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Rbm20-deficient cardiogenesis reveals early
disruption of RNA processing and sarcomere
remodeling establishing a developmental
etiology for dilated cardiomyopathy
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Dilated cardiomyopathy (DCM) due to mutations in RBM20, a gene encoding an RNA-binding protein, is asso-
ciated with high familial penetrance, risk of progressive heart failure and sudden death. Although genetic inves-
tigations and physiological models have established the linkage of RBM20with early-onset DCM, the underlying
basis of cellular and molecular dysfunction is undetermined. Modeling human genetics using a high-throughput
pluripotent stem cell platform was herein designed to pinpoint the initial transcriptome dysfunction and mech-
anistic corruption in disease pathogenesis. Tnnt2-pGreenZeo pluripotent stem cells were engineered to knock-
down Rbm20 (shRbm20) to determine the cardiac-pathogenic phenotype during cardiac differentiation.
Intracellular Ca®* transients revealed Rbm20-dependent alteration in Ca®* handling, coinciding with known
pathological splice variants of Titinand Camk2d genes by Day 24 of cardiogenesis. Ultrastructural analysis
demonstrated elongated and thinner sarcomeres in the absence of Rbm20thatis consistent with human cardiac
biopsy samples. Furthermore, Rbm20-depleted transcriptional profiling at Day 12 identified Rbm20-dependent
dysregulation with 76% of differentially expressed genes linked to known cardiac pathology ranging from prim-
ordial Nkx2.5to mature cardiac Tnnt2 as the initial molecular aberrations. Notably, downstream consequences
of Rbm20-depletion at Day 24 of differentiation demonstrated significant dysregulation of extracellular matrix
components such as the anomalous overexpression of the Vingene. By using the pluripotent stem cell platform
to model human cardiac disease according to a stage-specific cardiogenic roadmap, we established a new para-
digm of familial DCM pathogenesis as a developmental disorder that is patterned during early cardiogenesis and
propagated with cellular mechanisms of pathological cardiac remodeling.

INTRODUCTION

Dilated cardiomyopathy (DCM) is a progressive and debilitating
disease thatinevitably leads to heart failure and compromises de-
livery of life-sustaining nutrients and oxygen to the body (1,2).
The irreversible deterioration of cardiac function in DCM fre-
quently leads to significant morbidity and mortality that can be
refractory to medical therapy and require cardiac transplantation
(3,4). Recognition of DCM as a familial disorder in up to 50% of

cases has been the impetus for human genetics investigations to
uncover the molecular basis of DCM (5,6). Despite heritability
of DCM, development of heart failure is unpredictable into
adulthood, suggesting an insidious degenerative process.
However, the cellular pathogenesis is not sufficiently understood
to explain variable, age-dependent penetrance and provide novel
diagnostic, prognostic or therapeutic tools.

A majority of disease-causing or modifying DCM genes ini-
tially identified encode proteins involved in cardiomyocyte
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contraction and cytoskeletal structure. An expanded understand-
ing of the pathobiology of DCM has emerged from genomic
strategies, which have linked impaired ion homeostasis and
gene regulation (6). Mutations in RBM20, a gene encoding a
RNA-binding protein (RBP), were discovered in individuals
with early-onset familial DCM, implicating perturbation of post-
transcriptional pre-mRNA processing as a distinct molecular
basis for human DCM (7). Subsequent studies confirmed that
patients with RBM2(0 mutations manifest disease symptoms at
early age and are characterized by a high degree of morbidity
and mortality as cardiac systolic function deteriorates towards
end-stage heart failure even in young children (8,9). At the mo-
lecular level, Rbm20 has been linked to posttranscriptional regu-
lation and the alternative splicing of Titin and Camk2d in cardiac
tissue (10,11), yetthe temporal sequence of dysregulation during
cardiogenesis has not been examined to determine the initial
points of divergence and better understand the cellular etiology
of this genetic disease.

Conserved throughout evolution, compelling evidence has
established RBPs with cardiac function and developmental pro-
cesses. For example, Rbm24 was recently demonstrated to be
enriched in embryonic stem cells (ESC) derived cardiomyocytes
and required for sarcomere assembly and heart contractility (12).
In addition, Hermes was found to regulate heart development in
Xenopus (13). Furthermore, Lin28, DAZL and GRSF1 contrib-
ute to maintenance of pluripotency and differentiation of ESCs
(14,15) while coordinated teamwork of CELF and MBNL1 pro-
teins are critical during normal cardiac and skeletal muscle de-
velopment (16). Based on these findings, RNA processing is
established as a major regulator of early gene expression ma-
chinery during developmental processes and may underlie the
progenitor cell contribution to ongoing cardiac homeostasis
and tissue renewal (17).

