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ABSTRACT
The discovery and isolation of human embryonic stem cells (hESCs), and the more recent
generation of induced pluripotent stem cells (iPSCs) from adult cells, has given medical
science the tantalizing prospect of one day regenerating organs and tissues in human patients,
as well as a revolutionary method for investigating heritable human diseases in a petri dish.
This is because hESCs and iPSCs are pluripotent, which enables them to differentiate into
virtually any cell type of the human body. However, forcing these cells to change their
phenotype is an imperfect science, and is often time-consuming, resource-intensive, and
plagued by poor yields. Fundamentally, what is needed is better control over the factors that
induce, maintain, and repress pluripotency. Given the ~25,000 known protein coding genes in
the human genome, as well as numerous known and unknown regulatory elements such as
noncoding RNAs, this is a daunting task. My approach to this problem is taken in large
measure from systems biology, in which understanding biology at the systemic level, rather
than its individual parts, is the central dogma. For example, we now commonly hear words
such as “circuits”, “networks”, and “programs” to describe molecular regulation of cellular
processes. While these terms bring a language of engineering sophistication to biological
research, what they imply is that no single molecule is responsible for a given biological
process. My work over the past four years has therefore attempted to characterize the sets of
molecules, both messenger RNAs and microRNAs, that constitute the “transcriptome” of the
stem cell. This has included understanding how the stem cell transcriptome changes in the face
of external insult (e.g. ionizing radiation), how it changes during differentiation to adult
phenotypes such as cardiomyocytes and endothelial cells, and how knowledge from it may be
used to induce pluripotency. Taken together, interrogating and ultimately controlling the stem
cell transcriptome will be an essential step before we can realize the promise of regenerative
therapy.
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INTRODUCTION
First isolated by James Thomson and colleagues in 19981, human embryonic stem
cells (hESCs) have inspired both enormous hope and enormous heartache in the public and
scientific communities. When imagining hESC-based therapies of the future, we now think in
terms of actual regeneration rather than just preservation of function: paralyzed patients will
walk again, failing hearts will beat strongly again, weakened pancreas will release insulin
again. These are truly revolutionary ideas, and they speak directly to our relentless search, in
the footsteps of Ponce de León, for the legendary Fountain of Youth. Whereas that
regenerative fountain was based in mythology, we would like to believe that we have the real
thing with stem cells, which are based in science.
After having worked in the field for a handful of years, in my opinion the practical
realization of clinical regenerative medicine remains elusive. Thus far, even in idealized
animal models, our ability to efficiently differentiate stem cells into useful cell types,
transplant them so that they remain alive and integrate with the host parenchyma or stroma,
then ultimately regenerate the diseased area in a meaningful way permanently and consistently
and safely, is still just a dream. There is a mountain of basic science and translational research
that must be scaled before we can routinely inject foreign cells into very sick patients and
expect only positive outcomes that are without risk. That being said, I remain a believer in the
potential of regenerative therapies, and continue to believe that the 21st century will be the
Stem Cell Century. It has been thrilling to spend my graduate years in one of science‟s newest
and fastest-growing fields, made even more thrilling with the invention of a great biological
curiosity, induced pluripotent stem cells (iPSCs).
But first, some background on these cells. The beauty of hESCs is that they are
derived from the inner cell mass of the human blastocyte and, under the right conditions, can
be kept in an undifferentiated, self-renewing state indefinitely. In contrast to adult stem cells,

