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ABSTRACT

Several mutations in �B-crystallin (CryAB), a heat shock protein with chaperone-like activities,
are causally linked to skeletal and cardiac myopathies in humans. To better understand the
underlying pathogenic mechanisms, we had previously generated transgenic (TG) mice express-
ing R120GCryAB, which recapitulated distinguishing features of the myopathic disorder (e.g.,
protein aggregates, hypertrophic cardiomyopathy). To determine whether induced pluripotent
stem cell (iPSC)-derived cardiomyocytes, a new experimental approach for human disease mod-
eling, would be relevant to aggregation-prone disorders, we decided to exploit the existing
transgenic mouse model to derive iPSCs from tail tip fibroblasts. Several iPSC lines were gener-
ated from TG and non-TG mice and validated for pluripotency. TG iPSC-derived cardiomyocytes
contained perinuclear aggregates positive for CryAB staining, whereas CryAB protein accumu-
lated in both detergent-soluble and insoluble fractions. iPSC-derived cardiomyocytes identified
by cardiac troponin T staining were significantly larger when expressing R120GCryAB at a high
level in comparison with TG low expressor or non-TG cells. Expression of fetal genes such as
atrial natriuretic factor, B-type natriuretic peptide, and �-skeletal �-actin, assessed by quanti-
tative reverse transcription-polymerase chain reaction, were increased in TG cardiomyocytes
compared with non-TG, indicating the activation of the hypertrophic genetic program in vitro.
Our study demonstrates for the first time that differentiation of R120G iPSCs into cardiomyo-
cytes causes protein aggregation and cellular hypertrophy, recapitulating in vitro key pathogno-
monic hallmarks found in both animal models and patients. Our findings pave the way for
further studies exploiting this cell model system for mechanistic and therapeutic
investigations. STEM CELLS TRANSLATIONAL MEDICINE 2013;2:161–166

INTRODUCTION

�B-crystallin (CryAB), a small heat shock pro-
tein, functions as a chaperone for several cli-
ent proteins, including the intermediate fila-
ment protein desmin, thereby preserving
skeletal and cardiac muscle cell organization
and function [1]. R120G mutation in human
CryAB is responsible for an autosomal-domi-
nant, multisystem disorder affecting eye lens
and skeletal muscle and causing clinical and/or
pathological signs of cardiomyopathy [2].
Transgenic mice expressing R120GCryAB spe-
cifically in cardiomyocytes show signs of di-
lated cardiomyopathy and developed heart
failure as early as 6–7 months, depending on
the level of expression [3, 4].

The R120G mutation corresponds to the loss
of CryAB chaperone function and is character-

ized by the formation of large cytoplasmic aggre-
gates. The R120G mutation is also a “gain of
toxic” function likely mediated by new, possibly
illegitimate protein-protein interactions and the
formation of soluble (preamyloid) oligomers
[5, 6].

Induced pluripotent stem cells (iPSCs) can be
derived from various cell types and differenti-
ated in beating cardiomyocytes. The arrhythmo-
genic long-QT, Timothy, and LEOPARD syn-
dromes were recapitulated in iPSC-derived
cardiomyocytes (iCMs) from patients, providing
proof-of-concept for generating disease-specific
cardiomyocytes [7–9].

In this brief report, we describe our attempt
to model protein aggregation cardiomyopathy
using mouse iCMs, mimicking properties found
in patients and mouse models. This first step,
which was achieved with our transgenic model,
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Figure 1. Generation of NTG and TG (R120G �B-crystallin [CryAB]) mouse iPSCs. (A): Morphologies of mouse iPSCs in SNL feeder and
feeder-independent cultures. Scale bars� 400 �m (left), 200�m (right). (B):Genotyping of induced pluripotent stem colonies fromNTG-11,
NTG-64, TG-11, and TG-18 along with NTG-TTFs and TG-TTFs used as controls. Arrow indicates the amplified polymerase chain reaction (PCR)
product in transgenic samples. (C): Immunofluorescence staining of pluripotent markers OCT4 (green) and NANOG (red) in representative
iPSC and embryonic stem (ES) cell (E14, mouse embryonic stem cells) clones. An inverted fluorescent microscope was used to image the
samples, and pictures were equally treated using autocontrast enhancement. Scale bar� 100 �m. (D): Reverse transcription-PCR analysis of
embryonic stem cell marker genes inmouse iPSCs, E14, and TTFs.We used primers that amplified endogenous but not transgenic transcripts.
(A full list of abbreviations is given in the supplemental online data.) Abbreviations: DAPI, 4�,6-diamidino-2-phenylindole; iPSC, induced
pluripotent stem cell; NTG, nontransgenic; TG, transgenic; TTF, tail tip fibroblast.

