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Magnar Bjørås, Alexandra V. Finsen

Correspondence
magnar.bjoras@ntnu.no

In Brief

Olsen et al. show that the DNA repair

enzyme, NEIL3, has impact on survival

after myocardial infarction in mice. They

find that NEIL3 regulates cardiac

fibroblast proliferation and thereby

affects extracellular matrix modulation.

They propose that NEIL3 operates by

regulating DNA methylation of genes

important for fibroblast proliferation and

differentiation.

mailto:magnar.bjoras@ntnu.no
http://dx.doi.org/10.1016/j.celrep.2016.12.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2016.12.009&domain=pdf


Cell Reports

Article
NEIL3-Dependent Regulation
of Cardiac Fibroblast Proliferation
Prevents Myocardial Rupture
Maria B. Olsen,1,9,10,16 Gunn A. Hildrestrand,2,16 Katja Scheffler,15,16 Leif Erik Vinge,1,3,9 Katrine Alfsnes,1,9,10 Vuk Palibrk,15

Junbai Wang,6 Christine G. Neurauter,2 Luisa Luna,2 Jostein Johansen,13 Jonas D.S. Øgaard,1 Ingrid K. Ohm,1,9

Geir Slupphaug,12,15 Anna Ku�snierczyk,12,15 Arnt E. Fiane,5 Sverre-Henning Brorson,6 Lili Zhang,8 Lars Gullestad,1,3,9

William E. Louch,8,9 Per Ole Iversen,4,11 Ingunn Østlie,6 Arne Klungland,2 Geir Christensen,3,8,9 Ivar Sjaastad,3,8,9
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SUMMARY

Myocardial infarction (MI) triggers a reparative
response involving fibroblast proliferation and differ-
entiation driving extracellular matrix modulation
necessary to form a stabilizing scar. Recently, it was
shown that a genetic variant of the base excision
repair enzyme NEIL3 was associated with increased
risk of MI in humans. Here, we report elevated
myocardial NEIL3 expression in heart failure patients
and marked myocardial upregulation of Neil3 after
MI in mice, especially in a fibroblast-enriched cell
fraction.Neil3�/�mice show increasedmortality after
MIcausedbymyocardial rupture.Genome-wideanal-
ysis of 5-methylcytosine (5mC) and5-hydroxymethyl-
cytosine (5hmC) reveals changes in thecardiacepige-
nome, including in genes related to the post-MI
transcriptional response. Differentially methylated
genes are enriched in pathways related to prolifera-
tion and myofibroblast differentiation. Accordingly,
Neil3�/� ruptured hearts show increased proliferation
of fibroblasts and myofibroblasts. We propose that
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NEIL3-dependent modulation of DNA methylation
regulates cardiac fibroblast proliferation and thereby
affects extracellular matrix modulation after MI.
INTRODUCTION

It is estimated that every 44th second, a person in the United

States suffers a myocardial infarction (MI) (Go et al., 2014).

Although the management of these patients has markedly

improved, the short- and long-term mortality, and in particular

morbidity, is still high (Go et al., 2014). The reparative response

after MI can typically be divided into three phases: an inflamma-

tory phase involving infiltration of neutrophils and monocytes to

remove damaged cells and tissue, a proliferative phase associ-

ated with neo-vascularization and proliferation and differentia-

tion of fibroblast-like cells, and a maturation phase including

extracellular matrix (ECM) synthesis leading to scar formation

(Dobaczewski et al., 2010). Importantly, the repair process in

the infarcted area involves a temporally regulated breakdown

and deposition of ECM, and disturbances in this balance can

have severe consequences, including cardiac rupture and ven-

tricular aneurysm formation, as well as infarction expansion

and maladaptive ventricular remodeling.
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Ischemia and inflammation promote oxidative stress that may

induce oxidative DNA damage (reviewed in Barzilai and Yama-

moto, 2004). In addition, increased cell division during the prolif-

erative phase strengthens the need for replication control in rele-

vant cells such as (myo)fibroblasts. We have suggested that

accumulation of DNA damage, especially oxidative DNA base

modifications, may play a role in the cardiac repair and remodel-

ing processes followingMI (Yndestad et al., 2009). The degree of

DNA damage, however, does not only depend on genotoxic

events, but also on DNA repair mechanisms that are scarcely

studied within the myocardium following MI.

The most important pathway for repair of DNA base lesions

is the base excision repair (BER) pathway. BER is initiated by

DNA glycosylases that remove modified bases leaving apur-

inic/apyrimidinic (AP) sites, which are further processed by an

AP lyase and/or phosphodiesterases that remove the sugar-

phosphate residue. DNA polymerase and DNA ligase complete

the repair process (BER is reviewed in Krokan and Bjørås,

2013). Altered BER mechanisms seem to play a role in the path-

ogenesis of various disorders such as malignancies, HIV infec-

tion, neurodegeneration, and ischemic brain disorder (Aukrust

et al., 2005; Canugovi et al., 2012; Dallosso et al., 2008; Sheng

et al., 2012). In addition, we have shown myocardial activation

of the BER pathway in a rat model of MI (Yndestad et al.,

2009). The biological significance of BER activation following

MI, however, remains unclear.