1

hESCs have the advantage of being pluripotent, which endows them with the ability to
differentiate into virtually every cell type in the human body. However, the use of human
embryos is controversial in the US, and potential tissue rejection following transplantation in
patients remains problematic2. One way to circumvent these issues is to generate iPSCs. In
2006, Shinya Yamanaka was the first to describe induction of pluripotency in mouse
fibroblasts using just four transcription factors (OCT4, SOX2, KLF4, c-MYC)3, and a year
later the derivation of human iPSCs was reported by both Shinya Yamanaka4 and James
Thomson5 (using OCT4, SOX2, NANOG, LIN28). The advantage of this approach is that it
does not require human embryos or oocytes to generate patient-specific stem cells, and
therefore can potentially bypass the ethical and political debates that have surrounded this
field for the past decade. Another important benefit is that for the first time, disease-specific
stem cells can be created, which will help scientists understand the molecular mechanisms of
many common inherited diseases6.
Among the many issues for regenerative medicine, one critical need is a better
understanding of the regulatory mechanisms within stem cells that govern their pluripotency.
This knowledge would lead to better control over the regulatory genes that “pull the strings”
of pluripotency, and allow scientists to more effectively direct their behavior. To do this, an
ideal technology would quickly and accurately analyze the whole genome of the stem cell
under different conditions and states and, with the aid of computers, sift through the enormous
amount of data to uncover important regulatory mechanisms. Thankfully for stem cell
biologists, this “genomics” technology has been developed and perfected since 1977 when
Fred Sanger and colleagues first sequenced the complete genome of the bacteriophage
ΦX1747. Just over two decades later, Sanger‟s advances led to the first sequence of the human
genome in 20018, 9, representing a landmark in modern biology and new avenues to pursue
global approaches to gene function and its relationship to human physiology.
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While a major branch of genomics is still concerned with sequencing the genomes of
various organisms, the primary DNA sequence itself can only hint at the molecular function of
any given gene. By necessity, the knowledge of full genomes has spawned the field of
functional genomics, which is primarily concerned with patterns of gene expression under
various conditions. Historically, researchers performed multiple-tissue Northern blots of a
gene‟s expression in a panel of tissues or organs in order to gain a more complete picture of its
function. However, this experiment can be laborious and time-consuming, and the availability
of a representative number of tissue samples can affect the interpretation of results. Many of
these limitations were overcome in 1995 when the use of miniaturized microarrays for gene
expression profiling was first reported by Pat Brown and colleagues10. The current workhorse
of functional genomics, microarrays allow scientists to construct the equivalent of a multipletissue Northern blot for tens of thousands of genes all at once.
A typical microarray consists of an arrayed series of thousands of spots of DNA
oligonucleotides, each containing picomoles of a specific DNA sequence (“probe”). This can
be a short section of a gene or an oligonucleotide with known specificity that is used to
hybridize a cDNA or cRNA “target”. Probe-target hybridization is usually detected and
quantified by detection of fluorophore- or biotin-labeled targets to determine relative
abundance of nucleic acid sequences in the target. Limitations with microarrays do exist, such
as hybridization and cross-hybridization artifacts, dye-based detection issues, and design
constraints that preclude the detection of different RNA splice patterns and unmapped genes.
For these reasons, next generation sequencing technologies are now supplanting the
microarray for functional genomic studies11-17. Even with its limitations, microarray
technology has made it possible to rapidly and affordably measure the gene transcript
abundance of whole genomes under any number of cellular environmental conditions, and also
predict the function of poorly understood genes based on their expression profile.
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Furthermore, because stem cells can be easily perturbed and differentiated in vitro, during
which they exhibit a markedly dynamic range of expression across thousands of genes, they
are an ideal system for in vitro study of the functional genome during human development
and, in the case of iPSCs, the emergence of disease.
The stem cell field is clearly one that requires collaborative, interdisciplinary work –
molecular and cellular biology, developmental biology, genetic engineering, multimodality
imaging, genomics and bioinformatics, clinical medicine, and immunology, to name a few. So
my graduate work has by necessity been diverse in nature, and in this thesis I have included
the majority, but not all, of my published work, with a particular focus on two main fields: (1)
wet lab hESC and iPSC biology, and (2) bioinformatic analysis of the global RNA expression
profiles (the “transcriptomes”) in these cells and their derivatives. This has included
understanding how the stem cell transcriptome changes in the face of external insult (ionizing
radiation18 and electrical pacing19), how it changes during differentiation to adult phenotypes
such as cardiomyocytes20-22 and endothelial cells23, and how knowledge from it may be used to
induce pluripotency in adult cells24-27. In the Addendum, I have included a publication that I
authored in which we used microarrays to understand the mechanism of cardio-toxicity that
has been alleged against the type 2 diabetes drug, rosiglitazone (Avandia)28. Unfortunately, I
will only discuss some of my work with molecular imaging29, 30, and will not discuss a recent
publication on nicotinic receptors and hESCs31.
In this thesis then, I present my complete work on stem cell transcriptomics: a systems
approach to the pluripotent state.
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1. PERTURBING THE PLURIPOTENT STATE
Effects of ionizing radiation on self renewal and pluripotency of human
embryonic stem cells.

ABSTRACT
Human embryonic stem cells (hESCs) present a novel platform for in vitro investigation of
the early embryonic cellular response to ionizing radiation. Thus far, no study has analyzed
the genome-wide transcriptional response to ionizing radiation in hESCs, nor has any study
assessed their ability to form teratomas, the definitive test of pluripotency. In this study, we
use microarrays to analyze the global gene expression changes in hESCs after low (0.4 Gy),
medium (2 Gy), and high (4 Gy) dose irradiation. We identify genes and pathways at each
radiation dose that are involved in cell death, p53 signaling, cell cycling, cancer, embryonic
and organ development, and others. Using Gene Set Enrichment Analysis (GSEA), we also
show that the expression of a comprehensive set of core embryonic transcription factors is not
altered by radiation at any dose. Transplantation of irradiated hESCs to immune-deficient
mice results in teratoma formation from hESCs irradiated at all doses, definitive proof of
pluripotency. Further, using a bioluminescence imaging technique, we have found that
irradiation causes hESCs to initially die after transplantation, but the surviving cells quickly
recover by two weeks to levels similar to control. To conclude, we demonstrate that similar to
somatic cells, irradiated hESCs suffer significant death and apoptosis after irradiation.
However, they continue to remain pluripotent and are able to form all three embryonic germ
layers. Studies such as this will help define the limits for radiation exposure for pregnant
women and also radiotracer reporter probes for tracking cellular regenerative therapies.

