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Many studies have shown the feasibility of in vivo cardiac transplantation of human induced pluripotent
stem cell-derived cardiomyocytes (iPSC-CMs) in animal experiments. However, nano-structural confir-
mation of the successful incorporation of the engrafted iPSC-CMs including electron microscopy (EM) has
not been accomplished, partly because identification of graft cells in EM has proven to be difficult. Using
APEX2, an engineered ascorbate peroxidase imaging tag, we successfully localized and analyzed the fine
structure of sarcomeres and the excitation contraction machinery of iPSC-CMs 6 months after their
engraftment in infarcted mouse hearts. APEX2 made iPSC-CMs visible in multiple imaging modalities
including light microscopy, X-ray microscopic tomography, transmission EM, and scanning EM. EM to-
mography allowed assessment of the differentiation state of APEX2-positive iPSC-CMs and analysis of the
fine structure of the sarcomeres including T-tubules and dyads.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Replacement therapies using cells of specific lineages represent
a promising strategy to treat a wide range of diseases including
congenital and degenerative disorders [1,2]. While the primary
interest of studies pursuing cell therapies in human and animal
models is the improvement of organ function, the biology of the cell
grafts has rarely been pursued in detail. One reason is the absence
of methods that would allow these cells to be stably marked for
months or years of study after the transplantation. For example,
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while we and others have been successful in grafting pluripotent
stem cell (PSC)-derived cardiomyocytes in animal hearts [3—6], no
reports have shown the development of transverse tubules (T-tu-
bules) or “dyads”, anatomical hallmark features of mature
mammalian ventricular cardiomyocytes (CMs), which are respon-
sible for highly efficient and robust cardiac excitation-contraction
(E-C) coupling [7—9].

A monomeric 28-kDa peroxidase reporter, APEX, and its deriv-
ative, APEX2, are versatile molecular tags that work for a set of
microscopic imaging modalities as well as biochemical proteome
profiling [10—12]. Nonetheless, applications have so far been
limited mainly to cultured cell experiments, and the efficacy and
toxicity of these molecular tags in in vivo settings have not been
explored months after introduction to a living model. In the current
study, we report an imaging strategy that uses APEX2 and robust
histone-based marking of the cell nuclei to exam the development
of cardiac regulatory machinery in vivo in induced pluripotent stem
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cell (iPSC)-derived CM (iPSC-CM) grafts. We generated human
iPSCs engineered to stably express Histone 2B-fused nuclear-
targeted APEX2, induced cardiac differentiation, and engrafted
the differentiated cells in a mouse model of acute myocardial
infarction. This approach allowed us to identify iPSC-CMs in tissue
sections using multi-scale and multimodal imaging methods,
including electron and X-ray microscopies (EM and XRM,
respectively).

2. Materials and methods
2.1. Generating APEX2 stably expressed iPSCs

We used a human iPSC line, 201B7, into which a human MYH6
promoter driven-EGFP reporter cassette was integrated (MYH6-
EIP4) as previously described [4]. An IRES-puromycin cassette
was inserted downstream of CAG promoter driven-FLAG-APEX2-
H2B. We transfected this APEX2-H2B plasmid and PBase plasmid
into MYH6-EIP4 iPSCs with FUGENE® HD Transfection Reagent
(Promega, cat. no. E2311). We selected the transfected cells by
puromycin and subcloned the transfected cell lines. G band analysis
showed that the established APEX2 iPSCs had normal karyotype
(Supplementary Fig. 1).

2.2. Cell culture and differentiation of cardiomyocyte, dopaminergic
neuron, cortical neuron, and hematopoietic precursor cell in vitro

Human iPSCs were maintained as previously described [4,13].
Cardiac differentiation was induced using an embryoid body (EB)
method as previously reported [14—16]. Dopaminergic neuron
differentiation was performed by the serum free EB formation
method as previously described [17,18]. Cortical neuron and he-
matopoietic precursor cell differentiation were performed as pre-
viously reported [19,20].

2.3. Microarray analysis for iPSCs and iPSC-CMs

For microarray analysis, we used iPSCs and iPSC-CMs at days 7,
14, and 21. iPSC-CMs were sorted by EGFP using fluorescence-
activated cell sorter. Cells were lysed with QIAzol Lysis Reagent
(Qiagen, cat. no. 79306), and total RNA was extracted using RNeasy
Mini Kit (Qiagen, cat. no. 74104). Microarray analysis was carried
out using SurePrint G3 Human Gene Expression 8 x 60K Kit (Agilent
Technologies, cat. no. G4851A) with the Microarray Scanner System
(Agilent Technologies, cat. no. G2565CA). Data were analyzed by
GeneSpring GX version 13.1.1 software (Agilent Technologies).
Microarray data are available at the Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/geo/) under  accession no.
GSE99470.

