Targeted epigenetic tools for the control of variability in cardiac differentiation of patient-derived iPSCs
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Background and significance
The advancements in somatic cell reprogramming and subsequent differentiation into a cell type of interest has
provided scientists with a method to create accurate disease models from patient cells. This technique can be
of significant advantage when trying to recapitulate a model of cells that are normally difficult to attain in patients,
like cardiac and brain tissues (Trounson 2012). Moreover, comparing these diseased cells to controls could
indicate potential causes of the disease to researchers. This process of redefining cell state and identity,
however, involves a complex and convoluted set of gene regulations controlled by several mechanisms like the
epigenome. It is therefore unsurprising that the desired cell type output is made up of variable low and immaturity
yields (Huang 2012, Yoon 2006). One of the main reasons for this problem has been attributed to epigenetic
memory and cell plasticity, wherein iPSCs retain some of the epigenetic landscape inherent to their cell type of
origin. Attempts so far to resolve this have focused on using genome-wide approaches, like histone deacetylase
and DNA methylation inhibitors (Huang 2012). These efforts, however, still have limited success, in part due to
their lack of specificity (Christman 2002). There is therefore a need to develop new techniques in order to
increase yield and maturity of patient-derived cells and allow for more accurate disease models to be made.
The Zaragoza lab developed a series of induced pluripotent stem cells (iPSCs) from skin biopsy
fibroblasts of patients with lamin-associated cardiomyopathies. These cell lines, however, showed variability in
the efficiency of cardiac differentiation. We hypothesize that DNA methylation may be playing a role in hindering
cell plasticity and the differentiation process due to epigenetic memory. We propose to identify variations in the
methylome across lamin-associated cardiomyopathy patient and control cell lines, in order to understand the
underlying mechanisms that regulate yield, maturity, and disease-state.
Preliminary data
Table 1. Fibroblast and iPS cell line pairs and cardiomyocyte differentiation efficiencies (N = 10).
Differentiation efficiency
iPSC/Fibroblast
Source
Genotypea Sex Age at Skin Biopsy (years)b
(% cTNT + cells)c
PATIENT-1
Patient A1
+/F
38
75
PATIENT-2
Patient A2
+/M
62
62
PATIENT-3
Patient A3
+/F
70
42
PATIENT-4
Patient C1
+/M
51
27
PATIENT-5
Patient C3
+/M
29
P
CONTROL-1
Control A1
+/+
F
49
60
CONTROL-2
Donor 3
+/+
M
51
60
CONTROL-3
Control A3
+/+
F
68
57
CONTROL-4
Control C1
+/+
M
60
49
CONTROL-5
Control C3
+/+
F
26
P
a
Genotype: +/+ homozygous normal; +/- heterozygous LMNA mutation.
b
Age: average age + SD of CONTROL (50.8 ± 16) vs. PATIENT (50 ± 17) is not significantly different p > 0.05, (t-test)
c
Differentiation efficiency: Differentiation trial pending (P).

Creation
of
iPSCs
from
human
fibroblasts: Ten matched pairs of
fibroblasts and iPSC lines will be used
(Table 1). Cell lines were obtained, created,
and characterized in the Zaragoza Lab
under approved protocols (IRB HS#20118030, IRB HS# 2014-1253, & hSCRO#:
2014-1043). Five PATIENT iPSC lines were
derived from dermal fibroblasts cultured
from skin biopsies obtained from affected
individuals of two study families (A & C).
These include three patients (A1, A2, and
A3) heterozygous for LMNA splice-site
(c.357-2A>G) (Zaragoza 2016) and two
patients (C1 and C3) heterozygous for LMNA
missense (p.Arg335Trp) mutation (Zaragoza
2017). The five CONTROL iPSC lines were

Figure 1: iPS-derived cardiomyocytes. (A) Differentiation and
characterization workflow (B) Representative image of immunocytochemistry
staining for cardiac-specific cell marker Troponin T (green) and DAPI (blue).
(C) Representative dot plot from flow cytometry. Gating strategy excluded
doublets and dead cells.