5

INTRODUCTION
Ionizing radiation is a form of electromagnetic radiation produced by x-ray machines,
fluoroscopy, radioactive isotopes, as well as nuclear environmental catastrophe. In pregnant
mothers undergoing diagnostic or therapeutic procedures involving ionizing radiation, or who
may be exposed to environmental radiation, there is a great potential for damage to the early
embryo32, 33. The current consensus is that exposure to radiation of <0.05 Gy during pregnancy
is not related to an elevated risk of malformation, and many diagnostic procedures remain
below this threshold32, 34 (note that the Gray (Gy) is a unit of absorbed dose and reflects the
amount of energy deposited into a mass of tissue). However, these data are based on limited
human data or on animal models, and so may not accurately reflect the human embryonic
response to radiation.
With the growing number of imaging procedures that employ ionizing radiation such
as x-rays, computed tomographic (CT) scans35-37, and positron emission tomography (PET) or
single photon emission computed tomography (SPECT) reporter probes that monitor stem cell
transplantation for regenerative and anti-oncogenic therapies38, 39, as well as concerns over
terrorist attacks involving radioactive materials40, there is a need to better understand the
effects on human embryonic stem cells (hESCs). A number of reports have studied both UVand γ-irradiated mouse41-43 and human44-48 embryonic stem cells, and have primarily focused
on the DNA damage response such as cell cycling, p53 signaling, and apoptosis. Only a two 45,
48

have attempted to characterize the effects of radiation on the defining feature of human

embryonic stem cells: pluripotency, or ability to form all three embryonic germ layers.
However, these studies focused on the expression of just two embryonic genes (OCT4,
NANOG) after irradiation, and none have performed teratoma studies to prove pluripotency.
To address this lack of knowledge, we perform gene expression profiling of irradiated
hESCs at three different doses, allowing us to analyze global pluripotency programs that may

6

be affected by radiation. Taking advantage of novel molecular imaging techniques to track
hESC proliferation, we also inject irradiated hESCs into mice and show that despite a transient
decrease in cellular proliferation with the highest dose used in this study (4 Gy), these cells are
still able to ultimately form teratomas. Taken together, we present definitive proof that hESCs
that survive irradiation up to 4 Gy are pluripotent.

MATERIALS AND METHODS
hESC culture. Undifferentiated hESCs (H9 line from Wicell, passages 45 to 55) were grown
on Matrigel-coated plates in mTeSR1 medium (Stem Cell Technologies, Vancouver, BC,
Canada) as previously described49. Cell media was changed daily, and passaged approximately
every 4-6 days using Collagenase IV. For cell counting, hESC colonies were digested to single
cells with 0.05% trypsin EDTA and counted with a Countess Automated Cell Counter
(Invitrogen).

Irradiation. hESCs were irradiated with 0.4, 2, or 4 Gy of γ-radiation using a Cesium137
irradiator. Immediately after irradiation, cells were returned to the incubator for recovery until
the appropriate time point.

RT-PCR. 18S was used as housekeeping gene control. The primer sets used in the
amplification reaction are as follows:
Human CXCL10 forward primer: 5‟-CTGATTTGCTGCCTTATCTTTCT-3‟
Human CXCL10 reverse primer: 5‟-ACATTTCCTTGCTAACTGCTTTC-3‟
Human GADD45 forward primer: 5‟-TGGAGGAAGTGCTCAGCAAAGCC-3‟
Human GADD45 reverse primer: 5‟-ACGCCTGGATCAGGGTGAAGTGG-3‟
Human 18S forward primer: 5‟-ACACGGACAGGATTGACAGA-3‟
Human 18S reverse primer: 5‟-GGACATCTAAGGGCATCACAG-3‟
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Immunohistochemical analysis. 48 hours after irradiation, hESCs were fixed with 2%
formaldehyde in PBS for 2 min, permeabilized with 0.5% tritonX-100 in PBS for 10 min, and
blocked with 5% bovine serum albumin in PBS for an hour. Cells were then stained with
appropriate primary antibodies and AlexaFluor conjugated secondary antibodies (Invitrogen).
The primary antibodies for OCT4 (Santa Cruz), SOX2 (Biolegend), NANOG (Santa Cruz),
SSEA-4 (Chemicon), Tra-1-60 (Chemicon), and Tra-1-81 (Chemicon) were used in the
staining.

Annexin V flow cytometry analysis. 48 hours after irradiation, hESCs were harvested and
resuspended in binding buffer and stained with 5 µl of annexin V-fluorescein isothiocyanate
and 5 µl propidium iodide (PI) using the Annexin V : FITC Apoptosis Detection Kit II (cat #
556570, BD Pharmingen). The cell suspension was incubated for 15 min at room temperature
and analyzed on a FACScan flow cytometer (BD Bioscience). Flow cytometry data were
analyzed with FlowJo (Treestar, San Carlos, CA) analysis software.