Herein, we hypothesized that Rbm20 is an essential compo-
nent of the RNA processing machinery during cardiogenesis
and is required to regulate cardiac gene expression to pattern
normal structural and physiological integrity of newly formed
cardiomyocytes. Utilizing the cardiogenic pipeline based on
pluripotent stem cells, we aimed to establish an in vitro model
of Rbm20-linked DCM to probe DCM development and
unmask the initial molecular and cellular dysfunctions inde-
pendent of confounding physiological contexts. This approach
establishes Rbm20 disruption as an early-onset mechanism of
human cardiomyopathy with altered early stage cardiogenic
gene expression, calcium overload, sarcomeric abnormalities
and gene expression patterns of compensated heart failure. Fur-
thermore, the cellular phenotype of Rbm20-deficiency enables a
novel approach to apply advanced technology of developmental
cell biology towards DCM modeling (18) and employ pharma-
cological screening to modulate regulatory mechanisms of
genetic cardiovascular diseases that are able to halt or reverse
dysfunctional cardiogenesis.

RESULTS

Induction of Rbm20 occurs during early embryonic
cardiogenesis

Gene expression from natural stages of mouse heart development
demonstrates that the molecular network of pluripotent (Pou5f1,

Sox2), mesodermal (7-Brachyury, Mespl) pre-cardiac (Gata4,
Tbx5, Nkx2—-5) and mature cardiac (Actal, Tnnt2, Tnt) genes
are sequentially expressed during cardiogenesis. In a stage-
specific manner, the onset of pre-cardiac gene expression is
detected at E8.5 of mouse heart development. Notably, Rbm20 in-
duction was between E7.5 and E8.5 during in vivo cardiogenesis,
concomitant with established pre-cardiac and cardiac gene activa-
tion (Fig. 1A). Moreover, the expression profile of Rbm20 resem-
bles that of Nkx2-5, a marker for cardiac progenitors. Using mouse
embryonic stem cells (mESCs), the expression profile of Rbm20
throughout in vitro cardiogenesis was examined at different
time points of embryoid body (EB) differentiation (Days 0—24).
Expression of Rbm20 was induced between Days 5 and 9 of
ESC differentiation (Fig. 1B). To further validate the in vitro
system of ESC-derived cardiomyocytes, a developmental expres-
sion profile of pluripotent, mesodermal, pre-cardiac and cardiac
markers (Pou5f1, Mespl, Actcl, Tnni3) during EB differentiation
was used as a benchmark. Like in the in vivo roadmap, Pou5f1
expression decreased with the onset of EB differentiation,
followed by the transient induction of Mespl, robust increase
in Actal and progressive increase in 7Tnni3 expression with
advanced stages of cardiac differentiation (Fig. 1C). To trace
cardiac differentiation, a Tnnt2-pGreenZeo reporter system
(System Bioscience) was utilized and cardiogenesis was visua-
lized upon induction of the reporter system. Within the EB clus-
ters, temporal and spatial GFP expression was associated with
beating areas (starting at ~Days 10—12). For enrichment of car-
diomyocytes, EBs were treated with Zeocin selection medium
from Days 12—24. Fluorescence-activated cell sorting (FACS)
analysis showed enrichment of the cardiomyocyte population at
Day 24 of differentiation upon Zeocin treatment (Fig. 1D).

EBs with knockdown of Rbm20 express pathological
forms of unspliced 7itin and Camk2d

Tnnt2-pGreenZeo mESCs were infected with four different viral
particles containing shRNA sequences targeting the Rbm20 tran-
script (sh9, sh11, sh12, sh14), differentiated, and characterized
at Days 12 and 24 (Fig. 2A). Quantitative real-time PCR
(qRT-PCR) results demonstrated that one out of four shRNA
target sequences (sh12) significantly down-regulated Rbm20 at
Day 10 of ESC differentiation compared with the control
infected with non-targeting shRNA (Fig. 2B). To validate the
loss-of-function associated with suppression of Rbm20, we
assessed the splicing activity of the established targets Titin
and Camk2d (10) at Days 12 and 24 (Fig. 2C and D) with the
Gapdh gene serving as a loading control. At Day 24, agarose
gel electrophoresis revealed accumulation of the unspliced,
long isoform (720 bp; ~80%) of Titin over the smaller
isoform (240 bp; ~20%) in Tnnt2- derived shRbm20 progeni-
tors, whereas the isoform ratio was ~1:1 in control cardiomyo-
cytes (Fig. 2C). Furthermore, retention of unspliced exons 15
and 16 in the Camk2d transcript resulted in abnormal persistence
of isoform A (247 bp; ~43%) in response to shRbm20 knock-
down at Day 24 (Fig. 2D). There were no differences detected
in amount of the stage-specific isoforms of Titin and Camk2d
atearlier time-points (Fig. 2C and D), confirming the pathologic-
al splicing profile of Titin and Camk2d in the presence of
decreased Rbm20 during later stages of cardiogenesis.
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Figure 1. Rbm20 is differentially expressed during cardiogenesis (A) Microarray roadmap of in vivo cardiogenesis. Illustration of mouse cardiac development stages
from mESC through adult heart and dynamically and spatially differential expression patterns in the left and right ventricles (L: left: R: right). (B) In vitro differen-
tiation of mESCs to EBs demonstrates that Rbm20 is expressed between d5 and d9 using quantitative polymerase chain reaction (qQPCR). (C) gPCR analysis of estab-
lished cardiac genes expressed during ESC differentiation to EBs at different time points. (D) Tnnt2-GFP reporter system in differentiating EBs shows the in vitro
activation of troponin verifying in vitro cardiogenesis from d12 to d25. FACS analysis shows the fold change of cardiomyocyte population at d24 upon Zeo selection.

