1.02 (0.83-1.25) 1.09 (0.88—1.40) 1.02 (0.86-1.32) 0.689
2689 (1158-5337) 3533 (1819-6299) 4503 (2048-9322) <0.001*
1.13 (0.97-1.44) 1.22 (1.00-1.56) 1.40 (1.10-1.83) <0.001*
30.3 (20.2-50.2) 34.8 (23.2-56.2) 43.8 (27.6-72.2) <0.001*

ACEi, angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; ARB, angiotensin receptor blocker; BMI, body mass index; BUN, blood urea nitrogen; COPD, chronic obstructive pulmonary disease;
DKK3, Dickkopf-3; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; HF, heart failure; IQR, interquartile range; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular
ejection fraction; LVESD, left ventricular end-systolic diameter; NT-proBNP, N-terminal prohormone of B-type natriuretic peptide; NYHA, New York Heart Association; SBP, systolic blood pressure; SD,

standard deviation; WT, wall thickness.
*P < 0.05 for trend analysis.

In recent decades, HF biomarkers have been studied extensively,
but only natriuretic peptides (released by active secretion) and tro-
ponins (released by passive leakage) are currently used in the clinic,
whereas many other investigated markers fail to provide additional
clinical value.m57# It is known that comorbidities influence the
plasma levels of several biomarkers, which hampers the correlating
of plasma concentrations with processes of cardiac remodelling.’
Lack of cardiac specificity was suggested to be one of the main

reasons why novel biomarkers fail to add clinical value.** Our anal-
ysis confirms the lack of cardiac specificity of several suggested HF
biomarkers, including Gal-3, GDF-15, HE4, IGFBP-7, IL-6, MPO and
TIMP-1. Further, this study suggests that, although DKK3 can be
marked as cardiac-enriched and shows relatively high absolute car-
diac expression, DKK3 appears not to be suitable as a biomarker
of cardiac remodelling in HF. Our findings suggest that only BMP-10
shows a profile similar to that of natriuretic peptides (high cardiac
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Table 2 Multivariable model of variables associated
with DKK3 plasma levels

Variable p+SE s P-value
eGFR? —0.137 +£0.027 —0.201 <0.001*
NT-proBNP? 0.041 +£0.010 0.158 <0.001*
Age 0.004 +0.001 0.155 <0.001*
Current AF 0.098 +0.024 0.149 <0.001*
BMI2 —0.142 +0.061 —0.084 0.020*

Multivariable model including DKK3-associated factors. R?adj = 0.212. Con-
structed with forward selection and pairwise exclusion. Variables with P <0.10
in univariate regression analysis were included in constructing this model. DKK3
plasma levels were log2-transformed.

AF, atrial fibrillation; B, beta coefficient; BMI, body mass index; eGFR, estimated
glomerular filtration rate; NT-proBNP, N-terminal prohormone of B-type natri-
uretic peptide; SP, standardized beta coefficient; SE, standard error.
2Log2-transformed.

*P <0.05.

absolute expression, high cardiac specificity, encoding a secreted
protein). However, whether BMP-10 expression and secretion are
altered upon pathological stress conditions is yet unknown and
there is currently no proper method of detecting plasma BMP-10.
Thus, to date natriuretic peptides are the only known secreted pro-
teins with high absolute cardiac expression, high cardiac specificity
and increased expression in HF conditions.

Based on previous research and our bioinformatics analy-
sis, DKK3 showed HF biomarker potential. Our mouse studies
revealed elevated cardiac Dkk3 gene expression in mouse models
of HF with reduced ejection fraction (HFrEF), but these changes
were not reflected in the plasma pool. This indicates that car-
diac contribution to the total plasma pool is limited and/or that
cardiac-derived DKK3 does not enter the circulation. In this regard,
it should be noted that DKK3 is a relatively large glycoprotein
of approximately 50 kDa, and is much larger than the small natri-
uretic peptides (<4 kDa), which possibly impedes its passage over
the tight cardiac endothelial barrier.® Protein size may therefore

also be an important consideration in HF biomarker research. In
addition, other protein characteristics, such as half-life, degrada-
tion, metabolization, internalization and protein interactions, may
also influence plasma levels and hence biomarker function. The fact
that plasma DKK3 concentrations were elevated in HF patients
compared with control subjects may be a result of comorbidi-
ties present in HF patients. In these patients, increased DKK3
expression and/or secretion by other affected tissues may cause
elevated plasma levels. This may also be partly dependent on
the degree of HF, as severe HF will more strongly affect other
organs and tissues. In this respect, HF may indirectly affect plasma
DKK3 concentrations. The HF mouse models used are in general
‘clean’ models, which lack the complexity of many comorbidities
and/or other diseases present in the human population, which
may explain the absence of elevated plasma DKK3 concentra-
tions in HF mouse models. Only the obesity/hypertension mouse
model included obesity as a comorbidity and interestingly showed
lower cardiac Dkk3 gene expression and a tendency towards lower
plasma levels. This may reflect the inverse relationship between
DKK3 plasma concentrations and BMI, as observed in the current
patient cohort, and deserves further investigation. These results
indicate that cardiac-specific gene expression is an important deter-
minant, but not the only factor that determines plasma concentra-
tions of biomarkers.