NEIL3 is a mammalian oxidized base-specific DNA glycosy-

lase (reviewed in Liu et al., 2013). It has been shown to remove

a broad spectrum of oxidative base lesions on single-stranded

DNA substrates, indicating that NEIL3 serves to prevent accu-

mulation of cytotoxic and mutagenic DNA lesions in mammalian

cells (Krokeide et al., 2013; Liu et al., 2010, 2012). However, the

function of NEIL3 seems to go beyond that of BER. The expres-

sion patterns of NEIL3mRNA in various human tumor tissues, in

murine hematopoietic tissues and tissues that harbor stem cells

in the brain, and during embryonic development in mice, as well

as observations made in neural stem cells from mice, suggest

that NEIL3 plays a role in the regulation of cell proliferation (Hil-

drestrand et al., 2009; Regnell et al., 2012; Reis and Hermanson,

2012; Rolseth et al., 2013; Torisu et al., 2005). Indeed, it has been

shown that NEIL3 is upregulated in early S phase in various hu-

man cell lines, supporting a function of NEIL3 in replication-asso-

ciated repair (Neurauter et al., 2012). Recently, it was reported

that a genetic variant of human NEIL3 was associated with

increased risk of MI (Skarpengland et al., 2015). Based on these

findings, we hypothesized that NEIL3 plays a role in myocardial

repair and remodeling following MI. In order to test this hypoth-

esis, wemeasured the myocardial expression ofNEIL3 in clinical

samples from heart failure (HF) patients and studied wild-type

(WT) and Neil3�/� mice in an experimental mouse model of MI.

RESULTS

Myocardial Expression of NEIL3 Is High in Patients with
HF and Is Reduced after Implanting a Left Ventricular
Assist Device
We first examined the myocardial NEIL3 mRNA expression in

clinical HF by comparing NEIL3 levels in non-failing left ventricle
(LV) obtained from six organ donors with NEIL3 levels in the

failing LV from eight patients with HF, before and after implanta-

tion of a left ventricular assist device (LVAD) (Figure 1A). NEIL3

expression was markedly increased in HF patients compared

with controls. Furthermore, the improvement in hemodynamic

and neurohormonal parameters observed during LVAD treat-

ment (median follow-up time of 8 months, range 1–18 months)

was accompanied by a significant reduction inNEIL3 expression.

In contrast, expression ofNEIL1 andNEIL2, the two other known

NEIL glycosylases, were either downregulated (NEIL2) or un-

changed (NEIL1) in HF patients, and none of these glycosylases

were significantly influenced by LVAD treatment (Figure 1A).

Time-Dependent and Cell-Specific Regulation of Neil3
Expression in Mice following MI
To further examine the role of NEIL3 in myocardial repair and re-

modeling, we applied an experimental model of MI in mice.

Myocardial Neil3 mRNA expression was measured in WT mice

3, 7, and 21 days after permanent coronary artery ligation or

sham operation (Figure 1B). Neil3 was markedly upregulated

in the infarcted as well as in the non-infarcted part of the

LV compared with sham, with the most pronounced increase

after 3 and 7 days. In contrast, the expression of Neil1 and Neil2

was only modestly altered (Figure 1B). Expression levels were

clearly more moderate in sham samples than in MI samples,

particularly after 3 days (Figure S1C). Thus, it is reasonable to as-

sumethat theearly increase inNeil3expression followingMI isonly

to a minor degree influenced by the operation procedure.

A possible cell-specific regulation ofNeil3 followingMIwas inves-

tigated bymeasuringNeil3mRNA levels in four distinct cell popu-

lationswithin the heart (i.e., cardiomyocytes, leukocytes, endothe-

lial cells, and fibroblast-like cells) isolated from themyocardium of

MI and sham-operated mice 7 days after surgery (Figures 1C and

S1E). The Neil3 expression levels in cardiomyocytes and leuko-

cytes did not differ significantly between MI and sham-operated

mice. Incontrast,MI inducedasignificant increase inNeil3expres-

sion in endothelial cells (2.7-fold) and particularly in the fibroblast

fraction (4.6-fold) compared with sham-operated animals. Our

findings revealed an early and marked myocardial upregulation

ofNeil3expression followingMI, specifically in fibroblast-likecells,

that differed significantly from the regulation of Neil1 and Neil2.

IncreasedMortality inNEIL3-DeficientMice followingMI
To study the impact of NEIL3 onmyocardial infarction, we used a

NEIL3 knockout (KO) mouse model. WT and Neil3�/� mice were

subjected to permanent ligation of the left coronary artery, and

mortality was monitored during a follow-up period of 20 weeks.

Eighty-four percent and 60% of the Neil3�/� and WT mice,

respectively, died during the follow-up period, reflecting sub-

stantially increased mortality in Neil3�/� mice compared with

WT mice (Figure 2A). Most of the mice died during the first

week, and autopsies revealed that the cause of death was

myocardial rupture, regardless of genotype.

Similar Infarct Size and Degree of Post-MI Remodeling
in NEIL3-Deficient and WT Mice
Given the early increase in myocardial rupture and mortality

in the Neil3�/� mice, we asked whether they suffered greater
Cell Reports 18, 82–92, January 3, 2017 83
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Figure 1. NEIL3 Expression Is High in Patients with HF and in Fibroblast-like Cells from WT Mice after Induced MI

(A) NEIL3,NEIL1, and NEIL2mRNA expression in LVs from control hearts and from HF patients, before and after LVAD treatment. Relative quantity in HF patients

(n = 8, closed symbols) compared with control patients (n = 6, non-failing myocardium, open symbols). Control values are normalized to 1.0 (indicated by

horizontal lines). The difference in NEIL3 expression between HF patients and controls was also significant when the two outliers (one patient and one control)

were excluded (p = 0.006).