*Relative to Eb d5 as a negative control P < 0.05.

shRbm20-deficient cardiogenesis results in defective
Ca®* machinery

We assayed the Ca®" handling properties of EBs at Day 12 and
Tnnt2-selected cells at Day 24 by characterizing spontaneously oc-
curring intracellular Ca>" transients. In three independent experi-
ments, there were no differences in Ca>" spike amplitude, area
under the curve, time between peaks, or characteristic time of
Ca®t extrusion identified between shRbm20-deficient and
control cells at Day 12 (Fig. 3A). However, defective calcium ma-
chinery was revealed at d24 of differentiation in the Rbm20-knock-
down subpopulation. Notably, the d24 shRbm20-deficient

subpopulation exhibited elevated Ca®" spike amplitude
(53.62 +7.83 AU versus 32.21 +4.34 AU in shRbm20 compared
with control , respectively; P<<0.05) and area under the curve
(253.08 +45.62 AU versus, 98.49+13.32 AU, in shRbm20
compared with control, respectively; P<<0.05) of individual
Ca®" transients. Furthermore, the time between peaks was
longer (1.86 4+ 0.15 s versus 1.20 + 0.21 s, in shRbm20 compared
with control, respectively; P<<0.05) resulting in slower beating ac-
tivity. In addition, the characteristic time of Ca®" extrusion was
faster in shRbm20 cardiomyocytes (2.0 +0.21 s versus 2.75 +
0.15s, in shRbm20 compared with control, respectively;
P<0.05) (Fig. 3B). Molecular characterization of Ca®* machinery
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Figure 2. Rbm20 knockdown in vitro phenocopies DCM disease expression profiles

invivo.(A) Experimental design to establish Rbom20 knockdown (shRbm20) and

characterization of shRbm20-derived EBs at d12 and d24. (B) Structure of the murine Rbm20 gene and position of the shRbm20 viral particles targeting the mRNA of
Rbm20in differentexons(9,11,12,14). qPCR of d10 EBs show down regulation of Rbm20 specifically with viral particles targeting exon 12 (SH12) (*P = 0.03) d5 and

d10 EBs were used as a negative and positive control of Rbm20 expression (C and D)
(SH1, SH2 and SH3) and control (CTRL1, CTRL2 and CTRL3) at Days 12 and 24

RT-PCR on EBs derived from shRbm20 samples (SH-12) in biological triplicate
and relative densitometry to detect the splice variants of 7itin long isoform (L)

(785 bp) and small isoform (S) (385 bp), and Camk2d with the isoforms A (247 bp) and C (118 bp).

proteins revealed enhanced Serca2a and elevated Camk2d protein
levels in shRbm20-deficient subpopulations at Day 24 compared
with control cardiac cells (Fig. 3C). Microarray analysis of
in vivo cardiogenesis provided a benchmark for the expression
profile of Serca2a and Camk2d which demonstrated the activation
of both genes at E7.5 and increased expression to a plateau at E8.5
for Serca2a and E12.5 for Camk2d, highlighting temporal modula-
tion of Ca®" handling protein expression during natural heart
development. To define the role of abnormal Ca*" handling as a

mechanism of action for Rbm20 dysregulation, and to test
whether a Ca®" overloaded state is upstream of defective Titin
and Camk2d-based DCM, Ca*" channel blockers were applied.
Ca”" measurements in shRbm20 and control EBs with Ca"-
channel inhibitor verapamil from Days 12—24 demonstrated the
ability to completely inhibit Ca®* transients, yet the pathological
expression and splicing profiles of 7itin and Camk2d remained un-
affected by the modulation of Ca>* levels (Supplementary Mater-
ial, Fig. S1).
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Figure 3. Rbm20-dependent calcium handling at d24 of cardiogenesis. (A) Analysis of spontaneous calcium transients (top right) recorded from fluorescent images of
Rhod-2 am-labeled derived cardiomyocytes (top left) revealed no differences between shRbm20 (SH) and control (CTRL). (B) shRbm20-derived cardiomyocytes at
d24 reveal abnormal Ca*>" handling as demonstrated by enhanced peak amplitude and area under the curve of calcium transients, as well as prolonged time between
calcium spikes *denotes P < 0.05. (C) The data represent the mean values from three independent experiments. Western blotting analysis of Serca2a, sarcoplasmatic
reticulum calcium 2ATPase, and Camk2d Calcium/calmodulin-dependent protein kinase type II delta chain in shRbm20 and control at d24 of differentiation. Micro-
array analysis shows the expression profile of Serca2a and Camk2d during in vivo cardiogenesis.

