Attachment I



Appendix to the doctoral thesis:

ALKBHS5 and FTO levels in postnatal development

Our data demonstrated that demethylases were up-regulated in hearts adapting to chronic
hypoxia or fasting, both identified as cardioprotective strategies. This discovery led us to explore
whether similar changes in protein levels of these demethylases occur during postnatal
development, especially considering the known tolerance of newborns to H/R or I/R injury [1]. For
this reason, LVs were collected from rats on postnatal days 1, 4, 7, 10, 12, 14, 18, 21, 25, 28, and 90
(P1-90). The abundance profile of both demethylases had a decreasing pattern during postnatal
development (Fig. Al). However, while levels of ALKBH5 declined dramatically between P1-P4 with

further indistinct changes in protein level, FTO decreased gradually throughout the investigated

period.
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Fig. A1: Abundance profile of FTO and ALKBHS5 in the left ventricles assessed by Western blot
with representative Western blot membranes. Expression at P90 was established as 1. Protein
loading was 15 pg. Values are means * SD; n = 4-12; Statistical significance related to postnatal day 1:
* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 (One-way ANOVA; Tukey’s multiple
comparisons test). ALKBH5 — alkB family member 5; FTO — fat mass and obesity-associated protein.
Modified from Semenovykh et al. [2] (Attachment IIl).

Our research, as detailed in this thesis, revealed that ALKBH5 and FTO experience up-
regulation in hearts undergoing adaptation to chronic hypoxia or fasting, which are linked to

cardioprotective effects. This finding prompted further investigation into whether postnatal



development also witnesses alterations in the protein levels of these demethylases since an age-
dependent decrease in resistance to hypoxia is well-known [3].

Indeed, our findings indicate a significant decrease in the levels of both demethylases during
postnatal heart development, reinforcing the hypothesis that they play a role in cardioprotection.
These results are in line with other reports. Han et al. [4] showed down-regulation of transcript and
protein ALKBHS levels throughout early development (P1, P7, and P10) in a mouse model. Yang et al.
[5] reported a higher protein level of ALKBH5 at PO compared to P7 in rats, but they did not observe
any differences in FTO levels. However, a decreasing pattern of FTO protein expression from P1 to P7
and P28 was reported by another group in mouse hearts [6]. In pigs, Ferenc et al. showed that FTO
protein levels were higher in neonatal samples compared to adult ones also in other tissues,
including skeletal muscle, thyroid gland, or adipose tissue [7]. Interestingly, Krejci et al. [8] showed
that FTO was up-regulated in the aortas, atria, and ventricles of old (24 months) male rats

(interestingly not females) compared to young (3 months) males, suggesting a further regulation

during aging.
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Abstract

Adaptation to chronic hypoxia renders the heart more tolerant to ischemia/reperfusion injury. To evaluate changes in gene
expression after adaptation to chronic hypoxia by RT-qPCR, it is essential to select suitable reference genes. In a chronically
hypoxic rat model, no specific reference genes have been identified in the myocardium. This study aimed to select the best
reference genes in the left (LV) and right (RV) ventricles of chronically hypoxic and normoxic rats. Sprague—Dawley rats
were adapted to continuous normobaric hypoxia (CNH; 12% O, or 10% O,) for 3 weeks. The expression levels of candidate
genes were assessed by RT-qPCR. The stability of genes was evaluated by NormFinder, geNorm and BestKeeper algorithms.
The best five reference genes in the LV were Top1, Nupl2, Rplp1, Ywhaz, Hprtl for the milder CNH and Top1, Ywhaz, Sdha,
Nupl2, Tomm?22 for the stronger CNH. In the RV, the top five genes were Hprtl, Nupl2, Gapdh, Top1, Rplpl for the milder
CNH and Tomm22, Gapdh, Hprtl, Nupl2, Top1 for the stronger CNH. This study provides validation of reference genes in LV
and RV of CNH rats and shows that suitable reference genes differ in the two ventricles and depend on experimental protocol.

Keywords Reference genes - RT-qPCR - Heart - Left ventricle - Chronic hypoxia - Rat

Introduction

Ischemic heart disease remains the leading cause of death
worldwide [1]. The search for appropriate cardioprotective
strategies is therefore crucially important. It is well known
that adaptation to chronic hypoxia increases cardiac toler-
ance to acute ischemia/reperfusion (I/R) injury [2]. Many
cellular processes are altered during adaptation to chronic
hypoxia [3, 4]. Nevertheless, this phenomenon is still not
fully understood. One of the possible approaches how to get
a better insight into complex regulatory networks of hypoxic
adaptation are the gene expression studies.

Reverse transcription quantitative real-time polymerase
chain reaction (RT-qPCR) is the method of choice for quan-
tification of the gene expression by measuring the increase
of fluorescence in every RT-qPCR cycle. However, for
proper evaluation of the changes in gene expression, a cor-
rect normalization is essential. One way to standardize target
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gene expression is to report gene expression to the total RNA
mass. Nevertheless, total RNA mainly consists of riboso-
mal RNA (rRNA) and therefore rarely reflects messenger
RNA (mRNA) amounts. For that reason, normalization to
18S rRNA molecules is also not appropriate [5]. Instead, it
is recommended to select suitable internal reference genes
for normalization and to analyze relative gene expression
using the 2722 method [6]. Gene expression of such refer-
ence genes has to be stable among studied tissues and not
affected by experimental protocol [7]. The most common
strategy in the past was normalization to a single reference
gene. Identifying a gene with a perfectly constant expres-
sion is, however, rather problematic. Instead, normalization
by geometric averaging of multiple internal reference genes
is considered a better approach in the evaluation of gene
expression by RT-qPCR [8, 9].

It has been shown, that reference genes may dramati-
cally fluctuate under hypoxic conditions [10, 11]. Opti-
mal reference genes may also vary between the left (LV)
and right (RV) ventricles due to their genetic, anatomic,
metabolic and physiologic differences [9]. With this
knowledge, we preselected eleven candidate genes com-
monly used as reference genes for a stability analysis in
the ventricles of the rat hypoxic heart: actin beta (Actb);
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beta-2-microglobulin (B2m); glyceraldehyde-3-phosphate
dehydrogenase (Gapdh); hypoxanthine phosphoribosyl-
transferase 1 (HprtI); nucleoporin like 2 (Nupl2); ribosomal
protein, large, P1 (Rplp1); succinate dehydrogenase complex
flavoprotein subunit A (Sdha); translocase of outer mito-
chondrial membrane 22 (Tomm22); DNA topoisomerase I
(Top1); ubiquitin C (Ubc); tyrosin-3-monooxygenase/tryp-
tophan 5 monooxygenase activation protein zeta (Ywhaz).
These genes are not specific for the heart and their RNA
levels in various tissues are available in the NCBI Gene data-
base (https://www.ncbi.nlm.nih.gov/gene). The preselection
of our candidate genes was based on the study by Julian et al.
[5] and further extended by several other common genes
with various functions that could have stable expression in
the heart and other tissues [12—-14].

In the literature, there is a lack of analysis identifying
reference genes suitable for hypoxic conditions in heart tis-
sue. The aim of this study was, therefore, to select optimal
reference genes in heart ventricles of rats adapted to chronic
hypoxia.

Materials and methods
Animals and adaptation to chronic hypoxia

Adult (12 weeks old) male Sprague-Dawley rats were
adapted to two degrees of continuous normobaric hypoxia
without reoxygenation (CNH 10% O,, n=6; CNH 12% O,,
n=6) for 3 weeks in a normobaric chamber equipped with
hypoxic generators (Everest Summit, Hypoxico, NY). For
each respective adaptation group, there was the control
group of animals which were kept under normoxic condi-
tions at room air for the same period of time. All the animals
were kept under standard light and feeding conditions (12:12
light/dark cycle, with access to tap water and chow diet
[Altromin, 1324, Velaz] ad libitum). After the adaptation,

the animals were killed by cervical dislocation, hearts were
excised, washed in cold (0 °C) saline and dissected into the
LV, the RV and the septum. The tissue was immediately
snap-frozen in liquid nitrogen and stored at — 80 °C. The
experimental protocols were approved by the Animal Care
and Use Committee of the Institute of Physiology of the
Czech Academy of Sciences (75/2016) and were in accord-
ance with Directive 2010/63/EU of the European Parliament
on the protection of animals used for scientific purposes.