derived from dermal fibroblasts from unaffected, mutation-negative family members (A1, A3, C1 and C3) or
healthy, unrelated individuals (Donor 3). Fibroblast lines were reprogrammed using non-integrating techniques
(CytoTune-iPS Sendai Kit, Life Tech) (Fusaki 2009). For each line, one to three clones were characterized for
pluripotency, differentiation capability, and chromosomal stability. By Sanger sequencing of all 12 LMNA exons
in fibroblast DNA, presence or absence of mutation was confirmed.
iPSC-derived cardiomyocytes generation and evaluation of differentiation efficiency: iPSC-derived
cardiomyocytes (CMs) were generated by Wnt signaling modulation (Lian 2013) (Figure 1A). On day 15, CMs
were characterized by staining for cardiac Troponin T protein (Figure 1B) and flow cytometry to quantify the
percentage of cardiac Troponin T positive (cTnT+) (Figure 1C). Differentiation efficiencies varied for PATIENT
and CONTROL iPSCs (Table 1).
Results:
Identification of differentially methylated regions (DMR) responsible for cell state variability
Table 2. iPSC RRBS data statistics
ID

Source

iPSC gDNA
conc (ng/uL)

Mapping
%

Mapped reads

Mean CpG
methylation

Mean read
depth

# of CpGs

C1

Control A1

3980

82.30%

14005546

70.40%

3.3186

9163391

P1

Patient A1

2730

80.00%

13239664

69.30%

4.94019

7178314

C2

Donor 3

774.9

81.80%

15412513

68.80%

3.70308

9555966

P2

Patient A2

540.3

74.40%

13889429

69.80%

4.10576

8408397

C3

Control A3

418.3

79.90%

12818488

66.70%

5.13147

7131640

P3

Patient A3

1340

77.30%

11897293

68.90%

3.96827

7348060

C4

Control C1

325.8

74.70%

12541395

70.80%

4.09152

8152915

P4

Patient C1

1960

81.10%

12307525

69.90%

3.29007

8286874

C5

Control C3

2880

80.90%

11418775

69.10%

4.67716

6665970

P5

Patient C3

1154.1

81.20%

11057593

70.40%

4.38496

6794765

Previous studies have highlighted the detrimental impact of epigenetic memory on reprogramming and
differentiation (Kim 2010). In order to determine the importance of DNA methylation in the context of the patientderived cardiomyocytes, reduced representation bisulfite sequencing (RRBS-seq) was performed. We collected
genomic DNA from corresponding fibroblasts and iPSC pairs (Table 1) and quantified the collected genomic
DNA (gDNA) using Nanodrop spectrophotometer (Table 2). The resulting gDNA yield a concentration in the
ranges of 525 ng/ul to 2880 ng/ul. Next, the resulting gDNA were subjected to reduced representation bisulfite
sequencing (RRBS), so as to capture CpG-rich regions.
DNA collected from both iPSCs and fibroblasts was subjected to standard RRBS library preparation
protocol, checked for quality, and sent out for sequencing at the Genomics High Throughput Facility at UCI.
Collected raw fastq reads were subsequently trimmed, and put through Bismark, a widely utilized software for
mapping bisulfite-converted sequence reads and determining cytosine methylation levels.
Table 3. Dynamic methylation data statistics
Dynamic
CpGs