¥202 Iudy ¢z uo 1senb Aq 2/18G5G/6..€/¥1L/€Z/e1oME/bwy/Wwod dnoolwapede//:sdily woly pepeojumoq



3784 Human Molecular Genetics, 2014, Vol. 23, No. 14

shRbm20-deficient cardiomyocytes exhibit an atypical
sarcomeric geometry in both patient-derived and
bioengineered samples

We next analyzed the sarcomeric structure of shRbm20-deficient
cardiomyocytes by immunostaining and transmission electron
microscopy (TEM). Both control and Rbm20-deficient cardio-
myocytes showed expression of a-actinin at Day 24 of differenti-
ation. However, compared with controls (n=58), a significantly
higher percentage of Rbm20-deficent cardiomyocytes (n=288)
had disorganized actinin fibers with punctate and stress fiber archi-
tecture (40% control versus 62% shRbm?20; P=0.05) (Fig. 4A).
TEM in shRbm20 EBs at Day 24 showed elongated and thinner
sarcomeres compared with control length [1.93+ 0.4 pm
(n=167) versus 1.67+0.25 pm (n=123)] and width [0.66 +
0.32 pm (n=135) versus 0.81 +£0.35 pum (n=110)] (Fig. 4B
and C). In order to compare the in vitro phenotype of Rbm20 de-
ficiency to patient-derived pathological samples and sarcomeric
structures, cardiac biopsy materials from two related DCM
patients carrying a P638L mutation in RBM20 (Fig. 4E) were ana-
lyzed and compared with cardiac biopsies from two individuals
without DCM (Fig. 4D). The measurements of sarcomere length
and width derived from DCM patients compared with controls
revealed atypical geometry (length: 1.85+0.23 pm [#=92]
versus 1.76 +0.12 pm [#=72]; width: 0.7 +0.33 wm versus
1.48 + 0.3 wm; Fig. SD—F). Thus, the abnormal sarcomere struc-
ture within DCM patients was comparable to the in vitro-derived,
Rbm20-deficient cardiomyocytes.

Knockdown of Rbm20 is associated with dysregulation
of gene splicing and gene expression within cardiogenic
pathways

RNA-seq was performed on EBs at Day 12 of differentiation
with or without shRbm20 to uncover the initial corruption due
to knockdown of Rbm20 by profiling whole-genome transcrip-
tome. Starting from 50 224 transcripts detected at a developmen-
tal stage preceding pathological cellular phenotype, a distinct
group of 49 genes were identified as differentially spliced, 12
genes had different isoforms, 11 genes were transcribed with dif-
ferent transcription start-site positions and 21 genes were differ-
entially expressed in control and shRbm20-derived EBs (Fig. SA
and Supplementary Material, Tables S2 and S3). Since Rbm20 is
known to regulate gene processing, the differentially-spliced
genes were analyzed and noted to have regulatory function at
the transcriptional and post-transcriptional level as noted with
transcription factors Mef2a and Relb (Supplementary Material,
Fig. S3, red label); SFI, involved in spliceosome complex;
Tiall, a RNA-binding protein; and Zscanl0 and 8, zinc finger
proteins (19-23). Focusing the analysis on differentially
expressed genes in shRbm20 EBs and comparing them to the
natural cardiogenic roadmap identified 21 Rbm20-dependent
genes involved in heart development and muscle differentiation
(Fig. 5B and C). Furthermore, 16 of the 21 dysregulated genes
(76%) have established associations with cardiac pathobiology.
Mutations and aberrant gene expression related to Orsl, Shh,
Nkx2-5, Pgam2, Myl4, Myl3, Myl7, Tnnt2, Csrp3, Myl2,
Pobec2, Rad, Tdgfl, Actcl, Mybpc3 and Cox6a?2 are associated
with specific cardiac defects including embryonic lethal defects,
congenital heart diseases, cardiomyopathies and inflammation

of the myocardium (Fig. 5C, Supplementary Material, Fig. S4)
(24-28). Notably, 3 of the 16 cardiac genes (Actl, Pgam?2 and
Mpyl2) differentially expressed in shRbm20-derived EBs are
transcriptionally regulated by Mef2a (Supplementary Material,
Fig. S4 red + label) (19,29). By searching TRASFACT motif,
10 differentially expressed genes were identified as predicted
targets of Mef2a or Relb transcription factors (Supplementary
Material, Fig. S4, blue + label). The expression profiles
obtained by RNAseq were validated by qRT-PCR (Supplemen-
tary Material, Table S1).