RNA isolation, cDNA synthesis and RT-qPCR analysis

Total cellular RNA was extracted from each LV and RV
sample using RNAzol® RT (Sigma-Aldrich, USA) accord-
ing to the manufacturer’s instructions. The concentration
of total RNA was measured on NanoDrop 1000 (Thermo
Fisher Scientific, USA). The total RNA samples were treated
by DNase I (Sigma-Aldrich, USA) to prevent DNA con-
tamination. One pg of total RNA was used to synthesize
first-strand cDNA using RevertAid H Minus First-Strand
cDNA Synthesis Kit (Thermo Fisher Scientific, USA) and
random primers according to the manufacturer’s protocol.
RT-qPCR was performed in triplicates of 20 pL reaction
volume on a LightCycler® 480 (Roche Diagnostics, Switzer-
land) using SYBR Green primers (Sigma-Aldrich, USA) and
LightCycler® 480 SYBR Green I Master (Roche Diagnos-
tics, Switzerland) according to the manufacturer’s instruc-
tions with the following temperature profile: preincubation
and enzyme activation (12 min at 95 °C) followed by 45
cycles of amplification (10 s at 95 °C, 30 s at 60 °C and
25 s at 72 °C). The specificity of primers was tested by melt-
ing curve analysis. Second Derivative Maximum method
was used for identifying the Cq values. Data were analyzed
in accordance with instructions from qPCR courses per-
formed by TATAA Biocenter (http://www.tataa.com/cours
es/). Candidate reference genes are shown in Table 1 and
their corresponding primer sequences are listed in Table 2.

Table 1 Candidate reference

. . Gene symbol Gene name GenelD
genes evaluated in this study
Actb Actin beta 81822
B2m Beta-2 microglobulin 24223
Gapdh Glyceraldehyde-3-phosphate dehydrogenase 24383
Hprtl Hypoxanthine phosphoribosyltransferase 1 24465
Nupl2 Nucleoporin like 2 499974
Rplpl Ribosomal protein, large, P1 140661
Sdha Succinate dehydrogenase complex flavoprotein subunit A 157074
Tomm?22 Translocase of outer mitochondrial membrane 22 300075
Topl DNA topoisomerase | 64550
Ubc Ubiquitin C 50522
Ywhaz Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 25578

protein zeta
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Table 2 Primer sequences for

RT-qPCR Gene symbol Forward primer (5'-3") Reverse primer (5'-3")
Actb AAGACCTCTATGCCAACAC TGATCTTCATGGTGCTAGG
B2m ACTGGTCTTTCTACATCCTG AGATGATTCAGAGCTCCATAG
Gapdh CACCATCTTCCAGGAGCGAG GGCGGAGATGATGACCCTTT
Hprtl ACTGGTAAAACAATGCAGAC CCTGAAGTGCTCATTATAGTC
Nupl2 CAGAGCTATCTAAACTCTGTTC CTGCATCCTTTAAGTCAGAG
Rplpl CGGAGGATAAGATCAATGC CTACATTGCAGATGAGGC
Sdha ACTATTATTGCTACTGGGGG CTGAACAAATTCTAAGTCCTGG
Tomm22 GAGCTAGATGAGACCCTATC CCCTGGAAAATCTGTACATC
Topl CACCAAAGACCTTTGAGAAG TGACTCTACTACCTTCTTGG
Ubc TGACAATGCAGATCTTTGTG ACTCCTTCTGGATGTTGTAG
Ywhaz TGACAAGAAAGGAATTGTGG GGAGTTCAGGATCTCATAGTAG

Evaluation of candidate reference genes

The stability of reference genes was evaluated by Nor-
mFinder [15], geNorm [8] and BestKeeper [16] algorithms.
First, the intra- and intergroup variations for each gene were
analyzed by NormFinder and unsuitable genes that showed
bias (variations > 0.25) were excluded from further analyses
[17]. Stability values were then calculated by NormFinder
and geNorm algorithms using GeNex (MultiD, Sweden),
software for qPCR data processing and analysis (http://
genex.gene-quantification.info/). Standard deviations (SD)
of candidate reference genes Cq values were obtained by
BestKeeper software tool, where the best reference genes
are with the lowest SD. The final consensus was obtained by
the calculation of the geometric mean of the three ranking
values for each reference gene resulting in an overall stabil-
ity score [8, 18].

Results

Expression of 11 reference gene candidates was evaluated in
heart tissue samples (LV and RV) from 24 rats (12 adapted
to CNH, 12 controls) using RT-qPCR. Figure 1 shows the
variation in candidate reference gene expression in all sam-
ples. The candidate reference genes are arranged by their
respective abundance (lower Cq indicates higher mRNA
abundance). Table 3 shows the rankings of the candidate
reference genes for each particular algorithm (NormFinder,
geNorm and BestKeeper) and overall ranking, which is the
geometric mean of these three ranking values, for the LV.
Table 4 shows the rankings for the RV. The candidate ref-
erence genes are arranged by their final ranking value. To
have at least two reference genes common for both heart
ventricles and both degrees of chronic hypoxia, we selected
top five genes in each group.

Regarding the LV, Sdha in CNH (12% O,) and Rplpl,
Gapdh, Hprtl and Ubc in CNH (10% O,) showed bias
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Fig.1 Variation in candidate reference gene abundance across all
samples. Box-and-whiskers plot shows the Cq values obtained from
RT-qPCR of each gene analyzed in a total of 48 heart samples from
24 animals. Boxes indicate median (Q2) and quartiles first and third
(Q1 and Q3) and whiskers correspond to the minimum and maximum
values. Lower Cq values indicate more abundant expression in the rat
myocardium

in their intra- or intergroup variations and were excluded
from the analyses. The top five of the remaining genes are
Topl, Nupl2, Rplpl, Ywhaz and Hprtl in CNH (12% O,)
and Topl, Ywhaz, Sdha, Nupl2, Tomm22 in CNH (10% O,).
Reference genes suitable for both degrees of hypoxia are
therefore Topl, Ywhaz and Nupl2.

Concerning the RV, Sdha, Tomm22, B2m and Actb in
CNH (12% 02) and Ywhaz, Rplpl, B2m, Ubc, Actb and
Sdha in CNH (10% O,) showed bias in their intra- or inter-
group variations and were excluded from the analyses. The
top five of the remaining genes are Hprtl, Nupl2, Gapdh,
Topl and Rplpl in CNH (12% O,) and Tomm22, Gapdh,
Hprtl, Nupl2 and TopI in CNH (10% O,). Reference genes
suitable for both degrees of hypoxia are therefore Hprtl,
Nupl2, Gapdh and Topl.
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Table 3 Reference gene ranking for the LV

Experimental group NormFinder geNorm BestKeeper Consensus
Genes Stability value Genes Stability value Genes SD Genes Geometric mean
of ranking values
CNH 12% O, Topl 0.074 Ywhaz 0.107 Rplpl 0.103 Topl 1.82
(n=6) Nupl2 0.080 Topl 0.107 Hprtl 0.123 Nupl2 2.29
Controls Rplpl 0.126 Nupl2 0.145 Nupl2 0.168  Rpipl 2.29
(n=6) Ywhaz 0.145 Gapdh 0.157 B2m 0.169 Ywhaz 3.04
Hprtl 0.150 Rplpl 0.172 Gapdh 0.192 Hprtl 3.68
Gapdh 0.157 Hprtl 0.181 Topl 0.193 Gapdh 4.48
Actb 0.190 Tomm?22 0.192 Ywhaz 0.208 B2m 6.60
Tomm22 0.207 Actb 0.202 Actb 0.225 Actb 7.32
B2m 0.230 B2m 0.216 Ubc 0.248 Tomm?22 7.83
Ubc 0.255 Ubc 0.231 Tomm22 0.279 Ubc 9.32
Sdha - Sdha - Sdha - Sdha -
CNH 10% O, Topl 0.066 Ywhaz 0.108 Nupl2 0.142 Topl 1.26
(n=6) Ywhaz 0.091 Topl 0.108 Topl 0.143 Ywhaz 2.00
Controls Sdha 0.098 Sdha 0.116 Sdha 0.180  Sdha 2.62
(n=06) Tomm22 0.132 Tomm?22 0.135 Ywhaz 0.182 Nupl2 2.88
Actb 0.136 Nupl2 0.148 Tomm?22 0.222 Tomm?22 3.92
Nupl2 0.137 Actb 0,157 B2m 0233 Acth 5.59
B2m 0.160 B2m 0.167 Actb 0.243 B2m 6.32
Rpipl - Rpipl - Rplpl - Rplpl -
Gapdh - Gapdh - Gapdh - Gapdh -
Hprtl - Hprtl - Hprtl - Hprtl -
Ubc - Ubc - Ubc - Ubc -