Hyper
CpGs

Hypo
CpGs

total
DMRs

Ambiguous
DMRs

custom
DMRs

Hyper
DMR

Hypo
DMR

Genes
Associated

657

203

454

601

3

598

175

423

984

From this analysis, we generated
BED files, containing methylation ratios for
each captured CpG (Table 2). These ratios
are simply calculated at each CpG by
dividing the number of reads with a
methylated C at that location by the total
number of reads that map there. This data
was then run through methylKit, an Rbased software for cytosine methylation
analysis, which returned a non-biased
clustering of the samples. As expected,
fibroblasts and iPSCs separated from each
other, however, patient and control
samples were not as distinguishable,
especially in iPSCs. However, PCA
analysis revealed that 3 samples (iPSC
control 1, iPSC patient 3, and iPSC patient
4) clustered away from the rest of the
iPSCs
(Fig.
2A).
Interestingly, Figure 2: RRBS analysis of iPSCs based on differentiation efficiency A) PCA
analysis of all iPSC RRBS samples. B) Percentage distribution of dynamic CpGs
differentiation efficiencies of these three in genomic feature. C) Genome track of DNA methylation (0-100%) for all iPSC
samples (60%, 42%, and 27%) are low samples, including dynamic CpGs, and custom tiles created from them. D) GO
(Table 1). In order to elucidate the impact term enrichment for DMRs. E) TF binding sites enriched in hypomethylated (top)
of DNA methylation on differentiation and hypermethylated (bottom) DMRs.
efficiency, we determined dynamically methylated cytosines between the three identified samples and the
remaining seven. These CpGs were chosen as long as they met the conditions of coverage ≥5, q-value ≤ 0.01,
and a difference in methylation percentage ≥30%. Positive differences (>0; 𝐶𝑝𝐺%!"# %&''()(*+&,+&"* >
𝐶𝑝𝐺%-&.-() %&''()(*+&,+&"* ),
were
termed
hypermethylated,
while
negative
differences
(<0;
𝐶𝑝𝐺%!"# %&''()(*+&,+&"* < 𝐶𝑝𝐺%-&.-() %&''()(*+&,+&"* ), were termed hypomethylated. 657 CpGs were identified as
dynamic, of which 203 were hypermethylated, and 454 were hypomethylated. Dynamic CpGs were found to be
located mostly within introns (39%) and intergenic (44%) (Fig. 2B).
To perform region-based analyses, we generated tiles to attain differentially methylated regions (DMRs)
similarly to previously defined methods (Ziller 2013) These tiles were created by grouping any dynamic CpGs
within 500bp of each other. Any tile with a size <100bp, had their genomic interval extended in both directions
until they reached 100bp (Fig. 2C). Only non-ambiguous DMRs containing dynamic CpG methylation difference
in the same direction (i.e. all negative, or all positive) were kept, and defined as hyper or hypomethylated
accordingly. 598 DMRs were generated and classified for iPSCs (Table 3). Using the GREAT analysis from
Stanford, we identified 984 genes associated with these DMRs. In order to perform GO term analysis, we
generated a customized background file by performing the same tiling method as before on all CpGs acquired
in our RRBS iPSC samples. Using this background, we found that of the 13 enriched terms, 11 were related to
developmental and differentiation processes, and one was related to Wnt pathway regulation (Fig. 2D). These
terms, along with the Wnt pathway’s involvement in cardiac differentiation, suggest that DNA methylation may
indeed be responsible for the lower differentiation in these iPSC samples. We additionally performed HOMER
analysis to identify overrepresented transcription factor binding sites within our DMRs. Hypomethylated DMRs
enriched for homeobox and forkhead protein families, while hypermethylated DMRs enriched for MYB, a protein
involved in hematopoiesis regulation. Together, these results reinforce the fact that the identified genes may be
dysregulated due to differential methylation, and therefore lead to differences in differentiation efficiency.
Future Directions
In the future, we aim to apply the findings of our current study to improve our cardiomyocyte differentiation
protocols. By using a more targeted approach to activate or silence genes and transcription factor binding sites
identified, we hope to obtain a more robust and more reproducible differentiation efficiency in the process of
cardiomyocyte generation. Additionally, by using DNA from fibroblast cells, we will perform RRBS to similarly
identify differentially methylated regions between patient and control samples, and their associated genes, in
order to study the effect of DNA methylation on disease-state.
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