Transcriptome analysis of shRbm20-derived cardiac
subpopulations at Day 24 revealed dysregulation
of extracellular matrix gene networks

The comparison of transcriptome profiles of control and Rbm?20-
knockdown groups at Day 24 using RNAseq revealed 240
known genes differentially expressed upon in vitro differenti-
ation. 170 of these genes displayed a dynamic expression
profile within the in vivo cardiogenesis roadmap according to
the time-course microarray data set using mouse developmental
model system (nine time points from mESC to adult heart)
(Fig. 6). The gene interaction network (node-edge information),
ECM genes from gene ontology (GO) function enrichment ana-
lysis, and expression profiles of these 170 genes from both
natural cardiogenesis and RNA-seq data were visualized in an
integrated circular plot to highlight gene—gene interactions.
In the circular plot, the gene—gene interactions were defined
by the STRING database based on experiments, co-expression,
gene fusion or co-occurrence, etc. The interaction information
was retrieved by querying STRING database using the entire
gene list as input with the default settings on the database
website (http://string-db.org/).

The hub genes (labeled with red) with more than 10 interacting
partners genes included Prodh2, Otc, Ugt2b34, Ambp, Fabpl,
Aldob, Apoal, Spp2, Apob, Hnf4a, Cpsl, Alpi and Vin. GO en-
richment analysis on these 170 genes revealed that the most sig-
nificantly enriched function centered on extracellular matrix
(ECM) pathways which encompassed 33 genes differentially
expressed across the developmental roadmap (Fig. 6 and Supple-
mentary Material, Fig. S5). Furthermore, most of the ECM genes
were upregulated in the Rbm20-knockdown group indicating an
acquisition of pathological features in a cell-autonomous model
system. Therefore, Rbm20-dependent mechanisms are contrib-
uting to dysfunctional cardiac gene expression starting at early
stages of cardiogenesis and may be directly altering signaling
mechanisms linked to pathological cardiac remodeling.

DISCUSSION

DCM is a debilitating disease that results in progressive deterior-
ation of cardiac function and refractory heart failure with signifi-
cant morbidity and mortality (2,4). Despite DCM being
historically described as idiopathic, genetic mechanisms are
now recognized as a major contributor to DCM pathogenesis
(30,31). Mutations within RBM?20, a gene encoding an RNA-
binding motif protein, have been discovered in individuals with
severe cases of familial DCM (7-9). In order to facilitate the
mechanistic understanding of early-onset DCM pathogenesis,
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Figure 4. Cardiomyocytes at d24 manifest abnormal sarcomere geometry in Rbm20-deficiency as demonstrated in patient-derived cardiac tissues (A) a-actinin immu-
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Figure 5. Knockdown of Rbm20 is associated with dysregulation of gene splicing and a limited subset of cardiac genes at d12. (A) Summary of total transcripts ana-
lyzed by RNAseq in shRbm20 and control EBs at d12. (B) Barplot for the GO term enrichment analysis for differential genes at Day 12. (C) RNAseq data from
shRbm20 and control-derived EBs at d12 (left) and expression profile through in vivo cardiogenesis of the 21 genes differentially expressed in shRbm20 (right).
Natural cardiogenesis is represented by nine developmental stages E7.5, to adult stages, and by left (L) and right (R) ventricles when they became distinguishable
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we tested the hypothesis that Rbm20 acts as a crucial component of
RNA processing machinery to establish primordial cardiac gene
networks underpinning proper cardiac developmental processes
required for normal structure and function of nascent cardiomyo-
cytes. A time course microarray analysis of natural heart develop-
ment identified the induction of Rbm 20 gene expression at E8.5 of
cardiogenesis, which remained stable throughout maturation of
cardiac tissue. Furthermore, the activation of Rbm20 in our
in vitro model of cardiogenesis was confirmed between Day
5 and 9 of mESC differentiation. Compared with the dynamic
expression of pluripotent, pre-cardiac and cardiac genes analyzed
through in vitro cardiogenesis, the Rbm20 expression profile
mimics that of gold-standard early cardiac markers, such as
Nkx2-5 (32). This expression profile suggests that Rbm20 is

contributing to early cardiac gene networks that are not present
in pluripotent ESC, yet are maintained throughout adult myocar-
dium. Given the predominant phenotype in patients with RBM20
mutations is associated with cardiomyopathic changes, the mo-
lecular mechanisms leading to DCM could be contributing to
cellular dysfunction throughout the stages of cardiogenesis corre-
sponding to the induction and expression of the Rbm20 gene.