162 Myopathy-Related R120GCryAB iPSCs

©AlphaMed Press 2013 STEM CELLS TRANSLATIONAL MEDICINE



supports ongoing efforts to establish the pathogenic role of car-
diac aberrant protein aggregation in similar human systems.

MATERIALS AND METHODS

An expanded Materials and Methods section is available in the
supplemental online data.

RESULTS

To generate iPSCs, we used tail-tip fibroblasts from one trans-
genic (TG) male harboring �-MHC-R120GCryAB and one non-TG

(NTG) male and reprogrammed them by infection with retro-
virus containing the following four factors: Oct4, Klf4, Sox2,
and Myc. Both NTG and TG iPSC clones possessed embryonic
stem (ES) cell-like morphology (Fig. 1A) and were correctly
regenotyped (Fig. 1B). Immunodetection of NANOG and
OCT3/4 proteins (Fig. 1C; supplemental online Fig. 1) and re-
verse transcription-polymerase chain reaction carried out for
several ES cell marker genes (Fig. 1D; supplemental online
Table 1) demonstrated that our mouse iPSCs expressed pluri-
potent genes similar to those of mouse ES cells (E14). Further
experiments were performed on NTG (n � 5) and TG (n � 5)
iPSC lines before focusing on lines 64 (NTG) and 11 (TG), which
were shown to have a normal karyotype with 40 acrocentric

Figure 2. In vitro embryoid bodies (EBs) mediated differentiation of NTG and TG iPSCs. (A): Differentiated NTG and TG EBs were analyzed by
quantitative polymerase chain reaction to detect ectoderm, endoderm, and mesodermmarker expression. Graphs show relative expression
to undifferentiated iPSCs in the corresponding sample. (B): iPSCs were stained �III-tubulin (neuroectoderm), �-SMA (mesoderm), and AFP
(endoderm). A fluorescence microscope was used to image the samples, and representative pictures are from a differentiated TG-11 line.
Scale bar � 50 �m. (C): Teratoma sections derived from representative NTG-64 and TG-11 iPSCs were collected after 6 weeks, and sections
were stained with hematoxylin and eosin. Teratomas contained representative tissues of the three germ layers: pluristratified epithelium
(ectoderm), cartilage (mesoderm), and columnar epithelium (endoderm). Scale bars � 50 �m. (A full list of abbreviations is given in the
supplemental online data.) Abbreviations: BMP, bone morphogenetic protein; DAPI, 4�,6-diamidino-2-phenylindole; iPSC, induced pluripo-
tent stem cell; NTG, nontransgenic; �-SMA, �-smooth muscle actin; TG, transgenic.
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chromosomes (supplemental online Fig. 2; supplemental on-
line Table 2).

To determine NTG and TG iPSCs’ differentiation capacity,
floating embryoid bodies (EBs) were generated and then
shown by quantitative polymerase chain reaction to have up-
regulated markers for all three germ layers (Fig. 2A). This was
further confirmed by positive immunodetection of �-III-tubu-
lin, �-smooth muscle actin (�-SMA), and �-fetoprotein (AFP)
(Fig. 2B). Differentiated EBs showed spontaneous beating ar-
eas starting around day 7 (supplemental onlineMovies 1A and
1B). To assess pluripotency in vivo, NOD-SCID mice were in-
jected with iPSCs, and teratomas harvested after 6–8 weeks
contained cell types representative of the three germ layers
(Fig. 2C).