Genes are ranked according to their stability. Genes without values were excluded from the analysis because of the bias in their intra- or inter-

group variations. The top five genes for each group are in bold

CNH continuous normobaric hypoxia; SD standard deviation

To identify the best reference genes among the differ-
ent hypoxia regimens and heart compartments, we made
a consensus of best five reference genes (according to
Molina et al. [18]) for each heart ventricle and each degree
of hypoxia as illustrated in Fig. 2. It shows that suitable
reference genes common for both heart ventricles and both
degrees of CNH are two genes - Nupl2 and Top1.

Discussion

It is a crucial step in the evaluation of RT-qPCR results to
use stable reference genes for correct normalization, which
is essential to control for the variance between samples
that can be introduced during many stages of the sample
preparation and analysis. However, there is no consensus
which reference genes are suitable for individual tissues and
various experimental protocols. This leads to reduced repro-
ducibility among studies in different laboratories. Thus, the
identification of optimal reference genes for the heart under
different conditions would have a great impact on cardiac

@ Springer

research. Relevant articles about the selection of reference
genes in the heart ventricles are listed in Table 5.
Adaptation to chronic hypoxia is a classical way to induce
cardioprotective phenotype. This experimental protocol
changes expression of many genes. Hypoxia-inducible fac-
tors (HIF), nuclear factor NF-kB or nuclear factor erythroid
2-related factor 2 (Nrf2) are the key transcription factors
activated under hypoxic conditions [19-21]. Signaling cas-
cades of HIF, NF-xB or Nrf2 mediate the effects of hypoxia
through the changes of gene expression profile of the cells.
Genes acting on angiogenesis and oxygen supply, cellu-
lar metabolism, transcription and apoptosis are the most
affected by HIF [22]. NF-kB targets mainly genes involved
in inflammation, cell proliferation, apoptosis, morphogenesis
and differentiation [23]. It has been shown that Gapdh and
Hprt expression can be regulated by HIF-1 [24, 25]. How-
ever, expression of both of these genes was found relatively
stable in our experimental protocol. Selection of reference
genes is, therefore, strongly dependent on experimental
conditions and also on preselection of reference genes. For
illustration, studies examining reference genes in rat hearts
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Table 4 Reference gene ranking for the RV

Experimental group NormFinder geNorm BestKeeper Consensus
Genes Stability value Genes Stability value Genes SD Genes Geometric mean
of ranking values
CNH 12% O, Hprtl 0.060 Nupl2 0.093 Hprtl 0.065 Hprtl 1.00
(n=6) Nupl2 0.090 Hprtl 0.093 Nupl2 0.101 Nupl2 1.59
Controls Topl 0.154 Gapdh 0.136 Gapdh 0.146  Gapdh 2.88
(n=6) Gapdh 0.218 Topl 0.186 Rplpl 0.166 Topl 3.56
Rplpl 0.224 Rplpl 0.213 Topl 0.187  Rpip1 431
Ywhaz 0.225 Ywhaz 0.233 Ywhaz 0.252 Ywhaz 5.65
Ubc 0.310 Ubc 0.265 Ubc 0.287 Ubc 6.65
Sdha - Sdha - Sdha - Sdha -
Tomm22 - Tomm?22 - Tomm?22 - Tomm?22 -
B2m - B2m - B2m - B2m -
Actb - Actb - Actb - Actb -
CNH 10% O, Tomm22 0.095 Tomm?22 0.152 Gapdh 0.124 Tomm22 1.44
(n=6) Nupl2 0.129 Hprtl 0.152 Topl 0.180  Gapdh 2.29
Controls Hprtl 0.154 Nupl2 0.183 Tomm?22 0.187  Hprtl 2.47
(n=6) Gapdh 0.180 Gapdh 0.200 Nupl2 0.191 Nupl2 2.52
Topl 0.201 Topl 0.218 Hprtl 0.233 Topl 3.42
Ywhaz - Ywhaz - Ywhaz - Ywhaz -
Rpipl - Rpipl - Rplpl - Rplpl -
B2m - B2m - B2m - B2m -
Ubc - Ubc - Ubc - Ubc -
Actb - Actb - Actb - Actb -
Sdha - Sdha - Sdha - Sdha -

Genes are ranked according to their stability. Genes without values were excluded from the analysis because of the bias in their intra- or inter-

group variations. The top five genes for each group are in bold

CNH continuous normobaric hypoxia; SD standard deviation

LV CNH 12% O,

LV CNH 10% O,

Sdha

TommZ22

Gapdh

RV CNH 10% O,
RV CNH 12% O,

Fig. 2 Illustration of the best five reference genes in both heart ventri-
cles under two degrees of chronic hypoxia. CNH continuous normo-
baric hypoxia; LV left ventricle; RV right ventricle

suggest different genes for normalization in heart failure,
obesity, I/R and different forms of hypoxia [5, 9, 26-29].
Regarding the human heart, appropriate reference genes
were determined in the LV from organ donors [30]. Among
the three recommended genes only Gapdh was included in
our study. We found that there are better reference genes
suitable for the LV of rats adapted to CNH then Gapdh.
Molina et al. [18] searched for optimal reference genes in all
chambers of healthy and diseased human hearts, including
heart failure, atrial dilatation, and atrial fibrillation. Li et al.
[31] also studied reference genes in both ventricles from
patients with heart failure. The results of both groups, simi-
larly to our data, showed that optimal reference genes differ
between different heart regions. These two studies tested
various sets of candidate reference genes and only Gapdh
was included in both. This common reference gene showed
good stability between control and pathological groups and
was recommended for usage [18, 31]. However, Molina
et al. [18] noted that Gapdh is more stable in the RV than
in the LV samples, which is in line with our results. Other
groups even consider Gapdh not suitable for normalizing in
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Table 5 Reference gene studies in the heart ventricles