Microarray hybridization and data acquisition. Total RNA samples were isolated in Trizol
(Invitrogen) followed by purification over a Qiagen RNeasy column (Qiagen) from hESCs 48
hours after irradiation. Three independent experiments for each radiation group plus control
(for a total of 12 unique samples) were harvested for RNA isolation. Using Agilent Low RNA
Input Fluorescent Linear Amplification Kits, cDNA was reverse transcribed from each of 12
RNA samples representing four biological triplicates, as well as the pooled reference control,
and cRNA was then transcribed and fluorescently labeled with Cy5/Cy3. cRNA was purified
using an RNeasy kit (Qiagen, Valencia, CA, USA). 825 ng of Cy3- and Cy5- labeled and
amplified cRNA was hybridized to Agilent 4×44K whole human genome microarrays
(G4112F) and processed according to the manufacturer‟s instructions. The array was scanned
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using Agilent G2505B DNA microarray scanner. The image files were extracted using Agilent
Feature Extraction software version 9.5.1 applying LOWESS background subtraction and dyenormalization.
The data were analyzed using GeneSpring GX 10.0 (Agilent Technologies, Santa
Clara, CA) to identify genes which had statistically significantly changed expression between
groups. Genes were considered significantly differentially regulated with P-value < 0.05 and
fold change ≥ 1.4. For hierarchical clustering, we used Pearson correlation for similarity
measure and average linkage clustering. A heat map was generated using Pearson correlation
clustering of a significant gene list after one-way ANOVA of the raw data.

Gene Set Enrichment Analysis (GSEA). GSEA was performed using the GeneSpring GX
software and gene sets downloaded from Molecular Signatures Database (MSigDB) (Broad
Institute, MIT); a custom list of 26 pluripotency genes was also created based on literature
review. Gene sets were considered significant with Q-value <0.25, as recommended50. Briefly,
the primary result of GSEA is the enrichment score (ES), which reflects the degree to which a
gene set is overrepresented at the top or bottom of a ranked list of genes. The normalized
enrichment score (NES) is the primary statistic for examining gene set enrichment results. By
normalizing the enrichment score, GSEA accounts for differences in gene set size and in
correlations between gene sets and the expression dataset.

Ingenuity Pathway Analysis (IPA). Significant gene lists were generated from the
GeneSpring software and uploaded to IPA for analysis. IPA assigns biological functions to
genes using the Ingenuity Pathways Knowledge Base (Ingenuity Systems, Inc., Redwood
City, CA). This information is used to form networks to create an „interactome‟ of genes that
are involved in specific biological processes.
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Functional Analysis. The Functional Analysis identified the biological functions
and/or diseases that were most significant to the data set. Molecules from the dataset
that met the P-value cutoff of 0.05 and fold change cutoff of 1.4 were then associated
with biological functions and/or diseases in Ingenuity‟s Knowledge Base were. Righttailed Fisher‟s exact test was used to calculate a P-value determining the probability
that each biological function and/or disease assigned to that data set is due to chance
alone.
Canonical Pathway Analysis. Canonical pathways analysis identified the pathways
from the Ingenuity Pathways Analysis library of canonical pathways that were most
significant to the data set. The significance of the association between the data set and
the canonical pathway was measured in two ways: 1) A ratio of the number of
molecules from the data set that map to the pathway divided by the total number of
molecules that map to the canonical pathway is displayed. 2) Fisher‟s exact test was
used to calculate a P-value determining the probability that the association between
the genes in the dataset and the canonical pathway is explained by chance alone.

Generation of stable reporter gene hESC lines. Enhanced green fluorescent protein (eGFP)
and firefly luciferase (Fluc) double fusion reporter gene positive hESCs (Fluc+/eGFP+hESC) have
been previously described

20, 29

. Briefly, SIN lentivirus was prepared by transient transfection

of 293T cells. H9 hESCs were stably transduced with LV-pUB-Fluc-eGFP at a multiplicity of
infection (MOI) of 10. The infectivity was determined by eGFP expression as analyzed on a
FACScan. eGFP positive cell populations were isolated by fluorescence activated cell sorting
(FACS) Vantage SE cell sorter (Becton Dickinson), followed by plating for long-term culture.
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Subcutaneous transplantation of hESCs. Animal protocols were approved by the Stanford
University Animal Care and Use Committee guidelines. All procedures were performed on 810 week old female SCID Beige mice (Charles River Laboratories, Wilmington, MA).
Following induction with inhaled isoflurane (2% to 3%), anesthesia was then maintained with
1% to 2.5% isoflurane. 200,000

Fluc+/eGFP+

hESCs were suspended in a 50 µl volume of a 1:1

mixture of growth factor reduced-Matrigel and DMEM, then irradiated at the appropriate
dosage (0.4, 2 or 4 Gy). Irradiated cell suspensions were each injected subcutaneously into the
dorsum of eight SCID mice; injections were performed within 2 hours of irradiation.

Bioluminescence imaging of transplanted cell survival. Bioluminescence imaging was
performed using the Xenogen IVIS 200 system (Caliper Life Sciences, Hopkinton, MA). After
intraperitoneal injection of the reporter probe D-Luciferin (375 mg Luciferin/kg body weight),
animals were imaged for 1-10 minutes. The same mice were imaged for 6 weeks. Regions of
interest (ROI) were drawn over the signals using the Igor image analysis software
(Wavemetrics, Lake Oswego, OR). BLI signal was standardized for acquisition time and
quantified in units of maximum photons per second per square centimeter per steridian
(photons/sec/cm2/sr).