A previous study showed that cardiomyopathic changes due to
a mutation in Rbm20 impaired splicing of the sarcomeric struc-
tural protein Titin and the Ca®" regulator Camk2d (10). Moreover,
it was reported that the persistence of the unspliced form of
Camk2d is independently linked to the DCM phenotype (33).
Since mutations in RBM2(0 are associated with early-onset
DCM, it was hypothesized that this gene is required for proper
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Figure 6. Rbm20-deficient EBs at d24 revealed dysregulation of gene expression patterns in extracellular matrix networks. Circular plot showed gene interactions,
expression patterns in natural cardiogenesis (time-course microarray) and in control and shRbm20-derived cardiomyocytes at Day 24 (RNAseq). Differentially
expressed genes are represented by red (up-regulated) and green (down-regulated) dots with curves in the center linking them and representing the interactions
between genes (green: interaction connecting to down-regulated genes; red: interaction between up-regulated genes only). The sizes of the gray bubbles surrounding
the red and green dots correspond to the numbers of interactions for each gene (i.e. larger bubbles represent more interactions). The inner heatmap represents the
expression profiles during natural cardiogenesis. Natural cardiogenesis is characterized by time-course microarray experiment at nine different developmental
stages using a mouse model including mESCs, E7.5, E8.5, E9.5, E12.5, E14.5, E18.5, 3 days after birth (D3) and adult (A) stages, starting from E9.5, the heart
was dissected by left (L) and right (R) ventricles. At each time point, the heatmap showed the average expression of biological triplicate. The middle heatmap is
for the two control samples in RNAseq and outer heatmap for three shRbm20-derived samples. Genes belonging to the ECM are indicated by blue bars on the
gray circular band. The names of hub genes in the interaction network with more than 10 interactions are labeled in red.

embryonic heart development. This hypothesis required a stem
cell-derived model system to determine molecular dysfunction
at specific developmental time points. By knocking down
Rbm20 during in vitro cardiogenesis, we confirmed that cardio-
myocytes with Rbm20 deficiency detectable at Day 10 exhibit
pathological Titin and Camk2d profiles at Day 24 of differenti-
ation. The aberrant persistence of the long 7itin isoform (L) and
the absence of the short isoform (S) confirmed a pathological
link between Rbm20 and Titin in our model system. Furthermore,
analysis of Ca®" transients by fluorescence microscopy in

Rbm20-knockdown EBs revealed abnormalities at Day 24 that
indicated anomalous Ca2* handling within the cytoplasm likely
due to an aggregation of dysfunctional regulatory pathways
including Camk2d. Proportionally, the increased level of the
sarcoplasmic reticulum Ca?" pump, Serca2a, confirmed the
increased requirement of Ca®" turnover in shRbm20 cells.
However, chronic treatment of EBs with verapamil, a Ca’t
channel blocker, does not rescue the splicing of Titin and
Camk2d, indicating that the Ca*" phenotype is downstream
of Rbm20-dependent splice variants. As the link between
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Ca®" machinery alterations and cardiomyopathy has been
established (18), herein we demonstrated for the first time an
Rbm20-dependent dysregulation of Ca** homeostasis. Together,
the dysregulation of structural genes and Ca®>" handling machin-
ery are established as pathological features of DCM and can be
recapitulated within an in vitro model system.

In addition to the pathological regulation of intracellular
Ca®", ultrastructural analysis of sarcomeres from Tnnt2-
selected shRbm20 cardiomyocytes at Day 24 unmasked an
elongated, thinner structural geometry. Cardiac tissues derived
directly from patients with RBM2(0 mutations have comparable
sarcomeric morphological structure, suggesting a specific
phenotype linked to RBM20 both in vivo and in vitro model.
Although several forms of DCM have demonstrated sarcomeric
disarray (18,34), herein we show for the first time that the altered
structure of the sarcomere unit in patient-derived cardiac tissues
with Rbm20-dependent DCM can be recapitulated within a
cell-autonomous stem cell model system. The structural aberra-
tion of the sarcomere units could in part explain the anatomy of
the dilated heart in patients with DCM and the retention of the
more compliant 7itin isoform, N2BA, associated with low
passive tension (35,36). Collectively, these structural changes
may directly contribute to a reduction of the contractile force
in the hearts of DCM patients.