Organism Tissue Condition Candidate genes Recommended reference genes Study
Human LV Heart failure Arb, Hprtl, Pgkl, Polr2a, Ppi, Rpl4, Rpi32, Thp Rpl32, Pgkl [26]
Mouse Rpl32, Gapdh, Polr2a
Rat Polr2a, Rpl3, Thp
Human LV LVAD Actb, Eefla, Gapdh, Hprtl, Ppia, Rpll3a, Top2b, Ywhaz Eefla, Ppia, Rpll3a [33]
RV Rpll3a, Ywhaz, Ppia
Human LV Heart failure Actb, Gapdh, Psmb4, Rab7A, Reep5, Rpl5, Vcp Gapdh, Reep5, Rab7a [31]
RV Rpl5, Gapdh, Psmb4
Human LV Heart failure Actb, B2m, Gapdh, Gusb, Hmbs, Hprtl, Ipo8, Pgkl, Polr2a, Ywhaz, Gusb, Ipo8, Pgkl, Hmbs [18]
Ppia, Rplp0, Tbp, Tfrc, Ubc, Ywhaz, 18S
RV Gapdh, Polr2a, Gusb, Hprtl, Ppia
Human LV Organ donors  Actb, B2m, Gapdh, Hprtl, Ppia, Rrlp, Tbp, Ubc, Ywhaz, 18S  Ppia, Rplp, Gapdh [30]
Human LV Heart failure ~ Gapdh, Eeflal, Rnpsl, Rpli3a, Rpl22, Rpl23a, Rpl41, Rps4x, Srpl4, Tptl, Eeflal [32]
Srpl, Tptl
Minipig LV Heart failure  Actb, B2m, Gapdh, Hprtl, Ppia, Tbp, Top2b, Ywhaz Hprtl, Tbp, Gapdh [35]
RV Ppia, Gapdh, Actb
Mouse LV MI Actb, B2m, Eeflal, Gapdh, Hprtl, Polr2a, Ppia, Rpli3a, Tbp, Hprtl, Rpli3a, Tptl [37]
Tptl
Mouse heart  Ontogenesis Eeflel, H2afz, Hprtl, Pgkl, Polr2a, Ppia, Rpl4, Rpl32, Tbp Ppia, Rpl32 [36]
LV MI Eeflel, Rpl4
Rabbit LV LVDD Actb, Eeflel, G6pd, Gapdh, Hprtl, Pgkl, Ppia, Rpl5, Sdha,  Sdha, Gapdh, Hprtl, Rpll5 [34]
Ywhaz
Rat heart  Obesity Actb, Gapdh, Hprtl, Polr2a, Ppia, Rpll3, Sdha, Tbp, Tfrc, Sdha, Tbp, Hprtl [27]
Ywhag
Rat LV I/R Actb, Gapdh, Gusb, Hmbs, Hprtl, Papbnl, Rpll3a, Thp, Ywhaz, Pabp, Hmbs (IRR) [9]
Ywhaz
Hmbs, Tbp, Hprtl (RR)
RV Hmbs, Hprtl
Rat LV OSA Actb, B2m, Gapdh, Hprt1, 185 Actb, B2m, Gapdh, Hprt1 [5]
Rat heart CIH (7000 m) Actb, Atp5b, Cycl, Gapdh, Mdh, Ubc Gapdh [28]
Rat heart CNH (12% O,) Actb, Arbp, B2m, Gapdh, Gusp, Hprtl, Pgkl, Ppia, Tubb5, Hprtl [29]

Ywhaz, 185

Reference genes tested in our study are written in bold. Recommended reference genes are arranged by their stability

CIH chronic intermittent hypoxia; CNH continuous normobaric hypoxia; IRR ischemic/reperfused region; LV left ventricle; LVAD left ventricu-
lar assist device; LVDD left ventricular diastolic dysfunction; MI myocardial infarction; OSA obstructive sleep apnea; RR myocardial infarction

remote region; RV right ventricle

the LV of human failing myocardium at all [26, 32]. Refer-
ence genes in both ventricles of patients with left ventricular
assist device support were evaluated by Caselli et al. [33].
This group suggested that Ywhaz is one of the usable refer-
ence genes for the RV. In contrast, we found that Ywhaz fits
better for normalizing in the LV. The problematics of refer-
ence genes search is further complicated by the fact that
reference genes vary also among humans and animal models
[26]. This may explain the differences between our and other
studies, which used human heart tissue.

Studies regarding reference genes in heart tissue of
non-rodent animal models, which may also differ signifi-
cantly from humans and rodent models, include rabbits
and pigs. Nachar et al. [34] looked for optimal reference
genes in the LV of rabbits with LV diastolic dysfunction.

@ Springer

After analyzing the stability of ten candidate genes, they
reported that Sdha, Gapdh and Hprtl had the highest sta-
bility. In our study, Hprtl was in our top five genes in
LV at 12% O, and Sdha in LV at 10% O,. On the con-
trary, Ywhaz is in our best five genes in both degrees of
CNH, whereas it is not included in recommended genes
by Nachar et al. [34]. Another study proposed optimal ref-
erence genes for failing minipig hearts. Regarding genes
tested in our study, Gapdh was considered suitable for both
heart ventricles in minipig; Hprtl and Actb for the LV and
RV, respectively [35]. As mentioned earlier, we demon-
strated that under our experimental conditions, Gapdh is
more stable in the RV where it was among our best five
genes in rats adapted to both degrees of CNH. Hprtl was
stable in the RV (both degrees of CNH) and it had also the



Molecular and Cellular Biochemistry

fifth highest stability in the LV at the milder CNH degree.
Actb is not among our recommended genes.

Concerning rodent models, reference genes were analyzed
in the mouse hearts at different stages of ontogenetic devel-
opment and after myocardial infarction. It has been shown
that normalizing to Gapdh may abolish significance in the
target gene expression previously observed after normaliz-
ing to reference genes which were confirmed to be stable
[36]. Other authors even considered Gapdh, B2m and Actb
selectively up- or downregulated after myocardial infarction
in mice, whereas Hprtl is thought to be stable [37]. On the
contrary, another group studied reference genes for heart
failure and confirmed Gapdh as stable in mouse, but unsta-
ble in rats [26]. Vesentini et al. [9] studied reference genes in
arat model of I/R and suggested that gene expression should
be assessed separately in each region — I/R region (IRR) of
the LV, infarction remote region (RR) of the LV and also the
RV. Recommended genes included Ywhaz (IRR) and Hprtl
(RR and RV). Actb and Gapdh were not amongst the recom-
mended genes. In obese rats, Sdha and Hprtl were found
to be stable in heart tissue [27]. Julian et al. [5] evaluated
reference genes in the LV of rats adapted to chronic inter-
mittent hypoxia (CIH) simulating obstructive sleep apnea
(repeated brief cycles of severe hypoxia and normoxia; 8 h
a day; 6 weeks followed by 2 weeks recovery in normoxia).
They found that Gapdh is the most stable reference gene,
followed by Actb, B2m, Hprt and 18S rRNA, respectively.
All of the tested genes were considered suitable for use as
reference genes by this group; only 18S was inadvisable for
normalization. In rats adapted to a different model of CIH
(oxygen level corresponding to the altitude of 7000 m for
8 h a day; 5 days a week; 24 exposures), several reference
genes, including Gapdh, Actb and Ubc, were tested in the
heart tissue. The most stable of the tested genes was Gapdh
followed by Ubc. Actb was the least stable gene in this case
[28]. In our study, Actb, B2m and Ubc did not make it to the
best five reference genes. Hprtl and Gapdh showed good
stability in the RV, and Hprtl was also ranked fifth in the
LV samples from animals adapted to the milder of the two
CNH degrees. Sdha reached top five only in the LV under
CNH 10% O,. These differences could be due to the choice
of different candidate genes or it could also be due to differ-
ent experimental protocols. Here, we show that even minor
alterations in the experimental protocol may lead to variation
in reference genes: a decrease in oxygen level from 12% to
10% changed the optimal reference genes in the RV. The
only study looking for reference genes in the hearts of rats
adapted to CNH (12% O,; 4 weeks) was made by Bohusla-
vova et al. [29]. This group highlighted the constant expres-
sion of Hprtl, leaving behind Actb, B2m, Gapdh, Ywhaz,
18S rRNA and other candidate genes. Our results confirmed
that Hprtl is the best choice for normalization at 12% O, for
the RV. Regarding LV, Hprtl was ranked fifth at 12% O,.

Interestingly, Tomm22 and Gapdh were more stable in the
RV then HprtI at 10% O, and Hprtl in the LV was unstable
according to our data.

After exclusion of genes with bias in intra- or intergroup
variations, geNorm stability values (called M values) of all
remaining genes were 0.265 or lower in our experiments. M
values below 0.5 are typically observed for stably expressed
reference genes and even genes with M values up to 1.0
can be used as reference genes in heterogeneous tissues
[38]. Every gene included in our final ranking is therefore
relatively stable under our experimental conditions. In spite
of that, some reference genes are more suitable for the LV
then for the RV and vice versa. Moreover, optimal reference
genes also differ in the two degrees of CNH.

This study provides a validation of reference genes in the
heart ventricles of rats adapted to two degrees of chronic
hypoxia and show that reference gene studies are not gener-
alizable not only between different tissues but also between
similar experimental protocols. It is, therefore, strongly
advised to make a reference gene study prior to target gene
expression analysis for each experimental setting. For nor-
malization in chronically hypoxic rat heart ventricles, we
recommend usage of reference genes Nupl2 and Top1.