(B) Neil3, Neil1, and Neil2mRNA expression in non-infarcted and infarcted parts of LVs from mice subjected to MI at 3, 7, and 21 days after surgery. The graphs

show fold change in MI samples relative to respective sham samples normalized to 1.0 (indicated by dashed lines). n = 5–8 mice, both sham and MI.

(C) Neil3 expression in leukocytes (CD45), cardiomyocytes (CM), endothelial cells (CD31), and fibroblast-like cells (FB-L) isolated from LVs of sham and MI mice

7 days after surgery. The graph shows fold change in cell fractions isolated from MI mice relative to respective sham samples normalized to 1.0 (indicated by

dashed line). n = 5 sham (2 sham CM [3 sham under detection limit]), n = 9 MI.

(B and C) Data are presented as mean + SEM.

*p % 0.05, **p % 0.01, ***p % 0.001. See also Figure S1.
ischemic injury than WT mice after induction of MI. Magnetic

resonance imaging (MRI) revealed, however, that the infarct

sizewas equal inNeil3�/� andWTmice 1 day after infarction (Fig-

ure 2B). Next, morphometric and echocardiographic measure-

ments were performed to elucidate possible differences in heart

function between Neil3�/� and WT mice (Table S1). Three days

post MI, both Neil3�/� and WT mice showed a significant and

similar increase in LV weight (LVW) normalized for tibia length

(LVW/TL), as a marker of LV hypertrophy, compared with sham.

Although lung weight (LW) normalized for TL (LW/TL) was lower

in Neil3�/� compared with WT following both sham and MI, the

relative increase in LW/TL, amarker of congestive HF,was signif-

icant and similar in both genotypes following MI when compared

with sham. Furthermore, the two genotypes displayed a similar

degreeof LVchamber dilatation andpost-MI LV systolic dysfunc-

tion, as evaluated by LV fractional shortening (LVFS) and LV ejec-

tion fraction (LVEF). Together, these results imply that the

increased mortality observed in Neil3�/� mice was not caused

by a larger infarct area or by impaired LV function.

NEIL3-Deficient Hearts Display Unaltered Leukocyte
Infiltration
Altered leukocyte infiltration could potentially promote myocar-

dial rupture, influencing matrix degradation and fibrotic scar
84 Cell Reports 18, 82–92, January 3, 2017
healing. Immunohistochemistry (IHC) of myocardial tissue, how-

ever, revealed similar levels of leukocytes, granulocytes, and

macrophages in Neil3�/� and WT mice 3 days after MI, suggest-

ing that altered leukocyte infiltration is not the cause of myocar-

dial rupture in Neil3�/� mice (Figure S2).

NEIL3-Deficient Hearts Show No Increase in Steady-
State Level of Oxidative DNA Base Lesions
Because NEIL3 is a DNA glycosylase known to repair oxidized

base lesions, we expected to find increased oxidative DNA

damage in the Neil3�/� animals. However, the levels of 8-oxo-

guanine (8-oxoG) and 5-hydroxycytosine (5-ohC), a substrate

for NEIL3, did not differ between the two genotypes in any of

the LV areas examined 3 days after MI (Figure S3A). The

lack of increase in oxidative DNA damage in Neil3�/� mice

did not reflect a compensatory upregulation of Neil1 and/or

Neil2, which also remove 5-ohC, in the LV of Neil3�/� mice

(Figure S3B).

No Hypermutator Phenotype in NEIL3-Deficient Hearts
To investigate whether loss of NEIL3 is associated with

increased mutation frequency predisposing to cardiotoxic-

ity after MI, we applied whole-genome deep sequencing

on DNA from non-infarcted LVs of WT and Neil3�/� hearts



14
0

20

40

60

80

100

84 112 140
Days survival

Pe
rc

en
t s

ur
vi

va
l

WT
Neil3-/- 

A

0 7

0

20

40

60

LV
 in

fa
rc

tio
n 

(%
)

B

WT
Neil3-/- WT Neil3-/-

Figure 2. Increased Mortality in Neil3�/� Mice following MI

(A) Mortality rates in WT and Neil3�/� mice after induced MI. n = 25 mice per

genotype. p = 0.02, by log-rank (Mantel-Cox) test.

(B) LV infarction size measured 1 day after induced MI by MRI. n = 5 WT and

7 Neil3�/�.
Data are presented as mean + SEM. Representative images are shown.
3 days following MI. A DNA sequence variant analysis was

performed using WT heart as reference genome. We found a

modest increase in DNA variants genome-wide with 1,390

SNPs, 150 insertions, and 138 deletions that were evenly

distributed across all chromosomes in Neil3�/� hearts (Figures

3A and 3B). Variants were detected in all genomic regions with

the majority occurring in non-coding regions, e.g., intergenic

regions and introns (Figure 3C). Analysis of base pair

changes in SNPs showed the same distribution in WT and

Neil3�/� hearts with C:G to T:A transitions being the most

frequent, most likely because of deamination of 5-methylcyto-

sine (5mC) and C to thymidine and uracil, respectively (Fig-

ure 3D). To identify a potential clustering of mutated genes

in specific molecular pathways, we applied Ingenuity Pathway

Analysis (IPA). We found that developmental processes, in

particular of the nervous system, and processes involving

cell-to-cell communication, cell growth and proliferation, and

cell cycle regulation were significantly altered (Figure S4).