Accumulation of insoluble CryAB aggregates in the cyto-
plasm and cardiac hypertrophy are major characteristics of

R120GCryAB cardiomyopathy in mice [4]. Since R120GCryAB
is under the control of the cardiac-specific �-MHC in TG iPSCs,
the mutant protein is expressed only in cells committed to
cardiac lineage. After 12 days of differentiation, EBs from TG
iPSCs exhibited markedly increased levels of CryAB mRNA and
protein (Fig. 3A, 3B). Following cellular protein fractionation,
the R120GCryAB level was found in both detergent-soluble
and insoluble fractions in EBs from TG iPSCs (Fig. 3C). In con-
trast, NTG EBs contained a much lower amount of CryAB,
corresponding to the endogenous level of expression, detect-
able only after longer exposure of Western blot (data not
shown).

To reveal aggregates in iCMs, EBs were collected after 12
days, and cells were stained using the cardiac-specific marker
troponin T (cTnT) to identify the iCMs and colabeled with CryAB

Figure 3. CryAB expression and aggregation in differentiated cardiomyocytes produced in TG EBs. (A): Quantitative polymerase chain
reaction analysis of CryAB in NTG-11, NTG-64, TG-11, and TG-18 differentiated induced pluripotent stem cells (iPSCs) compared with undif-
ferentiated iPSCs. (B):Western blots (EB total extract) show CryAB protein expression in EBs derived from NTG and TG iPSCs. (C):Western
blots of the detergent-soluble (supernatant) or insoluble (pellet) fractions of EBs showpartial accumulation of CryABprotein into the insoluble
fraction in TG samples. GAPDH and Histone H3 were used as the loading controls. (D): cTnT immunostaining was used to identify cardiomyo-
cytes in differentiated replated EBs. Only cardiomyocytes derived from TG iPSCs displayed perinuclear protein aggregates (arrows, inset: high-
magnification viewof perinuclear region). Shownare CryAB (green), cTnT (red), andDAPI (blue) in representativeNTG-64 and TG-11. Scale bar�50
�m. (A full list of abbreviations is given in the supplemental online data.) Abbreviations: CryAB, �B-crystallin; cTnT, cardiac troponin T; DAPI,
4�,6-diamidino-2-phenylindole; NTG, nontransgenic; TG, transgenic.
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antibodies to decorate the aggregates. A representative exam-
ple of an iCMwith a high level of CryAB expression and the pres-
ence of perinuclear aggregates is shown in Figure 3D. Approxi-
mately 57% of TG iCMs contained aggregation (data not shown).

To monitor the size of iCMs, beating EBs were dissociated
and replated after 30 days [7]. Cells were stained to identify the
cTnT-positive cardiomyocytes and to detect CryAB expression. A
careful examination of TG iCMs revealed two populations of
cells, which we arbitrarily classified as high and low expressors
(Fig. 4A, 4C). As previously indicated, the NTG cells expressed a
low-endogenous level of CryAB (Figs. 3D, 4B). To circumvent any
bias, cell surface areas were measured using a computerized
morphometric system (ImageJ software, NIH) and were ex-
pressed as a ratio relative to the nucleus surface. Our results
indicate that the TG iCMs (high expressors) were significantly
larger than the TG lowexpressors or theNTGones (55%and25%,
respectively, p � .05) (Fig. 4A).

Since cardiac hypertrophy triggers the re-expression of fetal
genes, we next determined whether mouse R120GCryAB iCMs
could exhibit such reprogramming of gene expression. To obtain
samples enriched in cardiomyocytes, EB cells (day 30) were
stained with tetramethylrhodamine, methyl ester (TMRM) and
sorted by fluorescence-activated cell sorting as previously re-

ported [10]. The collected cells, stained for the cardiac-specific
�-actinin and reanalyzed by flow cytometry, reached approxi-
mately 60% enrichment for cardiomyocytes (supplemental on-
line Fig. 3). In TMRM-sorted cells, expression of three fetal genes
was significantly augmented in TG compared with NTG-enriched
iCMs (Fig. 4D), indicating the activation of hypertrophic genetic
program in vitro.