Postmortem immunohistochemical staining. Animals were sacrificed according to protocols
approved by the Stanford Animal Research Committee after the duration of the study.
Teratomas were explanted and processed for H&E staining. Slides were interpreted by an
expert pathologist.
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Statistical analysis. Non-microarray data are presented as mean S.D. Data were compared
using standard or repeated measures, using ANOVA where appropriate. Differences were
considered significant for P<0.05.

RESULTS
Fig. 1A gives a schematic of our experimental design. At the high dose of 4 Gy, we
observed massive cell death that was concurrent with the development of holes and patchy
regions in hESC colonies at 48 hours (Fig. 1B,C); hole formation has also been reported in
colonies six hours after 5 Gy irradiation45. However, the surviving hESCs continued to express
common pluripotency markers such as TRA-1-81, SSEA4, TRA-1-60, and embryonic
transcription factors such as OCT4, SOX2, and NANOG that are key regulators of
pluripotency and self-renewal (Fig 1C).
We were curious about the relative extent of apoptosis and cell death after irradiation
at the different dosages, and so double-stained hESCs with Annexin V (early apoptosis) and
PI (cell death) 48 hours after irradiation, and analyzed the cells with flow cytometry (Fig. 1D).
Clearly, there is a trend towards increasing apoptosis and cell death at the higher radiation
doses (2 and 4 Gy) compared to low dose (0.4 Gy) and control. The majority (>70%) of
hESCs are dead after 4 Gy irradiation, though an apoptotic minority (<30%) appears to
survive at 48 hrs. This latter population likely represents the surviving cells that continue to
express pluripotency markers, as seen in Fig. 1C. However, the definitive test of pluripotency
of human cells is the ability to form a teratoma, which we performed next.
To confirm that surviving hESCs are pluripotent, we injected irradiated cells into
immuno-compromised mice and monitored for teratoma formation. We tracked their growth
kinetics in vivo by using hESCs that constitutively express a Fluc-eGFP double fusion reporter
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Figure 1. In vitro studies of irradiated hESCs. (A) Schematic of experimental setup. (B,C)
Immunostaining of pluripotency markers in control (B) and irradiated (C) hESCs shows
maintenance of marker expression 48 hours after irradiation. (D) Flow cytometry of FITC
Annexin V and propidium iodide (PI) double-stained hESCs 48 hours after the indicated
radiation dose (one representative experiment of three is shown).
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gene (Fig. 2A), enabling longitudinal monitoring of cellular photon emission, and by
extension their proliferation, as described20,
Fluc+/eGFP+

29

. After irradiation and injection of

hESCs, we found that photon emission from the 2 and 4 Gy groups reached a

statistical minimum at seven days that was less than photon emission from cells exposed to 0
and 0.4 Gy, suggesting massive cell death (P<0.05, n=8 per group, see Fig. 2B,C). Based on
the photon intensities, we estimated that 38±30%, 63±20%, 80±9%, and 83±7% (mean±SEM)
of the 0, 0.4, 2, and 4 Gy-irradiated cells, respectively, had died at day 7. We expected that the

Figure 2. Bioluminescence reporter gene imaging of irradiated hESCs in living animals.
(A) The double fusion reporter gene construct carrying firefly luciferase (Fluc) and enhanced
green fluorescent protein (eGFP). (B) Diagram of the subcutaneous injection sites for each
radiation group plus control, as well as representative bioluminescent images for three mice
through day 42. (C) Plot of longitudinal bioluminescent signal intensities for each group (*0
and 0.4 Gy vs. 2 and 4 Gy, P<0.05). Data presented as mean±SEM. (D) H&E staining of
teratoma section from representative 4 Gy group demonstrating three embryonic germ layers.
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2 and 4 Gy groups would continue to die,
but surprisingly all four groups emitted
similar levels of photons by day 21,
indicating

that

surviving

hESCs

had

recovered from high dose irradiation. We
confirmed this result by studying long-term
in vitro cultures of irradiated hESCs, and
found that cell proliferation was inhibited in
the first week after high dose irradiation, but
thereafter all groups exhibited similar

Figure 3. In vitro hESC proliferation
kinetics after irradiation. Cells were
irradiated on Day 0. The fold change in total
cell number for each group was calculated by
counting the cells at the beginning and end of
the indicated range of days. Experiments were
performed in duplicate.

growth kinetics (Fig. 3). Note that after the post-irradiation “recovery period”, we did not
observe any compensatory increase in cell
proliferation in the high dose groups. Finally, of
the eight mice used in this study, five
developed teratomas in the 4 Gy group by the
sixth week (see Fig. 2D for representative H&E
images, and Fig. 4 for a representative gross
image of four teratomas from a single mouse).
The three mice that failed to form teratomas in
the 4 Gy group likely experienced significant
Figure 4.
Gross image of four
subcutaneous teratomas at three
radiation dosages plus control (0 Gy).
Each teratoma has its own blood vessel
network, demonstrating nascent nutrient
and oxygen supply. Mouse was sacrificed
at 6 weeks after subcutaneous injection of
irradiated hESCs.