Acknowledgements This research was funded by CHARLES UNI-
VERSITY GRANT AGENCY, Grant Number 200317 and GRANT
AGENCY OF THE CZECH REPUBLIC, Grant Numbers 16-12420Y
and 19-04790Y. We kindly thank Dr. Matus Sotak for help with manu-
script editing.

Compliance with ethical standards

Conflicts of interest The authors declare no conflict of interest.

Ethical approval The funders had no role in the design of the study; in
the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results. All procedures
have been performed in accordance with the ethical standards and with
the approvement of the Ethical Committee of the Institute of Physiol-
ogy CAS in Prague.

References

1. World Health Organization (2018) The top 10 causes of death.
World Health Organization. https://www.who.int/news-room/fact-
sheets/detail/the-top-10-causes-of-death. Accessed 17 December
2018

2. Neckar J, Ostadal B, Kolar F (2004) Myocardial infarct size-lim-
iting effect of chronic hypoxia persists for five weeks of normoxic
recovery. Physiol Res 53:621-628

3. Kolar F, Ostadal B (2004) Molecular mechanisms of cardiac pro-
tection by adaptation to chronic hypoxia. Physiol Res 53:S3-13

4. Ostadal B, Kolar F (2007) Cardiac adaptation to chronic high-
altitude hypoxia: beneficial and adverse effects. Respir Physiol
Neurobiol 158:224-236

5. Julian GS, Oliveira RW, Tufik S, Chagas JR (2016) Analysis of the
stability of housekeeping gene expression in the left cardiac ventricle

@ Springer



Molecular and Cellular Biochemistry

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

of rats submitted to chronic intermittent hypoxia. J Bras Pneumol
42:211-214

Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by
the comparative C(T) method. Nat Protoc 3:1101-1108

Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista
M, Mueller R, Nolan T, Pfaffl MW, Shipley GL, Vandesompele J,
Wittwer CT (2009) The MIQE guidelines: minimum information for
publication of quantitative real-time PCR experiments. Clin Chem
55:611-622

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De
Paepe A, Speleman F (2002) Accurate normalization of real-time
quantitative RT-PCR data by geometric averaging of multiple inter-
nal control genes. Genome Biol 3:research0034.1-0034.11
Vesentini N, Barsanti C, Martino A, Kusmic C, Ripoli A, Rossi A,
L’Abbate A (2012) Selection of reference genes in different myo-
cardial regions of an in vivo ischemia/reperfusion rat model for nor-
malization of antioxidant gene expression. BMC Res Notes 5:124
Caradec J, Sirab N, Keumeugni C, Moutereau S, Chimingqi M,
Matar C, Revaud D, Bah M, Manivet P, Conti M, Loric S (2010)
‘Desperate house genes’: the dramatic example of hypoxia. Br J
Cancer 102:1037-1043

Klenke S, Renckhoff K, Engler A, Peters J, Frey UH (2016) Easy-
to-use strategy for reference gene selection in quantitative real-
time PCR experiment. Naunyn Schmiedebergs Arch Pharmacol
389:1353-1366

Gubern C, Hurtado O, Rodriguez R, Morales JR, Romera VG, Moro
MA, Lizasoain I, Serena J, Mallolas J (2009) Validation of house-
keeping genes for quantitative real-time PCR in in vivo and in vitro
models of cerebral ischaemia. BMC Mol Biol 10:57

Svingen T, Letting H, Hadrup N, Hass U, Vinggaard AM (2015)
Selection of reference genes for quantitative RT-PCR (RT-qPCR)
analysis of rat tissues under physiological and toxicological condi-
tions. PeerJ 3:e855

Adeola F (2018) Normalization of gene expression by quantitative
RT-PCR in human cell line: comparison of 12 endogenous reference
genes. Ethiop J Health Sci 28:741-748

Andersen CL, Jensen JL, Orntoft TF (2004) Normalization of real-
time quantitative reverse transcription-PCR data: a model-based
variance estimation approach to identify genes suited for normali-
zation, applied to bladder and colon cancer data sets. Cancer Res
64:5245-5250

Pfaffl MW, Tichopad A, Prgomet C, Neuvians TP (2004) Determi-
nation of stable housekeeping genes, differentially regulated target
genes and sample integrity: BestKeeper—excel-based tool using
pair-wise correlations. Biotechnol Lett 26:509-515

Kubista M, Rusnakova V, Svec D, Sogreen D, Tichopad A (2012)
GenEx: data analysis software. In: Filion M (ed) Quantitative real-
time PCR in applied microbiology, 1st edn. Caister Academic Press,
Norfolk, pp 63-84

Molina CE, Jacquet E, Ponien P, Munoz-Guijosa C, Baczko I, Maier
LS, Donzeau-Gouge P, Dobrev D, Fischmeister R, Garnier A (2018)
Identification of optimal reference genes for transcriptomic analyses
in normal and diseased human heart. Cardiovasc Res 114:247-258
Dengler VL, Galbraith M, Espinosa JM (2014) Transcriptional regu-
lation by hypoxia inducible factors. Crit Rev Biochem Mol Biol
49:1-15

D’Ignazio L, Rocha S (2016) Hypoxia induced NF-kB. Cells 5:10
Kolamunne RT, Dias IH, Vernallis AB, Grant MM, Griffiths HR
(2013) Nrf2 activation supports cell survival during hypoxia and
hypoxia/reoxygenation in cardiomyoblasts; the roles of reactive
oxygen and nitrogen species. Redox Biol 1:418-426

Kaluz S, Kaluzova M, Stanbridge EJ (2008) Regulation of gene
expression by hypoxia: integration of the HIF-transduced hypoxic
signal at the hypoxia-responsive element. Clin Chim Acta 395:6-13
Liu T, Lingyun Z, Joo D, Sun SC (2017) NF-kB signaling in inflam-
mation. Signal Transduct Target Ther 2:¢17023

@ Springer

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Graven KK, Yu Q, Pan D, Roncarati JS, Farber HW (1999) Identi-
fication of an oxygen responsive enhancer element in the glyceral-
dehyde-3-phosphate dehydrogenase gene. Biochim Biophys Acta
1447:208-218

Wu J, Bond C, Chen P, Chen M, Li Y, Shohet RV, Wright G (2015)
HIF-1a in the heart: remodeling nucleotide metabolism. J Mol Cell
Cardiol 82:194-200

Brattelid T, Winer LH, Levy FO, Liestol K, Sejersted OM, Anders-
son KB (2010) Reference gene alternatives to Gapdh in rodent and
human heart failure gene expression studies. BMC Mol Biol 11:22
Cabiati M, Raucci S, Caselli C, Guzzardi MA, D’Amico A, Presci-
mone T, Giannessi D, Del Ry S (2012) Tissue-specific selection of
stable reference genes for real-time PCR normalization in an obese
rat model. ] Mol Endocrinol 48:251-260

Klusonova P, Rehakova L, Borchert G, Vagnerova K, Neckar J,
Ergang P, Miksik I, Kolar F, Pacha J (2009) Chronic intermittent
hypoxia induces 11f-hydroxysteroid dehydrogenase in rat heart.
Endocrinology 150:4270-4277

Bohuslavova R, Kolar F, Kuthanova L, Neckar J, Tichopad A, Pav-
linkova G (2010) Gene expression profiling of sex differences in
HIF1-dependent adaptive cardiac responses to chronic hypoxia. J
Appl Physiol 109:1195-1202

Perez S, Royo LJ, Astudillo A, Escudero D, Alvarez F, Rodriguez A,
Gomez E, Otero J (2007) Identifying the most suitable endogenous
control for determining gene expression in hearts from organ donors.
BMC Mol Biol 8:114

LiM, Rao M, Chen K, Zhou J, Song J (2017) Selection of reference
genes for gene expression studies in heart failure for left and right
ventricles. Gene 620:30-35

Pillbrow AP, Ellmers LJ, Black MA, Moravec CS, Sweet WE,
Troughton RW, Richards AM, Frampton CM, Cameron VA (2008)
Genomic selection of reference genes for real-time PCR in human
myocardium. BMC Med Genomics 1:64