DISCUSSION

R120G cardiomyopathy, a myofibrillar disorder, is well-character-
ized by the formation of aggregates and the hypertrophic response
[2–4]. Although iPSC-derived iCMs have recapitulated several ar-
rhythmogenic diseases and dilated cardiomyopathy [9, 11, 12],
none of the characteristics of R120G syndrome has yet been repro-
duced by this stem cell in vitro differentiation technology.

As transgene expression is known to exhibit mosaic expres-
sion, which is likely related to epigenetic mechanisms [13], we
found that CryAB immunostaining revealed similar heterogene-
ity between R120GCryAB TG iCMs with high and low levels of
expression, recapitulating what was previously and indepen-
dently described in the corresponding mouse models [3, 4]. The

Figure 4. Cardiomyocytes derived from R120G �B-crystallin (CryAB) TG induced pluripotent stem cells (iPSCs) show hypertrophic features.
(A–C): Thirty days after EB differentiation, cells from beating NTG-64 and TG-11 samples were dissociated, replated, and stained ([B, C] as in
Fig. 3D). (A): Cell and nucleus surface of cardiac troponin T (cTnT)-positive cardiomyocytes of representative NTG-64 and TG-11 lines were
measured using ImageJ, and relative values are shown in the graph with an indication of the mean relative value (horizontal line). (B, C):
Cardiomyocytes derived fromNTG and TG iPSCwere stained for cTnT and CryAB. (B):NTG iPSC-derived cardiomyocytes (iCMs) had a very low
and therefore barely detectable level of CryAB. (C): CryAB staining of TG iCMs revealed two populations of cells with high and low levels of
expression. Scale bar� 50�m. (D):Quantitative polymerase chain reaction analysis of hypertrophy genemarkers such as ANF, BNP, and SKA
revealed a significant increase in TG-11 fluorescence-activated cell sorting (FACS)-enriched cardiomyocytes compared with NTG-64 FACS-
enriched cardiomyocytes. The cardiomyocytes used for the quantitative PCR analysis experiment contained approximately 60% cardiomyo-
cyte purity. Data are represented as mean � SD. n � 3; ��, p � .05 (Student’s t test). (A full list of abbreviations is given in the supplemental
online data.) Abbreviations: A.U., arbitrary units; ANF, atrial natriuretic factor; BNP, B-type natriuretic peptide; NTG, nontransgenic; SKA,
�-skeletal �-actin; TG, transgenic.
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present studies also have established that the induction of car-
diac hypertrophy closely correlated with the amount of mis-
folded protein expression. Cellular hypertrophy, however, has
not been universally observed as reported in LEOPARD patient-
specific iCMs [7] but not from patients with dilated cardiomyop-
athy [12], indicating that our model brings new insight into the
ability of iCMs to recapitulate human cardiac hypertrophy
features.

In transgenic mouse cardiomyocytes, R120GCryAB protein
accumulates in large aggregates, whereas we observed that TG
iCM aggregates were much smaller and more dispersed [3], sug-
gesting important physiological and environmental differences
between adult cardiomyocytes in vivo and iPSC-derived cardio-
myocytes in vitro. Several laboratories have observed that iCMs
do not reach the full state of terminal differentiation and matu-
rity found in the adult heart [14]. Nevertheless, both aggregate
formation and cell size change were observed in iCMs identified
by cTnT immunodetection, which implies that the cell lineage
had progressed enough in cardiac differentiation program to ex-
press this marker [15].

CONCLUSION
In vitro production of unlimited numbers of cardiomyocytes has
incalculable advantages, and our study has validated the use
of iPSCs to model misfolded CryAB protein-related diseases. On-
going projects in our laboratory are establishing a patient-spe-
cific iPSC model containing CryAB mutations. Our model could
provide a clear step forward by permitting analysis in a disease-
specific system in vitro.
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