These results suggest that although Neil3�/� hearts display

no genome-wide hypermutator phenotype, they may accumu-

late mutations in specific genomic regions possibly affecting

proliferation ability and function of (myo)fibroblasts after

MI. Furthermore, it may indicate that these regions have

altered chromatin structure leading to increased mutagen-

esis caused by transcriptional or epigenetic differences in

Neil3�/� hearts.
RNA Sequencing Reveals Dysregulated Genes Related
to Cardiovascular Development and Connective Tissue
Disorders in NEIL3-Deficient Hearts
To further understand the processes occurring in the infarcted

hearts of Neil3�/�, we performed RNA sequencing on myocar-

dial tissue harvested 3 days post MI. Differentially expressed

genes (DEGs) in Neil3�/� mice were identified by comparing

non-infarcted and infarcted LVs from Neil3�/� mice with respec-

tive samples from WT mice. We found 64 and 117 DEGs in

the Neil3�/� non-infarcted and infarcted LVs, respectively,

compared with WT (Figure 4A). Twenty-six of the DEGs were

common for the non-infarcted and infarcted LVs, but themajority

of DEGs (91) were regulated specifically in the infarcted LVs (Fig-

ure 4B). To identify diseases and biological processes that were

influenced by NEIL3 deficiency, we used the IPA software. The

top 10 disease-related categories affected in Neil3�/� hearts

after MI involved ‘‘cardiovascular system development and

function’’ and ‘‘connective tissue disorders’’ (Figure 4C). The

regulation of the 27 DEGs annotated to the cardiovascular sys-

tem development and function category are listed in Figure 4D.

MMP2 Dysregulation in NEIL3-Deficient Hearts
One network that was significantly regulated in the infarcted

Neil3�/� tissue was the ‘‘cancer, organismal injury and abnor-

malities, and cardiovascular disease’’ network, and central in

this network is matrix metalloproteinase-2 (MMP2; Figure S5).

We observed a decrease in Mmp2 expression following MI in

WT mice, possibly because of less cardiomyocytes, which was

not seen in Neil3�/� mice (Figure 5A). Hence both the RNA

sequencing analysis and the qRT-PCR revealed a 2-fold in-

crease in Mmp2 mRNA levels in the infarcted Neil3�/� hearts

compared with WT hearts 3 days post MI (Figures 4D and 5A).

In line with this, we found a 1.7-fold increase in total MMP2

activity (p = 0.06; Figure 5A). The Mmp2 mRNA levels corre-

lated positively with Collagen 1 and 3 mRNA levels in both

infarcted (Figure 5C) and non-infarcted (Figure S6A) tissues,

indicating that fibroblast-like cells are the producers of the

increased Mmp2 levels. Accordingly, increased Mmp2 tran-

scription was also observed in cultivated fibroblasts derived

from Neil3�/� mice (Figure 5B). Collagen staining of the infarcted

hearts did not reveal any differences between the genotypes

(Figure S6C). Three days post MI is, however, very early with re-

gard to fibrotic deposition; thus, the effects of the differently ex-

pressed genes with regard to fibrosis might first be detectable at

a later time point.

NEIL3-Deficient Fibroblasts and Myofibroblasts Display
a Higher Proliferation Rate Than Cells Derived from WT
Mice
Our findings so far suggested that an altered (myo)fibroblast

function could contribute to the increased mortality in

Neil3�/� mice following MI. During post-MI repair, fibroblast-

like cells are induced to proliferate and differentiate into myofi-

broblasts. Fibroblasts and myofibroblasts have important roles

in the ECM homeostasis and could indeed be the link between

altered matrix regulation and increased early mortality and

LV rupture in Neil3�/� mice. The proliferation phase in mice

typically starts around day 3 following MI. At this time point, in
Cell Reports 18, 82–92, January 3, 2017 85



Figure 3. Loss of NEIL3 in Heart Is Not

Associated with a Hypermutator Phenotype

Whole-genome sequencing was performed on

non-infarcted LVs of WT and Neil3�/� hearts

3 days after induced MI, followed by variant

analysis using WT as reference. Four samples of

DNA from each genotype were pooled before

sequencing.

(A) DNA sequence variants.

(B) Chromosomal distribution of DNA sequence

variants.

(C) Genomic region distribution of DNA sequence

variants.

(D) Base changes count of SNPs.

Del, deletions; Ins, insertions. See also Figure S4.
accordance with elevated Collagen mRNA levels (Figure S6B),

Neil3�/� hearts showed significantly increased expression of

the myofibroblast markers ASMA and the splice variant of fibro-

nectin, fibronectin EDA (Figure 6A). These results suggest that

Neil3�/� hearts harbor more cells differentiating into myofibro-

blasts than WT hearts after MI. In order to examine (myo)fibro-

blast proliferation further, we subjected hearts isolated from

mice that died of rupture 3–5 days after MI to IHC. Fibroblast pro-

liferation, as assessed by co-staining with the proliferation

marker Ki67 and the mesenchymal cell marker Vimentin,

increased 2-fold, and myofibroblast proliferation, as assessed

by co-staining with Ki67 and ASMA (actin, alpha 2, smooth mus-

cle, aorta), increased 3.6-fold at the infarction border zone of

Neil3�/� mice as compared with WT (Figures 6B and 6C). The

(myo)fibroblast staining was repeated with the mitotic marker

PHH3 showing similar results with significantly increased levels

of mitotic fibroblasts and myofibroblasts in the Neil3�/� mice

(Figure S7). Moreover, when examining cultured cardiac fibro-

blasts derived from Neil3�/� and WT hearts, we found that bro-

modeoxyuridine (BrdU) incorporation was higher in the fibro-

blasts lacking NEIL3, both with and without transforming

growth factor b (TGF-beta) stimulation (Figure 6D). Also, when

introducing a scar to confluent cultured cells, the Neil3�/� fibro-

blasts reoccupied the uncovered plastic significantly faster than

the WT fibroblasts, indicating increased proliferation and/or

migration of Neil3�/� cells (Figure 6E).