RNA-seq analysis of shRbm20 EBs versus control revealed ab-
errant splicing of Mef2a and Relb and dysregulation of 16 known
genes whose failure has been linked with heart disease (37—45),
suggesting that Rbm20 can directly regulate cardiac-dependent
RNA processing of transcription factors (21,46). The splice var-
iants of transcription factors such as Mef2a and dysregulation of
cardiac gene networks are the first detectable events at Day 12.
At this initial time point of molecular divergence, the profiles of
genes differentially expressed in shRbm20 EBs resemble an ab-
normal profile compared with the anticipated cardiogenesis
profile derived from the natural roadmap (47). Moreover, the
shift from low to high expression of two stage-specific genes,
Cdhr2 and Cubn, in shRbm?20 EBs at Day 12 highlights the possi-
bility that desynchronized gene patterns may negatively regulate
sequential acquisition of innate cardiogenic processes. Further-
more, mapping initial gene expression changes in early cardiogen-
esis has revealed pathological changes in stem cell-derived
cardiac tissue that was previously observed in physiological
systems (10). With progression of the disease in a physiological
system, the compensatory mechanisms are thought to affect
Extracellular matrix (ECM) genes and cardiac remodeling pro-
cesses, which have also been linked to DCM (10). Herein, gene
expression analysis of enriched cardiac tissue at Day 24 demon-
strated characteristic changes in ECM genes previously detectable
in physiological systems. Although the presence of ECM genes in
our RNA-seq analysis was unexpected, these data indicates that
cell-autonomous mechanisms linked to Rbm 20 may drive cellular
phenotypes previously considered by-products of physiological
adaptation to disease states. Thus, we now show that dysregulation
of'a wide range of cardiac-related genes and pathways (e.g. ECM)
can be detected and modeled in the absence of physiological com-
pensation using a stem cell-based disease model system.

Collectively, this study demonstrates that Rbm20 is expressed
in early cardiogenesis and functions in the patterning of cardiac-
gene expression in our stem cell-derived model system through
splicing regulation of transcription factors, such as Mef2a, that

could directly affect downstream gene expression patterns
linked to cardiomyopathic profiles. The “butterfly effect” or
small perturbations early in a process that leads to widespread
disruption have been observed herein with Rbm20 dysregulation
in early stages of cardiogenesis that culminates in derangement
of cellular phenotypes involving structural and Ca®" handling
machinery and is sufficient to produce expression profiles that
were previously identified only in decompensated physiological
systems (10). Therefore, stem cell-based developmental model
systems offer a distinctive advantage for genotype/phenotype
analysis to decipher between initial disease-causing mechanism
and delayed compensatory effects. Ongoing studies within a
wide array of DCM genotypes using high-throughput stem cell-
based technology will likely be sufficient to reveal alternative
strategies to map disease-causing mechanisms linked to progres-
sive heart failure. The dissection of novel developmental targets
will accelerate our ability to modulate progenitor cell contribu-
tion and optimize innate cardiac regeneration for patients with
a genetic underpinning for cardiomyopathic disease processes.

MATERIALS AND METHODS

All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO) unless stated otherwise.

In vivo cardiogenesis microarray

The time-course microarray experiments were performed on
mouse R1 embryonic stem cells (mESC), mouse whole
embryo (E7.5), heart tubes (ES8.5), and left and right ventricles
(E9.5, E12.5, E14.5, E18.5, newborn (3 days after birth) and
adult heart. Gene expression data were computed using RMA
algorithm as previously described (47).

Tnnt2-pGreenZeo mESC culture and differentiation

mESCs were cultured in stem cell medium and subsequently dif-
ferentiated into three-layer EBs) using the Agreewell method
(Stemcell Technologies). The Tnnt2-pGreenZeo mESCs were
established by infecting mESCs with Tnnt2-pGreenZeo pack-
aged virus particles (System Biosciences, Mountain View,
CA). After infection, cellular colonies derived from single
cells were PCR screened to assay for the transgene. EB cultures
were enriched for Tnnt2-positive cardiomyocytes by treatment
with 700 mg/ml Zeocin (Invitrogen) from Days 12 to 24.

All our analyses were performed from plates of cells that
achieved 20—30% cardiac induction at d12 based on activation
of Tnnt2/GFP.

shRbm20 knockdown

Tnnt2-pGreenZeo mESCs were infected with Mission TRC1
viral particles (Sigma, St. Louis, MO) containing pre-designed
shRNA lenti plasmids directed against different exons (exons
#9, 11, 12, and 14) of mouse Rbm20. In addition, a mixture of
all four viral particles (shmix) was used. Non-targeting viral par-
ticles were used as a control (CTRL). Stable lines for each
shRbm20, puromycin-resistant viral particle were established
by culturing the cells for 30 days in selection media containing
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2 pg/mlpuromycin (Invitrogen). The Tnnt2-pGreenZeo mESCs
were differentiated into EBs and screened at Days 9 and 10 for
the highest level of Rbm20 knockdown by qRT-PCR.

RT-PCR for alternative splicing

RT-PCR was carried out with RNA extracted from shRbm20 and
control EBs at Days 12 and 24 using a RNeasy Plus Mini kit
(Qiagen, MD). The reverse transcriptase (RT) reaction was
performed using an iScript cDNA Synthesis Kit (Bio-Rad,
Hercules, CA).