Our results suggest that cardiac specificity appears to be an
important factor in a diagnostic HF biomarker. In the animal models
investigated, no direct relationship between cardiac Dkk3 expres-
sion and plasma DKK3 concentrations was observed. Hence, the
diagnostic value of DKK3, at least in the types of HF investigated,
seems limited. Possibly, DKK3 may serve as a diagnostic atrial
biomarker as DKK3 was associated with left atrial diameter and
atrial fibrillation. However, as HF is a systemic syndrome, high
cardiac specificity is probably less important for a prognostic HF
biomarker. This is illustrated by the fact that existing HF prediction
models contain a broad variety of predictors, including some not
specifically associated with the heart. The prediction models used
in this study are already strong. DKK3 did not improve these

Table 3 Cox proportional hazards analysis for prediction of heart failure outcome by doubling of DKK3

Model Primary endpoint All-cause mortality Cardiovascular mortality

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value
A 2.42 (1.74-3.38) <0.001* 2.78 (2.11-3.67) <0.0071* 2.76 (1.90—4.00) <0.007*
B 1.83 (1.29-2.60) 0.001* 2.02 (1.50-2.72) <0.001* 2.07 (1.39-3.10) <0.0071*
C 1.34 (0.93-1.92) 0.116 1.43 (1.05-1.94) 0.024* 1.44 (0.95-1.92) 0.088
D NA NA 1.24 (0.91-1.70) 0.172 NA NA
E 1.13 (0.79-1.61) 0.503 1.27 (0.94-1.73) 0.122 NA NA
F NA NA NA NA 1.15 (0.74-1.80) 0.531

Model A = Univariable DKK3. Model B = Model A corrected for age. Model C = Model B corrected for NT-proBNP. Model D = Model C corrected for BUN. Model E = Model
A corrected for previously published HF risk prediction models.?? For the primary endpoint, this includes age, previous HF hospitalization in the past year, peripheral oedema,
SBP, NT-proBNP, haemoglobin, HDL, sodium and beta-blocker usage. For all-cause mortality, this includes age, NT-proBNP, BUN, haemoglobin and beta-blocker usage. Model

F = Model A corrected for multivariable model as presented in Table 2.

BUN, blood urea nitrogen; Cl, confidence interval; HDL, high-density lipoprotein; HF, heart failure; HR, hazard ratio; NA, not available; NT-proBNP, N-terminal prohormone

of B-type natriuretic peptide; SBP, systolic blood pressure.
*P <0.05.
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models and we believe it will be difficult to identify additional and
independent predictors to add to these established predictors of
HF outcome.

Previously, the use of HF mouse models confirmed an associ-
ation between DKK3 and cardiac remodelling.*~'® Dkk3 overex-
pression attenuated cardiac hypertrophy and dilatation, whereas
Dkk3 deletion aggravated these processes and resulted in increased
mortality.’~'® Thus, Dkk3 has cardioprotective qualities. Although
our analysis was not designed to investigate the role of Dkk3 in
cardiac remodelling, the observation that LV Dkk3 gene expres-
sion was increased in Ml and TAC mice and was associated with
indices of cardiac remodelling at least suggests a role for Dkk3 in
HF pathophysiology.

DKK3 is an emerging biomarker and has been investigated as
a biomarker for non-cardiac diseases in several studies. Firstly, a
recent study in patients with prevalent renal dysfunction showed
that urinary levels of DKK3 independently predict future loss
of renal function.?* Further, in patients about to undergo major
cardiac surgery, preoperative urinary DKK3 levels are associated
with postoperative acute kidney injury and future loss of renal
function.?> Animal experiments showed that renal tubular epithelial
cells appear to be the main source of urinary DKK3 and DKK3 in
urine has been proposed as a marker for renal tubular damage and
renal tubules at risk.24?’ In this study, which investigated DKK3
levels in plasma rather than in urine, a relationship was identified
between kidney function and DKK3 plasma levels. Secondly, a pre-
vious study showed that DKK3 plasma levels are inversely related
to atherosclerosis.?® The current study was not designed to specif-
ically investigate the association of DKK3 with atherosclerosis, but
it did not identify any independent relationship with any variable
associated with atherosclerosis. Finally, DKK3 has been found pre-
viously to be associated with age.?’ The current study also found a
strong correlation between DKK3 and age, thereby corroborating
previous observations.

Some limitations should be mentioned. The bioinformatics
approach is based on RNAseq data derived from many organs
and tissues, but does not correct for organ size. Small organs may
have been over-represented and large organs under-represented
in this analysis. Nevertheless, the values observed for natriuretic
peptides and several other markers (including Gal-3, GDF-15,
TIMP-1 and DKK3) were in line with previous findings.>** Based
on the bioinformatics approach, BMP-10 also appeared to be
an HF biomarker candidate. Unfortunately, we were unable to
measure BMP-10 with acceptable precision and reproducibility, an
issue that has been reported previously and which is thought to
be caused by interference of BMP-9 with BMP-10.3" We note that
BMP-10 assays may become available in the near future based on
a recent patent by Roche (W0O/2020/035605; Roche Diagnostics
GmbH, Mannheim, Germany).

Conclusions

Herein, we have shown that several suggested HF biomarkers are
not cardiac-specific. Although DKK3 is cardiac-enriched and the
secreted protein shows relatively high absolute cardiac expression,

including in comparison with other suggested markers, such as
Gal-3 and GDF-15, in HF mouse models a simple relationship
between cardiac and circulating DKK3 pools was absent. Moreover,
DKK3 was not independently associated with HF outcome. Based
on this study, the clinical potential of DKK3 as a biomarker for HF
seems limited. Finally, we believe that high cardiac specificity is an
important characteristic in a protein if it is to have potential as a
diagnostic HF biomarker.
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Supporting Information section at the end of the article.
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