apoptosis and cell death, and not loss of
pluripotency. To confirm this, we performed a
careful microarray study of the core set of
pluripotency genes to determine whether there
are any detectable changes in pluripotency
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programs, however subtle, in response to ionizing radiation.
For the transcriptomic analysis of irradiated hESCs, RNA was isolated from cells 24
hours after irradiation, then labeled and hybridized to microarrays (raw data files have been
uploaded to GEO under accession number GSE20951). When analyzing microarray data, it is
often informative to start from a system-wide rather than individual-gene view of the resulting
data, especially when the overall gene fold changes are no more than seven-fold. An overview
of the gene profiles can be seen in the heat map of Fig. 5A. Most apparent is the co-clustering
of the control and low dose samples (0 and 0.4 Gy), which were distinct from the co-clustering
of the high dose samples (2 and 4 Gy). This pattern is also evident in Fig. 5B, in which global

Figure 5. Microarray analysis of hESCs 24 hours after irradiation. (A) Pearson
clustering of the data for 0, 0.4, 2, and 4 Gy irradiated hESCs (n=3 biological replicates
per group). Note that one replicate from the 0.4 Gy group was lost due to poor array
hybridization. Each gene is represented by a single row and each sample by a single
column. Red = upregulated, Green = downregulated. (B) Global Pearson correlation of
microarray data. (C) Venn diagram of the significant entities (P<0.05, fold change ≥1.4)
between each radiation group and control (0 Gy).
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Pearson correlation shows 95% correlation between the 2 and 4 Gy groups, but only 86%
correlation with the low-dose 0.4 Gy group. A Venn diagram of the entities that are
significantly different (P<0.05, fold change ≥1.4) between radiation dosage and control further
illustrates this pattern (Fig. 5C, note that microarrays often contain multiple probes, or
“entities”, for a given gene). Again, we observe the same grouping as in the Pearson
correlation: the 2 and 4 Gy-irradiated samples exhibit a higher degree of overlap between
themselves than they do with the 0.4 Gy group.
We

next

used

Ingenuity

Pathways

Analysis

(Ingenuity®

Systems,

www.ingenuity.com) and Gene Set Enrichment Analysis (GSEA)50 to further analyze the
microarray data. Selected canonical pathways and functions that are disrupted after 4 Gy
irradiation (vs. control) are summarized in Table 1. After 4 Gy irradiation, canonical
pathways such as VDR/RXR activation, p53 signaling, aryl hydrocarbon signaling, and
functions such as cancer, cell death, cell cycle, growth and proliferation, and embryonic
development are significantly affected in hESCs. Specifically, several tumor protein p53
associated genes such as TP53Inp1 (up 2.6-fold) and target genes such as CDKN1A (up 2fold) and MDM2 (up 1.7-fold)51, as well as several tumor necrosis factor receptor superfamily
members, were disregulated after irradiation. A small group of genes associated with
development also exhibited differential expression, including HES1 (down 1.8-fold)52, Runx1
(up 1.5 fold), and PBX1 (down 1.8-fold); note that many of these genes are also associated
with cancer (Table 1). Supporting the observation that genes related to cancer are disregulated
with radiation, GSEA, a method for analyzing a priori gene sets within microarray data,
revealed upregulation of gene sets that have also been reported in cells after treatment with
chemotherapeutic drugs53-55 (Table 2).
We have also analyzed the progression of gene and pathway changes that occur in
hESCs at each increasing radiation dose: between 0 and 0.4 Gy, 0.4 and 2 Gy, and 2 and 4 Gy.
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Table 1. Canonical pathways and functions that are disrupted in hESCs at 24 hours after
4 Gy irradiation. Determined with Ingenuity Pathway Analysis.
CANONICAL PATHWAYS
VDR/RXR Activation
p53 Signaling
Aryl Hydrocarbon Receptor
Signaling
PDGF Signaling
NOTCH Signaling

GENES
IGFBP6, CDKN1A, CSNK2A1, HES1, RXRB, PRKCB
TP53INP1, CDKN1A, TNFRSF10B, C12ORF5, MDM2, HIPK2
TFF1, NQO1, CDKN1A, MDM2, DHFR, RXRB, AHR
CSNK2A1, INPP5D, PRKCB
DTX1, HES1

Cell Cycle: G2/M DNA
CDKN1A, MDM2
Damage: Checkpoint Regulation
Molecular Mechanisms of
Cancer