Ca’" imaging

Intracellular Ca®" dynamics in control and shRbm20-derived
EBs at Days 12 and 24 were assessed as previously described.?’
Briefly, cells were plated on laminin coated coverslips for
>24 h, loaded with the Ca®"-fluorescent probe Rhod-2 AM
(Invitrogen) in Tyrode’s solution containing 140 mm NaCl,
5.4 mm KCl, 1 mm MgCl,, 10 mm glucose, 1.5 mm CaCl,, and
10 mm HEPES (pH 7.4) and imaged with a Zeiss LSM Live 5
laser confocal microscope (Zeiss). Spontaneous Ca”" transients
were recorded at 37°C. A custom Matlab program (Mathworks)
was implemented to calculate the mean amplitude of Ca>* spikes
corresponding to the mean area under the curve of spontaneous
Ca®" transients and the mean time between spikes from 8—12
consecutive Ca®" cycles. To determine the characteristic time
of Ca®" extrusion (7), the relaxation phase of each transient
(from peak amplitude to baseline) was fitted to the exponential
function:

y= e—t/T

where y is fluorescence in AU, ¢ is time, and 7is the time to reach
63% of exponential relaxation. The Ca®" analysis was per-
formed three times at d12 and d24 and each time the shRbm20
samples were head to head compared with parental cell line
expressing innate levels of Rbm20.

Western blotting

At Day 24, Tnnt2-selected EBs were lysed on ice in RIPA
protein lysis buffer and samples were processed as previously
described (48).

Cell staining

Immunostaining for a-actinin inTnnt2-selected shRbm20 and
control-derived EBs was performed at Day 24 of differentiation
and images were acquired by Zeiss LSM 510 Axiovert laser con-
focal microscopy (Zeiss).

Transmission Electron Microscopy

Tnnt2-selected shRbm?20, control-derived EBs and human endo-
myocardial biopsy specimens were collected processed for TEM
and examined on a FEI Tecnai G* 12 transmission electron
microscope (TEM) operated at 80 kV. Micrographs were taken
on a JEOL 1200 EXII electron microscope.*’ ImagelJ software
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(NIH) was utilized to measure the length and the width of the
sarcomere.

Flow cytometry

GFP expression levels were quantified in 7Tnnt2-pGreenZeo EBs
atd5,d12, and d24 cultured in differentiation media upon Zeocin
treatment from d12 to d24. Specifically, the EBs infected with
the Tnnt2-pGreenZeo reporter system was subjected to spontan-
eous differentiation. During this process, beating cardiomyo-
cytes that were GFP-positive begin to appear at d12. At this
stage, treatment with Zeocin was initiated until d24 to enrich
the culture with Tnnt2-positive cardiomyocytes. Flow cytometry
was performed using a Gallios flow cytometer (Beckman
Coulter) and data analyzed with the Kaluza 1.2 software
(Beckman Coulter). Quantification of green GFP cardiomyo-
cytes was performed at d5, d12 and d24 upon differentiation.
GFP values for d12 and d24 were calculated by normalizing
their corresponding geometric mean values by the geometric
mean value associated with d5. Thus, GFP fluorescence intensity
was 2.95 and 6.94-fold higher than d5 values in d12 and d24 dif-
ferentiated cells, respectively.

RNA sequencing (RNA-seq)

RNA was extracted from shRbm20 and control (EB) at d12 and
d24 via a Qiagen RNeasy kit. Sequencing library was prepared
using Trueseq and sequenced on Illumina Hiseq 2000. For the
details of RNA-seq analysis, pair-end short reads in the
FASTQ format from sequencer were first filtered and only
high quality reads with Phred scores >33 were kept for the fol-
lowing analysis. After filtering the short reads were aligned or
mapped back to human genome (Homo_sapiens_ UCSC-hg19)
with Bowtie2. The unmapped kept reads were split to segments
and mapped to genome with Tophat2 and Bowtie2 for junction
searching with coverage-search algorithm on. Discovered
splices were indexed and joined. The all the results were reported
in the BAM files for the following analysis. The BAM files for
each sample were used to assemble transcripts with Cufflinks
with Cuffcompare then able to compare transcript assemblies
to annotation. The assembled transcripts were merged together
using Cuffmerge (49,50). Cuffdiff were used to finds differen-
tially expressed gene and transcripts and detects differential spli-
cing and/or promoter use (51). The results were then imported
into R for extracting differential genes and data visualization
using R CummerRbund package. The P-value cutoff for differ-
ential analysis was 0.05 after FDR control.

Statistical analysis

Heatmap and hierarchical clustering used to order the genes in
heatmap and circular plot were performed using R functions.
Non-linear model used to fit the curve for gene expression
across time points were performed with Spline model. Wilcoxon
test were applied to the sarcomere analysis and modified distri-
bution plot were generated using R functions and customized
R scripts.
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qRT-PCR

Real-time PCR to confirm the RNA-seq results used RNA
extracted from Days 12 and 24 control and shRbm20 EBs via a
Qiagen RNeasy kit. cDNA synthesis was completed using an
iScript cDNA Synthesis kit.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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