Genome-wide Alterations of the DNA Methylome and
Hydroxymethylome in NEIL3-Deficient Hearts after MI
Epigenetic DNA modifications such as 5-methylcytosine (5mC)

and 5-hydroxymethylcytosine (5hmC) are key regulators of

gene expression. NEIL3 has recently been identified as a reader
86 Cell Reports 18, 82–92, January 3, 2017
of oxidized 5mC derivatives (Spruijt et al.,

2013), and to elucidate whether NEIL3

modulates the cardiac epigenome, we

applied whole-genome sequencing of

5mC and 5hmC (Gao et al., 2013) to

non-infarcted and infarcted LVs of WT

and Neil3�/� mice. The same number of

methylated regions (MRs) was analyzed

in four genomic regions, i.e., TSS (tran-

scriptional start site), TES (transcriptional
end site), gene body, and 5 Dis (50 distant), in both non-infarcted

and infarcted Neil3�/� and WT (Figure 7A). Subsequently,

differentially methylated and hydroxymethylated regions

(DMRs/DhMRs) were identified by pairwise comparison of MRs

between Neil3�/� and WT. The highest numbers of DMRs and

DhMRs were found in NEIL3-deficient non-infarcted LVs, 943

and 844, respectively, compared with 348 DMRs and 336

DhMRs in infarcted LVs (Figure 7B). In non-infarcted LVs,

hypo-DMRs were most prominent, whereas hyper-DMRs pre-

vailed in infarcted LVs in the four genomic regions. In contrast,

we found the majority of MRs to be hyper-hydroxymethylated

in Neil3�/� non-infarcted LVs and a significant depletion of

hyper-DhMRs in infarcted tissue (Figure 7B). These findings indi-

cate that loss of NEIL3 causes significant changes in the cardiac

epigenome following MI. Next, DMRs and DhMRs were mapped

to their nearby gene and IPAwas applied. DMRs in non-infarcted

LVs and infarcted LVs were enriched in the function annotations

‘‘gene expression,’’ ‘‘cellular development,’’ ‘‘cell death and

survival,’’ ‘‘cellular growth and proliferation,’’ and ‘‘cellular move-

ment’’ (Figure 7C). A similar enrichment of DhMRs in these func-

tion annotations was observed, however, only in non-infarcted

LVs (Figure 7D). To investigate the potential impact of DMRs

and DhMRs on gene expression, we compared the genes iden-

tified by epigenetic sequencing analysis with the DEGs from our

transcriptional analysis. Surprisingly, we found only a minor

overlap of around 3% for non-infarcted and infarcted LVs (data

not shown). However, among the genes with DMRs and DhMRs,

several were annotated as transcriptional regulators. In general

the expression levels of transcription factors are kept low (Va-

querizas et al., 2009); thus, RNA sequencing may not detect dif-

ferential expression of these genes. By screening the DEGs from

Neil3�/� non-infarcted and infarcted LVs, we identified several



Figure 4. Transcriptome Analysis Revealed

Enrichment of DEGs Involved in Cardiovas-

cular Function in Neil3�/� Hearts after MI

RNA sequencing was performed on non-infarcted

(NI) and infarcted (I) parts of LVs from WT and

Neil3�/� hearts collected 3 days after induced MI.

Three RNA samples from each genotype were

pooled before sequencing.

(A) The number of DEGs that were significantly

upregulated and downregulated in Neil3�/� car-

diac tissue relative to WT.

(B) Venn diagram showing the overlap of DEGs

from non-infarcted and infarcted cardiac tissue

from Neil3�/� mice.

(C) Top 10 diseases and biological processes

that are significantly enriched in DEGs from

Neil3�/�-infarcted cardiac tissue identified by IPA

(p values by Benjamini-Hochberg multiple testing

correction).

(D)Heatmapshowing log2 transformedexpression

level of DEGs annotated to the ‘‘cardiovascular

systemdevelopment and function’’ category in (C).

Count and number of genes with a given log2

reads per kilo base per million mapped reads

(RPKM) value. The log2 RPKM values for each

gene are indicated on the heatmap.

See also Figure S5.
genes that are known downstream targets of the transcriptional

regulators with DMRs and DhMRs (Figure 7E). In particular, we

identified DEGs from infarcted LVs (Mmp2, Cyp2e1, Pdlim3,

Nppb, Hgf,Myh7,Myl1) that were also annotated to the ‘‘cardio-

vascular system development and function’’ category as pre-

sented in Figure 4D. These data suggest a role of NEIL3 as an
C

epigenetic reader that modulates methyl-

ated regions of importance for the tran-

scriptional response after MI.