2.4. Transplantation of iPS-CMs and in vivo imaging

All experimental protocols were approved by the Kyoto Uni-
versity Animal Experimentation Committee, and the methods were
performed in accordance with the Guidelines for Animal Experi-
ments of Kyoto University and the Guide for the Care and Use of
Laboratory Animals by the Institute of Animal Resources.

We used male 8—10 week old NOG (NOD/Shi-scid/IL-2y""!)
immunodeficiency mice. They were intubated and mechanically
ventilated under general anesthesia with isoflurane. Myocardial
infarctions were induced by ligation of the left anterior descending
artery with 8-0 Prolene (Ethicon, cat. no. EP8730H). We injected
20 uL IMDM (Life Technologies, cat. no. 12440-053) containing
1.0x10° purified CMs by Hamilton syringe with a 30-gauge needle.

To confirm engraftment, we established a cell line that stably

expressed luciferase2. This line was generated by the introduction
of a CAG promoter driven-luciferase2 cassette with PiggyBac vector
in the same way mentioned above. For bioluminescence imaging,
mice were under anesthesia with isoflurane, and d-luciferin (SPI,
cat. no. XLF-1) was administered at a dose of 200 mg/kg by intra-
peritoneal injection. Images of mice were captured and luciferase
expression level of the engrafted iPSC-CMs was measured by an
in vivo bioluminescence imaging system (IVIS, Caliper Life Sciences)
(Supplementary Fig. 2).

2.5. Immunostaining and microscopy

Immunostaining was carried out as described previously [4,21].
The following primary antibodies were used: mouse anti-FLAG®
M2 (Sigma-Aldrich, cat. no. F1804; 1:200), rabbit anti-cardiac
troponin [ (Santa Cruz Biotechnology, cat. no. sc-15368; 1:100),
mouse anti-cardiac troponin T (Thermo Scientific, cat. no. MS-295-
P; 1:200), rabbit anti-Nanog (Cell Signaling Technology, cat. no.
#4903; 1:50), rabbit anti-TRA-1-60 (Abcam, cat. no. ab174813;
1:100), chicken anti-beta III tubulin (Abcam, cat. no. ab41489;
1:1000), rabbit anti-SATB2 antibody (Abcam, cat. no. ab34735;
1:500), rabbit anti-TBR1 antibody (Abcam, cat. no. ab31940; 1:200),
and chicken anti-tyrosine hydroxylase antibody (Abcam, cat. no.
ab76442; 1:1000). Secondary antibodies used were as follows: goat
anti-mouse IgG-Alexa Fluor® 546 (Life Technologies, cat. no. A-
11030; 1:400), goat anti-rabbit IgG-Alexa Fluor® 647 (Life Tech-
nologies, cat. no. A-20991; 1:400), goat anti-chicken IgY-Alexa
Fluor® 647 (Life Technologies, cat. no. A-21449; 1:400), and goat
anti-chicken IgY-Alexa Fluor® 488 (Abcam, cat. no. ab150169;
1:400).

Hoechst 33342 (Life Technologies, cat. no. H3570; 1:10000) was
used to counterstain nuclei. The stained cells and tissue sections
were visualized using a confocal microscope (Olympus, FV1000)
and fluorescence microscope (Keyence, BZ-X710).

2.6. 3,3'-diaminiobenzidine (DAB) staining and preparation of
cultured cells for EM

APEX2 iPSCs and their differentiated cells were fixed with
glutaraldehyde (Electron Microscopy Sciences, cat. no. 16220) in
sodium cacodylate buffer (Electron Microscopy Sciences, cat. no.
11653). A solution of DAB (Sigma-Aldrich, cat. no. D8001) dissolved
in HClI was freshly made. After an addition of H,05 solution (Sigma-
Aldrich, cat. no. H1009), the DAB-H,0, solution was added to cells
for 5—15 min depending on the sample. The generation of DAB
precipitates could be monitored by transmitted light microscopy.
Post-fixation staining was performed with osmium tetroxide
(Electron Microscopy Sciences, cat. no. 19150. The samples were
then dehydrated in a graded ethanol (Sigma-Aldrich, cat. no.
459836), infiltrated in Durcupan ACM resin (Sigma-Aldrich, cat. no.
44611-44614), and polymerized in a vacuum oven.