HHAT, RALA, CDKN1A, MDM2, HIPK2, GLI1, FAS, PRKCB

FUNCTIONS

GENES

Cancer

DPYD, PLK3, PBX1, EIF4A2, ATP4A, HES1, DDB2, LATS2, TTC22, FHL2, TFF1,
MPHOSPH8, NEK6, CSNK2A1, TNFRSF10C, CBFB, TUBA1C, TTC5, HIPK2,
CDKN1C, AHR, MYO6, IGFBP6, IFIT3, TUBB3, TP53INP1, NKTR, PPP1R1B,
TNFRSF10B, L1CAM, UBE2S, RASD1, CD40, MIB1, LRP8, RUNX1, DHFR, HELB,
EBI3, RPL13A, KIAA1370, POLE3, FBXL7, PIAS1, GDF15, FAS, STK17A, GBP2,
RXRB, VASP, CALR, ATP1B1, CKM, NQO1, TOB1, MDM2, SLC7A8, FDXR,
INPP5D, DNM1, TRPM6, HP, GMPS, CDKN1A, MEF2C, GLI1, COBLL1, POLH,
PRKCB

Cell Death

QKI, PLK3, PBX1, DDB2, HES1, TREM2, LATS2, FHL2, BLOC1S2, TFF1, MTF1,
NEK6, CSNK2A1, CBFB, TTC5, TNFRSF10C, CDKN1C, HIPK2, AHR, MYO6,
SHISA5, IGFBP6, TUBB3, TP53INP1, SGCG, PPP1R1B, TNFRSF10B, L1CAM,
UBE2S, LAX1, RASD1, NCF1, MNT, CD40, MIB1, RUNX1, GDF15, PIAS1, FAS,
STK17A, RPS3, SOX5, CALR, THG1L, NQO1, CDC42EP3, MDM2, INPP5D, FDXR,
DNM1, CDKN1A, MEF2C, GLI1, PRKCB, POLH

Cell Morphology

RALA, PLK3, GDF15, ATP4A, HES1, LATS2, FAS, ANK1, MACF1, CSNK2A1,
CBFB, CDKN1C, RXRB, VASP, AHR, PRICKLE2, TNFRSF10B, MDM2, L1CAM,
DNM1, PIP5K1A, CD40, MIB1, CDKN1A, FOXJ1, B3GAT1, LRP8, NDST2, GLI1

Cellular Assembly and
Organization

RALA, TUBGCP3, NQO1, TNFRSF10B, PLEC1, MDM2, FAS, ANK1, DNM1,
TUBGCP5, RAB11FIP4, AMPH, CDKN1A, TTL, NDST2, CDKN1C, VASP, AHR

Embryonic Development

TP53INP1, PIAS1, TNFRSF10B, PBX1, L1CAM, HES1, FAS, DNM1, MTF1,
RUNX1, HIPK2, GLI1, VASP, AHR

Cellular Growth and
Proliferation

GDF15, PIAS1, PBX1, HES1, FAS, FHL2, HS6ST2, CBFB, CDKN1C, HIPK2,
VASP, AHR, CALR, IGFBP6, TUBB3, TP53INP1, TNFRSF10B, TOB1, PTP4A1,
MDM2, INPP5D, TRPM6, NCF1, MNT, CD40, CDKN1A, UHMK1, DHFR, RUNX1,
GLI1, PRKCB

Cell Cycle

CALR, TP53INP1, GDF15, PIAS1, MDM2, HES1, LATS2, INPP5D, FAS, DNM1,
SESN1, MNT, CD40, CDKN1A, NEK6, CSNK2A1, UHMK1, RUNX1, CDKN1C,
HIPK2, AHR

Cellular Development

QKI, PBX1, HES1, TREM2, FAS, ANK1, FOXN4, FHL2, DTX1, TFF1, CBFB,
CDKN1C, RXRB, AHR, VASP, SOX5 (includes EG:6660), MYO6, IGFBP6, CALR,
CTSK, TUBB3, PPP1R1B, DNER, TNFRSF10B, TOB1, L1CAM, MDM2, INPP5D,
NCF1, MNT, CD40, MIB1, CDKN1A, MEF2C, RUNX1, GLI1, PRKCB
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Table 2. Gene Set Enrichment Analysis (GSEA) of the expression data for 4 Gyirradiated hESCs. ES=Enrichment Score, NES=Normalized Enrichment Score.
GENE SET
NAME

PQvalue value

ES

METHOTREXATE_
<0.001 0.1447 0.6866
PROBCELL_UP

BLEO_HUMAN_LY
MPH_HIGH_4HRS_ <0.001 0.1929 0.7732
UP

CAMPTOTHECIN_P
<0.001 0.2290 0.6617
ROBCELL_UP

OXSTRESS_BREAS
<0.001 0.2314 0.7095
TCA_UP

NES

DESCRIPTION

1.8669

Upregulated in proB cells (FL5.12)
following treatment
with methotrexate
(Brachat et al.)

ABI1, ABLIM1, CARHSP1,
CASP4, CDKN1A, EI24,
H2AFJ, LPIN1, LRRC2,
MALAT1, MDM2, PVRL4,
SLC7A14, TOB1, TP53INP1,
TRAFD1, TXNIP, UCHL5

1.8725

Upregulated at 4
hours following
treatment of human
lymphocytes (TK6)
with a high dose of
bleomycin (Islaih et
al.)