DISCUSSION

We have previously shown that a certain

NEIL3 variant may predispose to MI

(Skarpengland et al., 2015) and that

NEIL3 deficiency may promote athero-

sclerosis during a high-fat diet (Skarpeng-

land et al., 2016). Herein, we report that

NEIL3 deficiency also influences the con-

sequences of MI. We found that the DNA

glycosylase NEIL3 was highly upregu-

lated in the hearts of both HF patients

and post-MI mice. WT mice displayed an

early and marked upregulation of Neil3

mRNA following MI, predominantly in

the fibroblast-enriched cell fraction, and

NEIL3-deficient mice showed increased

early mortality caused by myocardial

rupture.Deepsequencingshowedneither

a hypermutator phenotype nor genomic

instability in Neil3�/� hearts. Notably,
whole-genome epigenetic sequencing of 5mC and 5hmC re-

vealed a possible role of NEIL3 in epigenetic regulation of genes

involved in the transcriptional response after MI. We propose

that NEIL3 fine-tunes proliferation and differentiation of fibro-

blast-like cells following MI, and thereby matrix degradation

and fibrogenesis within the myocardium. Thus, the marked
ell Reports 18, 82–92, January 3, 2017 87
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Figure 5. Correlative Upregulation of Mmp2 and Collagen 1 and 3 in

Neil3�/� Hearts after MI

(A) Mmp2, measured by qRT-PCR, and total MMP2 protein levels, measured

by zymography, in LV tissue collected 3 days after induced MI or sham

operation. n = 6–9 mice per genotype for mRNA expression. MMP2 protein

levels are relative to an internal loading control. n = 7 WT and 9 Neil3�/� for

MMP2 protein measurements.

(B)Mmp2mRNA expression in cultivated myocardial fibroblasts isolated from

naive WT and Neil3�/� mice. The cells were harvested 72 hr after treatment

with TGF-beta. n = 4 mice per genotype.

(A and B) Data are presented as mean + SEM, and p values were obtained by

comparing Neil3�/� samples with respective WT samples.

(C) Positive correlation betweenMmp2mRNA expression levels and Collagen

1 and 3 mRNA expression levels in infarcted Neil3�/� tissue after MI.

R2 values are shown. *p % 0.05, **p % 0.01, ***p % 0.001. I, infarcted part of

LV; NI, non-infarcted part of LV; S, sham. See also Figures S1 and S6.
increase in myocardial Neil3 mRNA expression early after MI in

WT mice could represent a counteracting mechanism to prevent

maladaptive ECM regulation.

DNA glycosylases are mainly known for initiating the BER

pathway that protects cells from the mutagenic and/or cytotoxic

effects of DNA base lesions. The NEIL DNA glycosylases recog-

nize and remove a vast number of oxidized base lesions, with

overlapping substrate specificity. Herein, we found that the

genomic 8-oxoG and 5-ohC levels were similar in Neil3�/� and

WT hearts after MI, suggesting that the steady-state level of

oxidative DNA base lesions is not altered in NEIL3-deficient

hearts. Furthermore, whole-genome deep sequencing displayed

no hypermutator phenotype in NEIL3-deficient hearts, support-

ing that the genome stability is not altered in NEIL3-deficient

hearts. We have previously shown that NEIL3 promotes prolifer-

ation of neuronal stem and progenitor cells in the mouse brain

(Sejersted et al., 2011). In contrast, we show here that NEIL3

has a restrictive role on proliferation of cardiac fibroblasts and

myofibroblasts. Cardiac fibroblasts are more or less quiescent

during normal physiology, but are induced to proliferate upon

stress such as MI. We previously reported repression of human

NEIL3 in G0-arrested cells and upregulation of NEIL3 both at the

transcriptional and at the protein levels during S phase, again

indicating that NEIL3 is mainly operating in proliferating cells
88 Cell Reports 18, 82–92, January 3, 2017
(Neurauter et al., 2012). Thus, it is tempting to speculate that

NEIL3 has a preference for or operates on specific genes or

gene clusters in the genome that are important for regulation of

cell cycle progression and that the mechanisms of action are

at least partly cell specific (e.g., cardiac fibroblasts versus

neuronal stem progenitor cells). Our findings herein suggest

that such mechanisms could be of importance for the regulation

of proliferation of fibroblast-like cells following MI.

A major finding in the present study is that NEIL3 deficiency

significantly modulated the cardiac epigenome and that some

of these modifications were also reflected in the cardiac

transcriptional response following MI. Regulation of cellular

morphology, movement, development, growth, and proliferation

are all biological functions with great importance with regard to

myofibroblast differentiation because cardiacmyofibroblast pre-

cursors (i.e., fibroblasts, endothelial cells, epithelial cells, smooth

muscle cells, and pericytes) all utilize these functions to some

extent in order to change their morphology, migrate toward the

infarcted area, proliferate, and promote wound healing (van

den Borne et al., 2010). Accordingly, DNA methylation is known

to be involved in myofibroblast differentiation (Neary et al., 2015;

Watson et al., 2014; Xu et al., 2015). As the transdifferentiation

process of myofibroblast precursors in general starts in the

viable myocardium, it is not unexpected that the IPA pathway

analysis showed the most prominent changes in this tissue.

A recent study using pull-down experiments with oligos contain-

ing epigenetic methylationmarks suggests that NEIL3 is a reader

of 5hmC (Spruijt et al., 2013). Our data showing differential regu-

lation of both 5mC and 5hmC in NEIL3-deficient hearts support

that NEIL3 is affecting not only 5hmC levels, but the balance be-

tween epigenetic methylation of cytosine and oxidative deme-

thylation. Thus, even though our analyses are not performed

on cell-specific fractions, the pathway-specific DNAmethylation

patterns suggest that NEIL3 regulates proliferation and differen-

tiation of fibroblast-like cells duringMI repair, likely through regu-

lation of epigenetic DNA methylation.