2.7. Preparation of transplanted mouse heart tissues specimens for
multimodal microscopic imaging including standard light
microscopy, confocal microscopic imaging, XRM and EM

Mouse hearts were perfused in a retrograde way through the
ascending aorta with heart solution, followed by paraformaldehyde
solution (Electron Microscopy Sciences, cat. no. 15710), and then
fixed by formaldehyde. Fixed hearts were embedded with gelatin/
albumin, and sliced in 200—300 um sections using Vibratome
(Leica). Sections were fixed using glutaraldehyde, and DAB staining
was carried out using the same protocol used for cultured cells. For
standard low-voltage transmission EM (TEM) and EM tomography,
post-fixation staining was performed with osmium tetroxide. For
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scanning EM (SEM), post-fixation staining was performed with
osmium tetroxide and potassium ferrocyanide (Sigma-Aldrich, cat.
no. 60178). The sections were further incubated with uranyl ace-
tate, dehydrated in a graded ethanol, infiltrated in Durcupan ACM
resin, and polymerized in a vacuum oven.

2.8. XRM and EM

XRM was performed using Xradia 510 Versa (Carl Zeiss Micro-
scopy). XRM tilt series were collected at 35—60 kV. Standard TEM
imaging was done using JEOL JEM-1200 operated at 80 kV, and FEI
Titan 80-300 CTWIN STEM (Thermo Fisher Scientific) operated at
300 kV was used to collect tilt series images for EM tomography by
recording images with a 4K x 4 K charge-coupled device camera
(16 bits per pixel). Tomographic reconstruction and the generation
of three-dimensional geometric models were carried out using
IMOD suite (Boulder Laboratory for 3D Electron Microscopy of Cells,
University of Colorado, Boulder, CO). SEM images of sections
mounted on silicon wafers were collected using Merlin field
emission SEM (Carl Zeiss Microscopy) at 2.0 kV accelerating voltage
using backscattered electrons.

3. Results

3.1. Establishment of an APEX2 iPSC line and differentiation into
cardiac and other cell lineages

We stably expressed a nuclear-targeted fusion protein, Histone
2B (H2B)-FLAG-APEX2, driven by a CAG promoter in an iPSC line,
which was pre-labelled with two genetic markers: EGFP, driven by
the cardiac specific human MYH6 promoter, and luciferase, under
the control of another copy of the CAG promoter (Fig. 1). The Flag
tag was used to demonstrate Flag-APEX2 expression by immuno-
staining, and EGFP was used to sort iPSC-CMs with a
fluorescence-activated cell sorter after differentiation of the iPSCs.
Luciferase was used to confirm engraftment of iPSC-CMs by using
in vivo bioluminescence imaging (Supplementary Fig. 2). This
triple-marked iPSC sub-line was named APEX2 iPSC, and DAB re-
action confirmed that APEX2 was enzymatically active both in
undifferentiated iPSCs and in iPSC-CMs differentiated from APEX2
iPSCs (Fig. 2A—D and Supplementary Fig. 3A-C). Comprehensive
transcriptome profiling, cell counting, and the positive expression
of cardiac troponin T confirmed that APEX2 expression does not
affect iPSC differentiation into a cardiac lineage (Supplementary
Fig. 4).

APEX2 iPSCs were also able to differentiate into other cell types,
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including dopaminergic neurons, cortical neurons, and hemato-
poietic precursor cells (Supplementary Fig. 5-7). The pluripotency
of this APEX2-labelled iPSC cell line was thus ensured.

3.2. Transplantation of APEX2 iPSC-CMs into immune-deficient
mouse hearts

APEX2 iPSC-CMs were sorted for cardiac-specific EGFP expres-
sion to enhance purity (Supplementary Fig. 3B and C). The purified
APEX2 iPSC-CMs were directly transplanted in immuno-deficient
NOG mouse hearts with myocardial infraction. Hearts were
extracted from host animals 6 months after transplantation.

3.3. Multimodal multi-scale microscopic characterization of APEX2
iPSC-CMs chronically engrafted in mouse hearts

Immunostaining against the Flag tag and cardiac troponin I
confirmed efficient engraftment of APEX2 iPSC-CMs (Fig. 3A). For
multimodal imaging analysis, the peroxidase reaction was carried
out to generate DAB precipitates in APEX2-positive graft cell nuclei,
which were readily visible under a standard bright-field light mi-
croscope (Fig. 3B). Sections were then treated with OsOy,
embedded in epoxy resin, and examined by high-resolution
tomographic XRM. The tomographic images obtained showed
that there were a significant amount of sporadic disseminates away
from the large cell masses that penetrated into narrow perivascular
spaces between host myocardial layers (Fig. 3C, Video 1-3).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.bbrc.2018.10.020.

