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. Atypically-shaped cardiomyocytes (ACMs) are beating heart cells identified in the cultures of

. cardiomyocyte-removed fractions obtained from adult mouse hearts. Since ACMs spontaneously

. develop into beating cells in the absence of hormones or chemicals, these cells are likely to be a

. type of cardiac progenitors rather than stem cells. "Native ACMs" are found as small interstitial cells

: among ventricular myocytes that co-express cellular prion protein (PrP) and cardiac troponin T (cTnT)

: in mouse and human heart tissues. However, the endogenous behavior of human ACMs is unclear. In

. the present study, we demonstrate that PrP* cTnT* cells are present in the human heart tissue with
myocardial infarction (Ml). These cells were mainly found in the border of necrotic cardiomyocytes
caused by infarcts and also in the hibernating myocardium subjected to the chronicischemia. The ratio

. of PrP* cTnT™ cells to the total cells observed in the normal heart tissue section of mouse and human

. was estimated to range from 0.3-0.8%. Notably, living human PrP+ cTnT™ cells were identified in the

. cultures obtained at pathological autopsy despite exposure to lethal ischemic conditions for hours after
death. These findings suggest that ACMs could survive in the ischemic human heart and develop into a
sub-population of cardiac myocytes.

© Adult mammalian heart comprises several cardiac stem or progenitor cells, although cardiomyocytes do not
actually multiply to substitute new cells for damaged ones. Therefore, to develop a new method for repairing the
injured heart, a number of studies have been reported to manipulate these cells to differentiate into functional
cardiomyocytes'~’. Pluripotent stem cells, including bone marrow-derived mesenchymal stem cells (MSCs) and
induced pluripotent stem cells (iPSCs) are also important sources for the cardiac regeneration®'!. Usually, such
. stem cells can be identified based on the expression of stem cell marker protein(s) and/or the characteristics of
. the stemness, thus allowing for the growth of these cells to differentiate into cardiomyocytes in vitro and in vivo
. transplantation.

Atypically-shaped cardiomyocytes (ACMs) are a type of cardiac progenitors identified in the cultures of
cardiomyocyte-removed fraction obtained from mouse cardiac ventricles that spontaneously develop into beat-
ing cells within 3-5 days culture!?~%. Beating ACMs possess a peculiar morphology far different from a typical
cardiomyocytes and the electrophysiological properties similar to those of sino-atrial (SA) nodal pace maker
cells'2. ACMs can be obtained from neonatal to aged heart, while preserving the expression of the fetal cardiac
gene products, such as atrial natriuretic peptide (ANP) and T-type Ca*" channel Cay3.2"3, and are more ischemic

. resistant compared with the ventricular myocytes'®. ACMs are thus thought to be not classified into stem cells
. but some kinds of cardiac progenitors that already entered into a cardiomyocyte lineage. Recently, cellular prion
. protein (PrP), also known as CD230, has been reported to serve as a surface marker for isolating cardiac progen-
: itors in differentiating embryonic stem cells (ESCs)**. We found that native ACMs marked by the co-expression
. of PrP and contractile protein, such as cardiac troponin T (cTnT), are localized in the interstitial spaces among
* ventricular myocytes in mouse and also in human heart'S. However, the physiological role of ACMs has yet to be
. elucidated.
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The aim of the present study was to examine the morphological analysis whether native ACM:s could survive
in the ischemic human heart. The results show that PrP* cTnT* cells are present in the infarcted area of MI and
in the hibernating area subjected to chronic ischemia of human heart tissue specimens. We also demonstrate that
the living human PrP* ¢TnT™ cells, assumed to be ACMs, are identified in the cultures prepared from heart tissue
dissected from the patients for the pathological autopsy approximately 2 h after death. The findings indicate that
some of the ACMs in human heart could survive even after the adjacent ventricular myocytes die under patho-
physiological conditions.