Cardiac rupture demonstrates the importance of balanced

ECM degradation and restoration after MI (Gao et al., 2012),

and a phenotype with increased rate of rupture, as shown here,

indicates defective ECM regulation. Myofibroblasts are the

main source of ECM and ECMmodulators in the infarcted heart,

and their behavior is extremely important for proper infarct heal-

ing. In the RNA sequencing analysis, ‘‘connective tissue

disorders’’ was among the most significantly regulated disease

categories. Herein, there are multiple regulated genes in the

Neil3�/� hearts likely to affect ECMquality and therefore promote

cardiac rupture. The role of MMP2, which is centrally placed in

‘‘the cancer and cardiovascular disease network,’’ may be of

particular importance because we found this gene/protein to

be regulated in Neil3�/� infarcted tissue, and previous studies

have shown decreased rupture rates after MI in MMP2-deficient

mice (Matsumura et al., 2005). Moreover, theMmp2mRNA level

in infarcted Neil3�/� tissue was significantly increased and

there was a 1.7-fold increase in total MMP2 protein level in the

Neil3�/� hearts. Although the latter difference was not statisti-

cally significant (p = 0.06), the changes could still be biologically

significant. Finally, the cardiac epigenetic modifications in

NEIL3-deficient mice seemed also to involve MMP2 as a target,
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Figure 6. Neil3�/� (Myo)Fibroblasts Display Enhanced Proliferation Relative to WT Cells

(A) mRNA expression of the myofibroblast markers ASMA and ED-A fibronectin measured by qRT-PCR in LV tissue collected 3 days after induced MI or sham

operation. n = 6–9 mice per genotype.

(B and C) Confocal images showing (B) Ki67- and Vimentin-positive cells and (C) Ki67- and ASMA -positive cells in border zones of the left ventricular wall isolated

from WT and Neil3�/� mice that died 3–5 days after induced MI. Images represent projections of multiple confocal z sections. DAPI staining is shown in blue.

Scale bars, 100 mm. Horizontal lines in graphs represent mean ± SEM. n = 4 mice per genotype.

(D) Cell proliferation measured in vitro by BrdU incorporation in culturedmyocardial fibroblasts isolated from naive WT andNeil3�/�mice. Cells were cultivated in

fetal calf serum (FCS), with (n = 4) or without TGF-beta (n = 6). Data are relative to themean chemiluminescence ofWT andNeil3�/� cells incubated in 0%FCS and

presented as mean + SEM. Data are presented as mean + SEM.

(E) Wound closure as a function of time was compared in WT and Neil3�/� fibroblasts cultured in 0.1% FCS. n = 6 WT and 7 Neil3�/�.
The p valueswere obtained by comparingNeil3�/� samples with respectiveWT samples (A–D); the p value was obtained by comparing the linear regression slope

values (E). *p % 0.05, **p % 0.01. I, infarcted part of LV; NI, non-infarcted part of LV; S, sham. See also Figures S1 and S7.
further supporting this protease as a potential link between

NEIL3 deficiency and early cardiac rupture.

The dysregulation of certain genes in the infarcted

Neil3�/� hearts may indicate a compensatory response to loss

of NEIL3 or it could be a direct consequence of lacking NEIL3

as a regulator, or a combination thereof. Balanced proliferation

and differentiation of cells occur as a part of the infarction

response in WT animals. Although not specific for MI, an imbal-

anced response could have deleterious consequences in the

setting of MI, and we suggest that the increased proliferation

seen in the Neil3�/� hearts could reflect a dysregulation of the

infarction response, suggesting that NEIL3 operates as a brake,

fine-tuning the level of proliferation. Thus, the increased prolifer-

ation of myocardial (myo)fibroblasts in mice lacking NEIL3 could

not merely be a compensatory response, but rather an uncon-

trolled and dysregulated response to tissue damage following
MI in Neil3�/� mice. Altogether, our results suggest that

NEIL3-deficient hearts are less capable of fine-tuning the cell

response toMI. This means dysregulated proliferation and differ-

entiation of the fibroblast-like cells resulting in altered ECM regu-

lation including increasedMMP2production followed by the fatal

consequence: myocardial rupture.

To understand the molecular regulation of (myo)fibroblast pro-

liferation and fibrogenesis is a major challenge in clinical medi-

cine and is a prerequisite for the development of anti-fibrotic

drugs, which are largely missing. Although induced proliferation

of fibroblast-like cells is required after MI, an uncontrolled and

imbalanced proliferation of these cells could promote ECM

destabilization. Our findings suggest that NEIL3 could be an

attractive target molecule in regulation of these processes, and

further studies should explore the role of this DNA glycosylase

in fibrosis regulation in other organs such as liver and lungs.
Cell Reports 18, 82–92, January 3, 2017 89



Figure 7. Loss of NEIL3 Modulates the Cardiac Epigenome after MI

HMST-seq was performed on non-infarcted (NI) and infarcted (I) parts of LVs fromWT and Neil3�/� hearts collected 3 days after induced MI. Four DNA samples

from each genotype were pooled before sequencing.

(A) The number of methylated regions (MRs) that were analyzed in both genotypes in four genomic elements.

(B) The number of hypo- and hyper-differentially methylated regions (DMRs) and hypo- and hyper-differentially hydroxymethylated regions (DhMRs) in the four

genomic elements in Neil3�/� cardiac tissue compared with WT.