After mapping APEX2-labelled iPSC-CMs in heart slices by XRM,
small resin pieces (approximately 1x1 mm?) containing regions-of-
interest (ROIs) identified within the XRM tomographic imaging
volumes were excised, and ultra-thin sections (~70—100nm
thickness) were prepared for standard TEM and SEM imaging. For
SEM imaging, sections were mounted on silicon wafers and imaged
using backscattered electrons. Semi-thin sections (500 nm) were
also prepared from the resin pieces containing XRM-defined ROIs
for EM tomography [9,21].

TEM and SEM imaging showed modestly organized myofila-
ment bundles in APEX2-positive iPSC-CM grafts (Fig. 4A and B).
Stable APEX2 labelling further enabled investigation of the devel-
opment of E-C coupling apparatuses, which conduct voltage-
dependent calcium signaling, in iPSC-CM grafts. Using the EM to-
mography strategy that was used to reveal novel details of E-C
coupling structures in our previous studies [9,21,22], we success-
fully identified the development of T-tubules and dyads in APEX2-

iPSC-CM
sorted for GFP+

- D2 DG

Hematopoietic
precursor cell

Engraftement in M| hearts
(~ 6 months)

Fig. 1. Outline of this study. Human iPSCs triple-labelled with luciferase 2, EGFP, and Flag-APEX2 were differentiated into a series of distinctive cell lineages including car-
diomyocytes(CMs), hematopoietic precursor cells, and two neural lineage cells. iPSC-derived cardiomyocytes (iPSC-CMs) were purified by EGFP with a fluorescence-activated cell
sorter, and they were transplanted into immune-deficient mouse hearts with myocardial infarction.
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Overlay.

Fig. 2. Established nuclear Flag-APEX2-tagged iPSCs and their differentiation into CMs. A, NANOG and TRA-1-60 are putative genetic markers of stemness and were positive in
APEX2 iPSC before differentiation. B, DAB reaction verified that peroxidase activity was confined to the nuclei of APEX2 iPSCs. C, Full differentiation of APEX2 iPSCs into mature
cardiac lineage was evidenced by the expression of cTnT, which was incorporated into well-organized myofilament bundles. D, DAB reaction was repeated in APEX2 iPSC-CMs to
ensure preserved APEX2 enzymatic activity after cardiac differentiation. In B, D, left: bright field images; right, phase contrast images. Scale bars: A, 200 um; B, 100 um; C, 50 um; D,
50 pm.