Results

Beating ACMs prepared from mouse heart. Mouse ACMs started to beat, grow in size and change the
shape after 3 days’ culture (Fig. 1a) and usually possess multiple nuclei mostly due to the cell fusion’®. Connexin
43 (Cx43) is a major gap junction protein in the cardiac ventricles'’, but not in the SA node'?, localizing at
the intercalated discs of ventricular myocytes. Immunofluorescent signals of cellular prion protein (PrP) were
strongly detected at the plasma membrane, while those of Cx43 were detected in the peri-nuclear area of PrP*
cells (Fig. 1a), indicating that the cells at this stage express Cx43 particularly near the nucleus. Cx43 expression in
beating ACMs gradually increased and spread towards the cell periphery from 5 to 8 days of culture along with
the morphological maturation confirmed by the expression of contractile protein a-actinin (ACTN) (Fig. 1b).
These observations are similar to the reports that the distribution of Cx43 in cardiomyocytes are changed during
the culture’ and also compensated and decompensated cardiac hypertrophy®.

To determine whether the ACMs could form the gap junction structure with the neighboring cells, the cells
were co-cultured with ventricular myocytes obtained from the same heart. However, after a 5 days’ culture,
almost all ventricular myocytes had shortened to form popcorn-like structures without adhering to the cul-
ture dish, while ACMs tightly adhered to the bottom of the culture dish and spontaneously beat (Fig. 1¢c). No
viable ventricular myocytes were detected, even in independent cultures, over these 6 days of culture'. Instead,
fibroblast-like cells originating from the endogenous heart tissue, such as cardiac fibroblasts or dedifferentiated
cardiomyocytes??2, proliferated, becoming nearly confluent after culture for 20 days (Fig. 1d). ACM:s scattered
across the same culture dish continued to beat, and their individual pulses rhythmically pulling the fibroblast-like
cell sheet, as shown in the movie (Supplementary Movie S1). Large cell assemblies consisting of fused ACMs
(Fig. le) also beat in synchronous rate independent of the adjacent fibroblast-like cells, as shown in the movie
(Supplementary Movie S2). The evidence that ACTN and Cx43 were detected only in ACMs among the confluent
cells (Fig. 1f) further supports that the spontaneous beating of ACMs was independent of adjacent fibroblast-like cells.

Gene expression analyses of ACMs compared with ventricular myocytes prepared from mouse heart.
To examine the characteristics of ACMs, the gene expression profiles of ACMs were compared with those of ven-
tricular myocytes. Cardiac myocyte-removed fraction cells obtained form mouse heart were cultured on plastic
films, after which ACMs were selectively collected using laser microdissection and the RNA was extracted. As
only ~1,000 ACMs were harvested from the three hearts, the RNA was amplified prior to the genome-wide gene
expression analyses using a SurePrint G3 Mouse GE 8 x 60 K microarray (Agilent). The RNA of isolated ventricu-
lar myocytes extracted from the same hearts from which the ACMs were prepared was used as a control.

A functional analysis, which was generated using DAVID Bioinformatic Resources (v6.7)%, of 358 upregu-
lated genes with a fold change of >4 (log, > 2) resulted in 123 clusters, and only three statistically significant cate-
gories with p < 0.05 and FDR < 0.05 were obtained, termed acetylation, M-phase and ribosome (genes belonging
to each category are listed in Supplementary Table S1). In contrast, the functional analysis of 734 downregulated
genes with a fold change of <4 (log, <2) resulted in 188 clusters, with statistically significant categories in the top
three clusters (Clusters 1-3) exhibiting an enrichment score of >6.0 (Supplementary Table S2). The gene lists of
these clusters (Supplementary Table S3) indicate that the expression of genes related to mitochondrial functions
and contractile proteins is significantly reduced in ACMs. Transmission electron microscopic (TEM) analyses
demonstrated that the amount of mitochondria and myofibers in ACMs are much less than that observed in ven-
tricular myocytes', consistent with the microarray data. One reason for the paucity of mitochondria in ACMs
may be the effect of constitutively active autophagy, which results in the sequential digestion of organelles within
autophagosomes fused with lysosomes observed in the TEM images'*. The data thus suggest that ACMs are fun-
damentally similar to ventricular myocytes though the expression of RNA related to mitosis and ribosome are
higher than those of ordinary cardiomyocytes.