Caselli C, D’Amico A, Caruso R, Cabiati M, Prescimone T, Cozzi
L, Cannata A, Parodi O, Del Ry S, Giannessi D (2013) Impact of
normalization strategy on cardiac expression of pro-inflammatory
cytokines: evaluation of reference genes in different human myo-
cardial regions after left ventricular assist device support. Cytokine
63:113-122

Nachar W, Busseuil D, Shi Y, Michalache-Avram T, Mecteau M,
Rheaume E, Tardiff JC (2014) Optimisation of reference genes for
gene-expression analysis in a rabbit model of left ventricular dias-
tolic dysfunction. PLoS ONE 9:e89331

Martino A, Cabiati M, Campan M, Prescimone T, Minocci D,
Caselli C, Rossi AM, Giannessi D, Del Ry S (2011) Selection of
reference genes for normalization of real-time PCR data in minipig
heart failure model and evaluation of TNF-a mRNA expression. J
Biotechnol 153:92-99

Ruiz-Villalba A, Mattiotti A, Gunst QD, Cano-Ballesteros S, van
den Hoff MJ, Ruijter JM (2017) Reference genes for gene expression
studies in the mouse heart. Sci Rep 7:24

Everaert BR, Boulet GA, Timmermans JP, Vrints CJ (2011) Impor-
tance of suitable reference gene selection for quantitative real-time
PCR: special reference to mouse myocardial infarction studies. PLoS
ONE 6:€23793

Hellemans J, Mortier G, De Paepe A, Speleman F, Vandesompele
J (2007) qBase relative quantification framework and software for
management and automated analysis of real-time quantitative PCR
data. Genome Biol 8:R19

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



Attachment 111



Physiol. Res. 71: 877-882, 2022

https://doi.org/10.33549/physiolres. 934970

SHORT COMMUNICATION

Myocardial m°A Regulators in Postnatal Development: Effect of Sex

Dmytro SEMENOVYKH'"?, Daniel BENAK'?, Kristyna HOLZEROVA', Barbora CERNA?,
Petr TELENSKY??, Tereza VAVRIKOVA', Frantisek KOLAR!, Jan NECKAR', Marketa

HLAVACKOVA'

'Laboratory of Developmental Cardiology, Institute of Physiology of the Czech Academy of
Sciences, Prague, Czech Republic, “Department of Physiology, Faculty of Science, Charles
University, Prague, Czech Republic, *International Clinical Research Center of St. Anne‘s
University Hospital Brno, Dementia Research Group, Brno, Czech Republic, *Second Faculty of
Medicine, Charles University, Prague, Czech Republic

Received September 1, 2022
Accepted November 10, 2022
Epub Ahead of Print November 25, 2022

Summary

Né-methyladenosine (m°A) is an abundant mRNA modification
affecting mRNA stability and protein expression. It is a highly
dynamic process, and its outcomes during postnatal heart
development are poorly understood. Here we studied m°A
machinery in the left ventricular myocardium of Fisher344 male
and female rats (postnatal days one to ninety; P1-P90) using
Western Blot. A downward pattern of target protein levels
(demethylases FTO and ALKBH5, methyltransferase METTL3,
reader YTHDF2) was revealed in male and female rats during
postnatal development. On P1, the FTO protein level was
significantly higher in males compared to females.
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Introduction

Epigenetic changes have significant importance
during both heart development and the manifestation of
heart

diseases [1]. However, the role of

epitranscriptomics, RNA epigenetics, has not yet been
sufficiently explored in this area.

N°-methyladenosine (m°A) is the most prevalent
internal chemical mark in mRNA. It is a dynamic and
reversible modification that regulates RNA splicing,
export from the nucleus, stability, and degradation [2].
The deposition of m°A methylation is mediated by
proteins called “writers”. The most prominent one is
methyltransferase-like 3 (METTL3), the catalytic subunit
of a multicomponent methyltransferase complex [3]. In
contrast, fat mass and obesity-associated protein (FTO)
and alkB homolog 5 (ALKBHS) are “erasers” with the
principal function of removing the m°*A modification
[4,5]. Besides m°A, FTO also demethylates m°Am,
the main target of FTO in the cytosol, and
N'-methyladenosine (m'A) in tRNA [6]. The biological
functions of m°A are mediated by "readers" that bind to
m®A-containing  RNAs. YTH domain family 1-3
(YTHDF1-3) proteins are eminent m°A readers that all
induce mRNA degradation [7]. The expression patterns
of YTHDF paralogs differ across different cell types and
tissues. Therefore, the dominant decay-inducing role is
usually carried by the most abundant reader in particular
cells. Importantly, YTHDF2 is often more highly
expressed than YTHDF1 or YTHDEF3 [7].

The m°A modification seems to have significant
importance in the developing heart. Disruption in the
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proper functionality of m®A machinery proteins can lead
to critical alterations in heart structure and function. For
example, loss of enzymatic activity of FTO can lead to
a ventricular septal defect, atrioventricular defect, and
hypertrophic cardiomyopathy in humans [8]. Moreover,
according to Su et al. [9], FTO levels drop in elderly
murine hearts in response to acute myocardial
ischemia/reperfusion injury, while those in young hearts
are unaffected. The function of ALKBHS is linked with
an improvement in cardiac function and regeneration
after myocardial infarction in juvenile and adult mice
[10]. Recent reports also show progressive alterations in
m°A levels during heart development [10-13]. However,
there is a lack of data regarding the detailed m°A
machinery protein profiles in heart tissue during postnatal
development and potential sex differences.

This pilot study aimed to investigate sex-specific
changes in main m®A regulatory protein levels during
postnatal development.

This study was conducted in accordance with the
European Guidelines on Laboratory Animal Care. The
use of animals was approved and supervised by the
Animal Care and Use Committee of the Institute of
Physiology of the
(No. 66/2021).

Animals:

Czech Academy of Sciences

Fischer344 rats wused for the
experiments were bred and kept in the Faculty of Science
of Charles University and sacrificed on postnatal days (P)
1,4,7,10, 12, 14, 18, 21, 25, 28, and 90 with n =4-12 in
each group (Table 1). The higher number of individual
samples in the early postnatal period was used because of
their limited size. Rats were housed on a 12 h light/dark
regime and were given unrestricted access to food and tap
water.

Tissue processing: Hearts were dissected into the
right ventricle (RV) and left ventricle (LV) with septum
and frozen in liquid nitrogen. Due to the limited size of
the early postnatal LVs, all samples were grouped
considering their age and sex and homogenized in eight
volumes of ice-cold homogenization buffer (12.5 mM
Tris, 2.5 mM EGTA, 250 mM sucrose, 6 mM
B-mercaptoethanol, pH 7.4) with the addition of the
protease and phosphatase inhibitor cocktail (Roche
Diagnostics, Switzerland) as described previously [14].
The protein concentration (Table 1) was measured using
the Bradford (Bio-Rad, USA).
concentration was significantly lower at P1 compared to

assay Protein

other days in both sexes. In males, the protein

concentration increased gradually from P1 to P7, while in

females there was a dramatic change between P1 and P4.
The differences
significant changes in the ratio of dry mass to water in

in protein concentration indicate
heart tissue in the early postnatal period. Our observation
is in agreement with the already reported rapid postnatal

decline in water content in heart tissue [15].

Table 1. The number of animals in pooled samples and
concentration of total protein in samples of male and female rat
hearts.