Fig. 3. Light and X-ray microscopic characterizations of nuclear-targeted APEX2 iPSC-CMs chronically engrafted in mouse hearts. A, Flag immuno-staining (red) demonstrates
a substantial amount of APEX2 iPSC-CMs residing in a host mouse left ventricular wall with myocardial infarction 6 months after transplantation. All is high magnification view of a
ROI indicated by the white squares in AL The ROI in All is further magnified in Alll. ¢TNI immune-staining (yellow) identify cardiomyocytes. White dotted lines separate host
myocardium (cTNI positive, Flag negative) and graft cells (cTNI positive, Flag positive) in All and Alll Scale bars: Al, 1000 pm; All, 100 pm; Alll, 50 pm. B, Dark-brown dots observed in
the bright-field microscopy images within 200 um DAB-stained Vibratome heart sections are nuclei of APEX2 iPSC-CMs engrafted for 6 months. The right panel is a high
magnification view of the ROI (white square) shown in the left panel. Scale bars: left 1000 um, right 200 um. C, Reconstructed tomographic XRM images show the heavily stained
nuclei of APEX2 iPSC-CM grafts (white spots) with osmium bound to DAB reaction products standing out from the background osmium tissue staining. Three-dimensional dis-
tribution of engrafted APEX2 iPSC-CMs among the host CMs were observed. After low-resolution tomograms of the entire cross sections were obtained (CI), resin-embedded ROIs
were excised and rescanned at a higher magnification (CII). Smaller ROIs were reassigned and again rescanned to finally achieve sub-micron resolution tomographic images of the
grafted cells (CIII and CIV). CI and CIV are maximum intensity projections (MIPs). CII and CIII are ultra-thin multi-planar reconstructions (MPRs) within 200 um thick tissue
specimens. Scale bars, CII, 100 um; CIII, 20 pm.
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Fig. 4. Electron microscopy characterization of nuclear-targeted APEX2 iPSC-CMs chronically engrafted in mouse hearts. A, Resin specimens examined by XRM (Al) were
trimmed at the center of ROIs (yellow square). Ultra-thin sections were made and visualized in SEM on silicon wafers to obtain significantly wide field view images to identify ROIs
(AII 30,000 x 20,000 pixels, pixel = 4.5 nm). A thus determined ROI was then rescanned to achieve a higher resolution image (Alll, green square area of All). The nuclei of APEX2
iPSC-CM grafts were heavily stained by osmium (yellow allows in Alll), which was bound to DAB APEX2 reaction products. The masses of engrafted APEX2 iPSC-CMs were enclosed
by red dot lines. (AIl and Alll). Scale bars: Al, 200 pm; All, 20 pm; Alll 5 um. B, Similarly, TEM images of 70—80 nm thick sections prepared from resin pieces containing a ROI
determined by XRM. DAB reaction clearly differentiates graft cell nuclei from host CM nuclei (BI). Myofilaments in the graft APEX2 iPSC-CMs were less well organized compared to
host CMs. HN; a host cardiomyocyte nucleus; GN; a graft APEX2 iPSC-CM nucleus; Z, Z-line; M, M-line. Scale bars: BI, 1 um; BII, 1 um. C, an EM tomogram and segmentation of E-C
coupling cell apparatus in the tomogram. A semi-thin resin sections (500 nm) containing XRM-defined ROIs was subjected to intermediate high-voltage EM imaging to obtain a set
of double-tilt projection images and an EM tomograms was reconstructed using a well-defined computational algorithm. Structures of interest were segmented manually.
Computed three-dimensional geometrical meshes show invaginations of T-tubules (blue) from the surface sarcolemma (SL) (green), which are forming primitive forms of dyads
with junctional sarcoplasmic reticulum (SR) (yellow). (CI and CII). Dyadic junctional clefts (red) were made between T-tubles and junctional SRs. In a higher resolution image (CIII),
15—20 nm depth junctional clefts are seen between the T-tubules and junctional SRs, and electron dense granular structures, which are assumed to be ryanodine receptors (RyRs),

are identified in the clefts (segmented and reconstructed in red). Scale bars: Cl, 500 nm; CII, 200 nm; CIII, 100 nm.

positive 6-month iPSC-CM transplants (Fig. 4C, Video 4).
Supplementary video related to this article can be found at
https://doi.org/10.1016/j.bbrc.2018.10.020.

4. Discussion

Here we show that APEX2 did not significantly affect cardiac
differentiation of iPSCs, nor their proliferation, and was stably
expressed in iPSC-CMs over 6 months in vivo. Using the APEX2
system, we demonstrate the three-dimensional distribution of
engrafted iPSC-CMs in mouse hearts with XRM and also show with
EM tomography that T-tubules and dyads emerged in engrafted
iPSC-CMs at 6 months after transplantation.

In cell replacement therapy, evaluation of the size, cell number,
and other geometric information of engrafted cells is important for
functional and structural improvement of target organs. However,
in previous reports, information on these factors was limited to
two-dimensional low-resolution analysis [3,5,6]. Until present
study, there had been no report that successfully imaged the three-
dimensional distribution of engrafted cells and their three-
dimensional cellular anatomy in heart.

CMs derived from PSCs in vitro were previously reported to be
immature and more closely resemble embryonic CMs [23]. There-
fore, the maturation of engrafted CMs after transplantation is
crucial for the recovery of cardiac function. Especially, T-tubules
and dyads play important roles in cardiac E-C coupling, and their
development is essential for efficient re-muscularization of the
injured heart CMs. Furthermore, there are no specific antibodies for
T-tubules or dyads. Since membrane junctions such as dyads and
peripheral junctions are made in nano-scale, three-dimensional EM
technologies are essential for their precise characterization [24].
The enzymatic activity of APEX2 withstands strong EM fixation,
which is necessary for excellent ultrastructural preservation.
APEX2 can also be used to mark a variety of mammalian organelles
and specific proteins. Thus, we propose that experimental in vivo
applications of APEX2 complement EM imaging and are extremely
useful to determine and characterize nano-scale structures of
engrafted cells [11].

In summary, we show that APEX2 is a powerful and versatile
tool for visualizing specific cell populations, especially genetically
engineered stem cell grafts, using multiple multi-scale imaging
modalities and for characterizing the long-term fate and biology of
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these cells in tissues. Our results also provide the first unequivocal
demonstration of the formation of junctional SRs, T-tubules, and
dyadic junctional RyR clusters in PSC-derived cardiac cell grafts.
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