(C and D) Topmolecular and cellular functions that are significantly enriched in (C) DMRs and (D) DhMRs from Neil3�/� hearts compared with WT as identified by

IPA. Dotted line represents p = 0.05 by Benjamini-Hochberg multiple testing correction.

(E) Graphical illustration of transcriptional regulators with DMRs and DhMRs as identified by HMST-Seq and their known downstream targets identified as

differentially expressed genes (DEGs) by RNA sequencing. Data were obtained by using the IPA software.

5 Dis, 50 distant region; Gene, gene body; TES, transcription end site; TSS, transcription start site.
If the role of NEIL3 in regulation of fibroblast function is confirmed

in other disease states, this molecule could represent a target for

therapy in a wide spectrum of fibrotic disorders. Our findings

also show a link between epigenetic and transcriptional regula-

tion in NEIL3-deficient heart following MI, suggesting that

NEIL3 is an epigenetic reader that modulates the transcriptional

response after MI. Further studies on these issues could eluci-

date fundamental mechanisms linking environmental factors to

cardiac disorders via modulation of epigenetics by oxidative

DNA base lesion repair.

EXPERIMENTAL PROCEDURES

All material and methods are described in detail in the Supplemental Experi-

mental Procedures.

Approvals

The clinical parts of this study were approved by the Regional Committee for

Medical and Health Research Ethics (Permit number S-05172) and conducted

according to the ethical guidelines outlined in the Declaration of Helsinki for

use of human tissue and subjects. Informed written consent was obtained

from all subjects. All animal experiments were approved by the Norwegian

Animal Research Authority, and conducted in accordance with the laws and
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regulations controlling experimental procedures in live animals in Norway

and the European Union’s Directive 86/609/EEC.

Tissue Sampling from Human Myocardium

LV tissue from patients with advanced HF was sampled at the time of implan-

tation and at the time of removal of a continuous-flow LV assist device (LVAD).

Control human LV tissue was obtained from rejected donor hearts.

Mice

Neil3�/� mice were generated as previously described (Sejersted et al., 2011)

and backcrossed for at least eight generations onto the C57BL/6 background.

Mouse Model of Experimental MI

MIwas induced in 7- to 8-week-old mice as described previously (Finsen et al.,

2005).

Cell Separation Protocol

Cardiac cells were isolated and separated as previously described (Ohm et al.,

2014; Raake et al., 2008). Fibroblast-like cells equal a cell population in which

cardiomyocytes, CD45+ cells, and CD31+ have been removed.

qRT-PCR

qRT-PCR was performed according to standard methods, and all calculations

were done by using the standard curve method. Raw data are presented.

GAPDH expression was determined for all samples analyzed (Figure S1).



MRI

MRI experiments were performed 1 day post MI with an MR system dedicated

to mouse imaging.

LC-MS/MS Analysis of 8-Oxoguanine and 5-Hydroxycytosine in

Genomic DNA

DNA from infarcted and non-infarcted parts of LVs harvested 3 days post

MI was subjected to liquid chromatography-tandem mass spectrometry

(LC-MS/MS) for 8-oxo-dG and 5-oh-dC detection.

Whole-Genome Deep Sequencing

Genomic DNA isolated from non-infarcted LVs of four WT and four

Neil3�/� mice 3 days after MI was pooled and sent to BGI Tech Solutions,

Hong Kong, for whole-genome sequencing. In the data analysis, strain-

dependent variations were removed before Neil3�/�-related mutations were

detected.

RNA Sequencing

Total RNA from non-infarcted and respective infarcted LVs of three WT and

Neil3�/� hearts was pooled and sent to BGI Tech Solutions, Hong Kong, for

RNA sequencing and bioinformatics analyses.

Zymography

Protein homogenates were prepared from infarcted LV tissue of WT and

Neil3�/� mice, harvested 3 days post MI.

Histology and Immunohistochemistry

Formalin-preserved, paraffin-embedded hearts from WT and Neil3�/� mice

were sectioned and subjected to histology and IHC.

In Vitro Experiments on Cardiac Fibroblasts

Cardiac fibroblasts were isolated and cultivated (Ohm et al., 2014), and BrdU

incorporation was measured by luminescence. Scrape wound was performed

as previously described (Ohm et al., 2014).

Epigenetic Sequencing

Genomic DNA isolated from non-infarcted and infarcted LVs of four

WT and four Neil3�/� mice 3 days after MI was pooled and sent to BGI Tech

Solutions, Hong Kong, for hydroxymethylation- and methylation-sensitive

tag sequencing (HMST-Seq) (Gao et al., 2013).

Statistical Analysis

GraphPad Prism version 6.02 (GraphPad Software) was used for designing

graphs and for most statistical calculations. Both paired and unpaired, two-

tailed t tests were used in Figure 1A. In Figures 1B and 2A the Mann-Whitney

test and the log-rank (Mantel-Cox) test were applied, respectively. In Figures

4C, 7C, 7D, and S4 the IPA software and Benjamini-Hochberg multiple testing

correction were used. In Figure 5C linear regression was applied, and in

Figure 6E linear regression was applied for all individual samples, and

Neil3�/� and WT slope values were compared. Unpaired, two-tailed t test

was applied in all other figures. Results are considered significant when

p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and one table and can be found with this article online at

http://dx.doi.org/10.1016/j.celrep.2016.12.009.
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