Number Concentration
Samples of animals (ng/nl) SD
Males
Pl 11 5.39 0.96
P4 10 8.35 1.46
P7 4 10.81 0.06
PI10 4 10.09 0.40
Pi2 5 10.62 1.25
Pi4 4 10.58 1.76
Pi8 5 12.07 0.13
P21 5 11.27 0.30
P25 5 11.92 0.40
P28 5 11.78 0.86
P90 4 13.23 1.85
Females
Pl 9 6.43 0.87
P4 12 11.82 1.92
P7 6 11.54 2.52
PI10 6 10.18 1.58
Pi2 4 10.75 0.60
Pi4 5 10.47 1.76
Pi8 5 10.82 1.87
P21 5 10.32 1.44
P25 5 11.73 2.15
P28 5 12.37 0.96
P90 5 11.86 1.44

P — postnatal day; SD — standard deviation

Immunoblotting: Proteins were separated by
SDS-PAGE electrophoresis (10% gels) and transferred to
polyvinylidene fluoride (PVDF) membranes (BioRad,
USA; 1620177). The membranes were blocked using 5 %
dry low-fat milk in Tris-buffered saline with Tween 20
(TBST) for 1 h at room temperature and incubated
overnight at 4 °C with primary antibodies against: FTO
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[5-2H10] (Abcam, UK; ab92821, 1:1,000), ALKBHS
[EPR18958] (Abcam, UK; ab195377, 1:1,500), METTL3
[EPR18810] (Abcam, UK; ab195352, 1:1,000), YTHDF2
(Invitrogen, USA; PA5-70853, 1:1,000). The membranes
were subsequently incubated for 1 h at room temperature
with secondary anti-rabbit (Bio-Rad, USA; 170-6515,
1:10,000) or anti-mouse (Invitrogen, USA; 31432,
1:10,000) antibodies. The chemiluminescence was
measured by ChemiDoc™ System (Bio-Rad, USA).
Ponceau S staining (Sigma-Aldrich, USA; P7170) was
used as a loading control. It was shown as an effective
of different
developmental phases [16]. Both male and female protein

way of normalization of samples

levels were expressed as fold change over the
corresponding P90 male signal (equal to 1). Female
protein levels were recalculated to relevant P90 male
signals to enable the quantification of sex-dependent
differences.

Statistics: All statistical analyses were performed
using GraphPad Prism 8 (GraphPad Software, Inc.). One-
way ANOVA with Tukey’s multiple comparisons test
was used for the assessment of the statistical significance
within sex. Two-way ANOVA with Tukey’s multiple
comparisons test was used for the assessment of the
statistical significance of sex differences. The data were
obtained from at least three experiments and are
displayed as means + standard deviation (SD). Results
were recognized as statistically significant when P < 0.05
(*P <0.05, **P < 0.01, ***P < 0.001, ****P < (0.0001).

Protein level profiles of m°A machinery during
postnatal development in male and female hearts: To
investigate protein levels during postnatal development,
we performed a western blot of LV tissue lysates
collected from rats on postnatal days 1, 4, 7, 10, 12, 14,
18, 21, 25, 28, and 90. We examined the erasers (FTO,
ALKBHS), writer (METTL3), and reader (YTHDF2)
proteins of m°A modification. YTHDF2 was chosen
because of its highest expression among the paralogs in
male LV (with the lowest Cq value indicating the highest
gene abundance of Ythdf2 (25.20 £ 0.47) compared to
YthdfI (25.91 £ 0.25) and Ythdf3 (25.59 + 0.64)). Firstly,
we revealed that the abundance profile of all target
proteins had a decreasing pattern during postnatal
development (P1-P90) (Fig. 1). ALKBHS and YTHDF2
declined dramatically between P1-P4 with further
indistinct changes in protein levels. FTO and METTL3
protein expression dropped gradually throughout the
investigated period. Concerning sex-related differences, it
was found that the FTO level is significantly higher (by

40.6 + 21.4 %) at P1 in males compared to females.

Our present study provides insights into the
dynamics of m°A eraser, writer, and reader protein levels
through postnatal development from P1 to P90 in rat left
ventricles of both sexes. We showed that all proteins
revealed a downward expression pattern with either
a dramatic drop during the first critical period from P1 to
P4 (ALKBHS and YTHDF2) or a gradual decline till
adulthood (FTO, METTL3). The decreasing patterns of
METTL3 and ALKBHS levels correspond to previously
published reports [10,12]. Han et al. [10] utilized a mouse
model and analyzed hearts at P1, P7, and P10. They
showed the downregulation of protein and gene levels of
ALKBHS5 throughout this early developmental period.
Also, Yang et al. [12] found a higher protein expression
of ALKBHS and METTL3 at PO than at P7 in the rat
heart, while the FTO level remained unchanged. In
contrast, Yang et al. [13] found that the METTL3 level in
mouse hearts is higher at P7 and P28 compared to P1.
FTO protein level revealed a similar decreasing pattern as
was observed in our study, its level at P1 was higher than
at P7 and P28 [13]. Utilizing the porcine model, Ferenc
et al. [17] showed differences in FTO expression between
neonatal samples and adult ones in other tissues: skeletal
muscle along with the thyroid gland and adipose tissue
displayed the higher FTO signal in the neonatal period.

Interestingly, we observed that the FTO protein
level in males is higher than in females at P1. The sex-
dependent differences provoked by Fro level disruption
were found in several reports. For example, sex-specific
changes in body weight were observed upon
overexpression of Fto in mice, with females showing
a slightly higher weight gain than males [18]. At the time
of weaning, both male and female Fro knockout mice
65 %
heterozygous littermates. Nevertheless, Ffo knockout

were about the weight of wild-type and
male mice displayed persistent weight loss throughout
their life, while female Fro knockout tended to make up
the weight deficit by adulthood [19]. It may suggest
a more significant role of FTO during the embryonic and
early neonatal period in males that is in line with our
data, where at P1 FTO level was higher in male samples
than in female ones.

In conclusion, this study thoroughly assessed the
protein levels of m°A machinery in rat LVs of both sexes
during postnatal development. A downward pattern of all
target protein levels was revealed in both sexes.
Moreover, the FTO protein level was significantly higher
in males compared to females on P1.
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Fig. 1. The protein levels of the m°A regulators in male and female rat hearts. A) Immunoblot analysis and multiple comparisons of the
immunoblotting data of fat mass and obesity-associated protein (FTO), alkB homolog 5 (ALKBH5), methyltransferase-like 3 (METTL3),
and YTHDF2 (YTH domain family 2) in LV tissue homogenates from P1-P90 male rats. B) Representative western blot membranes
displaying FTO, ALKBH5, METTL3, and YTHDF2 protein levels in LV tissue homogenates from P1-P90 male rats and the representative
total protein Ponceau S staining. €) Immunoblot analysis and multiple comparisons of the immunoblotting data of FTO, ALKBH5,
METTL3 and YTHDF2 in LV tissue homogenates from P1-P90 female rats. D) Representative western blot membranes displaying FTO,
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ALKBH5, METTL3, and YTHDF2 protein levels in LV tissue homogenates from P1-P90 female rats and the representative total protein
Ponceau S staining. Homogenates were pooled with n = 4-12 in each group (details in Table 1). All the protein expression levels were
normalized to Ponceau S staining. Both male and female protein levels were expressed as fold change over the corresponding P90 male
signal (equal to 1). Experiments were performed independently three times. Protein loading was 15 pg. *P < 0.05, **P < 0.01,
**xp < 0,001, ****P < 0.0001 (One-way ANOVA; Tukey’s multiple comparisons test). P < 0.01 compared to corresponding P1 males
(Two-way ANOVA with Tukey’s multiple comparisons test). MWM — molecular weight marker, P — postnatal day, PC — positive control
(rat brain).
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ABSTRACT