Effect of simulated lethal ischemia on the development of mouse ACMs. We previously demon-
strated that ~50% of ACMs which underwent simulated lethal ischemia (precipitated cells were covered by
mineral oil for 90 min) could develop into beating cells during the subsequent culture under normoxia while
only ~15% of ventricular myocytes could survive the same ischemic condition', thus suggesting that ACMs
are more resistant to severe ischemia than ventricular myocytes. The primary factor mediating a series of
adaptive responses to low oxygen tension is considered to be an oxygen-sensitive transcriptional activator
hypoxia-inducible factor-1 (HIF-1), specifically the oxygen-regulated o subunit of HIF-1 (HIF-1c)*%. The HIF-1
protein has a short half-life, typically resulting in no detectable protein in normal cells, and is highly regulated
by oxygen depletion?. Immunofluorescent signals for HIF-1a were clearly detected in most of the normoxic
and ischemic-surviving ACMs (Supplementary Fig. Sla), thus displaying immunofluorescent signals that were
either similar or somewhat higher in the post-ischemic preparations. As expected, the expression of HIF-1c was
negligible in isolated ventricular myocytes under normoxia conditions, and such expression was also weak in the
post-ischemic preparations (Supplementary Fig. S1b).
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Figure 1. Beating ACMs in the cultures obtained from mouse heart. (a) Confocal laser scanning microscopy
of double-immunostaining for PrP (green) and Cx43 (red), DAPI staining for nuclei (blue) and DIC images

in ACMs obtained from mouse heart cultured for 3 days. Arrows indicate nuclei. Bar, 25 um. (b) Double-
immunostaining for ACTN (green) and Cx43 (red) in ACM:s cultured for 5 (upper panels) and 8 (lower panels)
days. Bar, 50 um. (c—€) Phase contrast image of beating ACM:s (arrowheads) co-cultured with ventricular
myocyte fraction obtained from the same heart, cultured for 6 (c), 20 (d) and 35 () days. Asterisks indicate
shortened ventricular myocytes with popcorn-like structures. See movies in Supplementary Movie 1 for (d) and
Supplementary Movie 2 for (e). Bar, 50 pm. (f) Merged image of immunostaining for ACTN (green) and Cx43
(red) and DAPI staining in ACMs co-cultured with the ventricular myocyte fraction cultured for 33 days. ACMs
indicated by arrowheads were beating before fixation. Bar, 50 pm.
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Figure 2. Presence of PrP* ¢TnT™ cells in the normal and the infarcted human heart. (a) Double-
immunostaining for PrP (green) and cTnT (red), DAPI staining (blue) and DIC images in longitudinal (upper
panels) and transverse (lower panels) sections of normal human heart tissue. Arrowheads indicate PrP*
cTInT™ cells. Bar, 10 pm. (b) Double-immunostaining for Cx43 (green) and ¢TnT (red) in normal human heart
tissue. Arrows indicate Cx43cTnT™ cells. Bar, 10 pm. (C) Double-immunostaining for Cx45 (green) and ¢TnT
(red) in normal human heart tissue. Arrow indicates Cx45% cInT™" cell. Asterisks show erythrocytes. Bar, 10
m. (d,e) Double-immunostaining for PrP (green) and ¢TnT (red) in human myocardium with infarction.
Immunostained heart tissue sections were subsequently stained with HE reagent to obtain immunofluorescent
and HE staining images from the same tissue section. Arrowheads indicate PrP* ¢TnT* cells with oval (d) and
extended (e) shapes. HE staining images with lower magnifications are shown in Fig. 3. Bar, 10 pm.

Presence of native ACMs in the human heart with MI.  In the normal human heart tissue specimens,
native ACMs (PrP* ¢TnT™ cells) were localized in the interstitial spaces or packed into the small spaces among
ventricular myocytes as one of the small cells, found in both longitudinal and transverse tissue sections (Fig. 2a).
Immunostaining analysis revealed that at least cTnT™ cells resident in the interstitial spaces among the ventricu-
lar myocytes were not detected to express Cx43 (Fig. 2b), similar to the observations in mouse preparations'®. In
contrast, some of the interstitial cTnT* cells were found to express Cx45 (Fig. 2¢), a major gap junction protein
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