Cardiac tolerance to ischaemia can be increased by dietary interventions such as fasting, which is associated
with significant changes in myocardial gene expression. Among the possible mechanisms of how gene
expression may be altered are epigenetic modifications of RNA — epitranscriptomics. N®-methyladenosine
(m°®A) and N°2"-O-dimethyladenosine (m®Am) are two of the most prevalent modifications in mRNA. These
methylations are reversible and regulated by proteins called writers, erasers, readers, and m®A-repelled
proteins. We analysed 33 of these epitranscriptomic regulators in rat hearts after cardioprotective 3-day
fasting using RT-qPCR, Western blot, and targeted proteomic analysis. We found that the most of these
regulators were changed on mRNA or protein levels in fasting hearts, including up-regulation of both
demethylases — FTO and ALKBH5. In accordance, decreased methylation (m®A+m®Am) levels were detected
in cardiac total RNA after fasting. We also identified altered methylation levels in Nox4 and Hdac1 transcripts,
both of which play a role in the cytoprotective action of ketone bodies produced during fasting.
Furthermore, we investigated the impact of inhibiting demethylases ALKBH5 and FTO in adult rat primary
cardiomyocytes (AVCMs). Our findings indicate that inhibiting these demethylases reduced the hypoxic
tolerance of AVCMs isolated from fasting rats. This study showed that the complex epitranscriptomic
machinery around m°A and m°Am modifications is regulated in the fasting hearts and might play an
important role in cardiac adaptation to fasting, a well-known cardioprotective intervention.
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levels of m®A and its writer METTL3 are up-regulated in hearts
after ischaemia-reperfusion (I/R) injury [15]. Changes in mPA-
RNA methylation are also associated with heart failure [16,17].
Notably, the epitranscriptomic regulators also play a role in car-
dioprotection [18-21]. Particularly, the well-known eraser fat
mass and obesity-associated protein (FTO) is mostly associated
with beneficial effects on the heart [18,19]. However, only one
study has focused on fasting animal hearts so far. This study
described that intermittent fasting (IF) improved high-fat diet-
induced cardiomyopathy via an FTO-associated decrease
in m°A methylation [22]. These limited data suggest that epitran-
scriptomics might represent a crucial layer of gene regulation in
fasting hearts. Thus, investigating the potential role of epitran-
scriptomic modifications and their regulators in the induction of
cardioprotection during fasting is of great importance.

In this study, we performed a detailed analysis of 33
m°A and m°Am regulators in the hearts of rats subjected to
3-day fasting. We showed that most of the epitranscrip-
tomic regulators were affected by fasting, including up-
regulation of demethylases FTO and ALKBHS5, and that
RNA methylation levels were decreased in the fasting
hearts. At the same time, some of the transcripts of genes
participating in possible protective pathways were up-
methylated. Moreover, we studied the inhibition of

Introduction

Ischaemic heart disease is the leading cause of death worldwide
[1]. Myocardial ischaemia results in damage to cardiomyocytes
which can further lead to impaired heart function. The degree of
ischaemic injury, however, depends on the intensity and dura-
tion of the ischaemic stimulus and the level of cardiac tolerance
to ischaemia [2]. Studies have shown that fasting can attenuate
the extent of heart damage caused by myocardial infarction [3,4].
Nevertheless, the molecular mechanisms responsible for this
cardioprotective phenotype are not yet fully resolved.

Epitranscriptomic modifications are dynamic changes to the
chemical composition of RNA that have the potential to alter
its stability or function [5]. N°-methyladenosine (m°A) and
N6,2’—O—dimethyladenosine (m®Am) are among the most com-
mon modifications [6-8]. These methylations profoundly affect
gene expression regulation and cellular physiology and patho-
physiology. Proteins called writers (methylation deposition),
erasers (methylation removal), readers (binding of modified
RNA), and also m°®A-repelled proteins (binding of unmodified
RNA) mediate the biological effects of these modifications
[9,10] (details in Table 1).

Epitranscriptomic regulations play a wide range of roles in
cardiovascular health and disease [5,11-14]. For instance, the
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Table 1. The m®A and m®Am regulators.

Protein Protein name Function Modification
METTL3 Methyltransferase-like 3 Writers m°A
METTL14 Methyltransferase-like 14 m°A
WTAP Willms’ tumour 1-associating protein m°A
METTLS5 Methyltransferase-like 5 m°A
METTL16 Methyltransferase-like 16 m°A
ZCCHC4 Zinc finger CCHC-type containing 4 meA
PCIF1 Phosphorylated CTD interacting factor 1 meAm
METTL4 Methyltransferase-like 4 m®Am
FTO Fat mass and obesity-associated protein Erasers mCAm, m°A
ALKBH5 AIKB family member 5 m°A
YTHDF1 YTH domain-containing family protein 1 Readers meA
YTHDF2 YTH domain-containing family protein 2 m°A
YTHDF3 YTH domain-containing family protein 3 m°A
YTHDC1 YTH domain-containing protein 1 m°A
YTHDC2 YTH domain-containing protein 2 m°A
elF3a Eukaryotic initiation factor 3a meA
elF3c Eukaryotic initiation factor 3c m°A
elF3g Eukaryotic initiation factor 3g meA
HNRNPA2B1 Heterogeneous nuclear ribonucleoprotein A2/B1 m°A
HNRNPC Heterogeneous nuclear ribonucleoprotein C m°A
HNRNPD Heterogeneous nuclear ribonucleoprotein D meA
RBMX (HNRNPG) RNA-binding motif protein, X chromosome m°A
IGF2BP1 Insulin-like growth factor 2 mRNA binding protein 1 meA
IGF2BP2 Insulin-like growth factor 2 mRNA binding protein 2 meA
IGF2BP3 Insulin-like growth factor 2 mRNA binding protein 3 meA
FMR1 Fragile X messenger ribonucleoprotein 1 m°A
PRRC2A Proline rich-coil 2A m°A
G3BP1 G3BP stress granule assembly factor 1 m°®A-repelled proteins m°eA
G3BP2 G3BP stress granule assembly factor 2 m°A
ELAVL1 (HUR) ELAV-like protein 1 moA
USP10 Ubiquitin specific peptidase 10 meA
CAPRIN1 Cell cycle associated protein 1 m°A
RBM42 RNA binding motif protein 42 m°A
The key regulators are in bold.
ALKBHS5 and FTO in rat adult left ventricular cardiomyo- Echocardiography

cytes (AVCMs) and found that inhibition of both demethy-
lases decreased the hypoxic tolerance of AVCMs isolated
from fasting rats. Our data suggest that epitranscriptomics
might play an essential role in the molecular adaptation of
the heart to fasting, a promising cardioprotective
intervention.

Materials and methods
Animals and experimental protocol

Adult (12-week-old) male Wistar rats were divided into two
groups. The experimental group was kept without food for 3
days but had free access to water [4]. The control group was
ted ad libitum. All animals were housed in a controlled envir-
onment (23°C; 12h light-dark cycle; light from 6:00 AM).
The study followed the Guide for the Care and Use of
Laboratory Animals (published by the National Academy of
Science, National Academy Press, Washington, DC, USA).
Experimental protocols were approved by the Animal Care
and Use Committee of the Institute of Physiology, The Czech
Academy of Sciences.

Blood glucose and haematocrit levels

Glucose levels in the tail blood were measured before the
onset of fasting and after each day of fasting using
a glucometer. Haematocrit was determined at the end of
fasting by the capillary micromethod.

The geometry and function of the left ventricle (LV) were
assessed by echocardiography after 3 days of fasting using
GE Vivid 7 Dimension (GE Vingmed Ultrasound, Horten,
Norway) with a 12 MHz linear matrix probe MI12L [23].
Animals were anesthetized with 2% isoflurane (Forane,
Abbott Laboratories, Queenborough, United Kingdom)
mixed with room air, placed on a heating pad and their
rectal temperature was maintained between 35.5 and
37.5°C. Basic 2-D and M-modes were recorded in both
the long and short axes. Heart rate (HR) and the following
parameters of LV geometry were assessed: end-diastolic
and end-systolic LV cavity diameter (LVDd, LVDs), ante-
rior wall thickness (AWTd, AWTs), and posterior wall
thickness (PWTd, PWTs). Fractional shortening (FS), rela-
tive wall thickness (RWT), and cardiac index (CI) were
derived as follows: FS=100*[(LVDd-LVDs)/LVDd]; RWT
=100*[(AWTd+PWTd)/LVDd]; CI = [(n/3)*LVDd’]-[(n/3)
“LVDs*]*HR/BW.

Heart catheterization

After the echocardiographic examination, the anesthetized
rats were subjected to LV catheterization through the right
carotid artery using the SPR-407 microtip pressure catheter as
described previously [24]. Data were acquired using MPVS
300 (Millar, Houston, Texas, USA) and PowerLab 8/30
(ADInstruments, Oxford, UK). End-diastolic pressure (Ped),
end-systolic pressure (Pes), developed pressure (Pdev), and