BBC3, BTG1, BTG2,
CDKN1A, CLK1, DDB2,
DDIT4, DUSP14, ENC1, FAS,
FDXR, GADD45A, GDF15,
HNRPA1, IER3, PLXNB2,
PMAIP1, PPM1D,
TNFRSF10B, TNFSF9, XPC

1.8162

Upregulated in proB cells (FL5.12)
following treatment
with camptothecin
(Brachat et al.)

ABI1, C12ORF22, C1R,
CARHSP1, CBS, CDKN1A,
EI24, GRB10, H2AFJ, LPIN1,
LRRC2, NUDCD2, PMM1,
PVRL4, SERTAD1, SLC7A14,
TOB1, TP53INP1, TPP1,
TRAFD1, TXNIP, UCHL5,
ULK1

1.8060

Upregulated by
H2O2, Menadione
and t-BH in breast
cancer cells
(Chuang et al.)

Common human
embryonic stem cell
Human Embryonic
0.4000 0.5000 -0.3177 -1.0009
Stem Cell Markers
genes (based on
literature search)

GENES IN SET

C1ORF107, CTAGE5,
CYP1B1, DDIT3, DKK1,
EDN1, EGR1, EPS8L2, FAS,
FDXR, GDF15, H19, HMOX1,
HSPA1B, JUN, LIF. LRP6,
MT1H, MT1X, NQO1,
PLA2R1, PPP2CB,
PSITPTE22, PSMD12,
PSMD3, RCBTB1, RPL38,
SLC35B3, ZBTB4
POU5F1, NANOG, KLF2,
KLF5, SOX1, SOX2, SOX5,
LIN28, DNMT3B, GDF3,
DPPA4, DPPA5, ESRRG,
SALL4, NR6A1, TDGF1,
TBX3, FOXD3, FGF4, ZFP42,
LEFTY1, LEFTY2, ERAS,
PODXL, TERT, UTF1

Similar to 4 Gy irradiation, 0.4 Gy irradiation affects cellular functions such as cell death,
cancer, and signaling pathways such as p53, though not important p53 downstream target
genes such as CDKN1A and MDM2. Because CDKN1A is an important negative regulator of
cell cycling56, the lack of upregulation of CDKN1A by 0.4 Gy irradiation could partly explain
why we did not observe a similar reduction in cell proliferation as in the 2 and 4 Gy groups.
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Relative to 0.4 Gy irradiation, 2 Gy irradiation affects canonical TFG-β and WNT/β-catenin
signaling, including the genes TGFBR2 (up 1.4-fold), WNT1 (up 1.4-fold), WNT10A (up 2.1fold) and WNT9A (up 1.8-fold); notably, WNT proteins play important and diverse roles in
embryonic stem cells57. 2 Gy irradiation also induces CDKN1A upregulation by 2.3-fold, but
not MDM2. Interestingly, many genes involved in functions such as cellular compromise,
amino acid metabolism, molecular transport, and cell morphology, in addition to cancer and
cell death, were significantly disrupted by 2 Gy of radiation, including a number of solute
carrier family proteins such as SLC6A13 (up 2-fold) and SLC25A13 (down 2.2-fold). Clearly
there is an overall significant increase in cellular dysfunction after 2 Gy irradiation, which
explains the results from our in vivo and in vitro studies (Figs. 1 and 2). Finally, in the 4 vs. 2
Gy group, the overall gene changes were not large, but a small group of genes related to organ
and tissue development did have altered expression, such as TNFSF11 (up 1.6-fold), OTX1
(down 1.6-fold), B4GALT1 (down 1.4-fold), and MEF2C (up 1.9-fold). Presumably there are
subtle development and differentiation processes that are activated with 4 Gy irradiation, but
are not robust enough to cause loss of pluripotency, as evidenced by successful formation of
teratomas from 4 Gy-irradiated hESCs. Furthermore, the gene expression profiles of irradiated
cells showed no increased correlation with previously reported data for differentiated hESCs
and primary cell types20,

23, 26

, giving additional evidence that differentiation is not

significantly increased with ionizing radiation (Fig. 6).
With these observations, we were particularly interested to understand whether core
pluripotency genes were also affected by ionizing radiation. Importantly, well-known
embryonic transcription factors such as OCT4 (POU5F1), SOX2, and NANOG, which are
expressed exclusively or predominantly in hESCs and are critical for maintaining pluripotency
and self-renewal, were not present in any of our significant gene lists across all radiation
dosages. Moving beyond individual genes, we created a gene set of 26 known factors that are
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Figure 6. Pearson clustering of microarray data from irradiated cells with data from
various differentiated hESC and primary cell types. Microarray data was selected from
samples submitted to GEO (GSE20951, GSE13834, GSE20013, and GSE20014). hESC-CM
= cardiomyocytes derived from H9 human embryonic stem cells; hESC-EC = endothelial
cells derived from H9 human embryonic stem cells; HUVEC = human umbilical vein
endothelial cells; IMR90 = human foreskin fibroblasts; hASC = adult human adipose stem
cells. Each sample depicted in the dendrogram represents the average of multiple biological
replicate data.

well-known to be specific to hESCs (bottom row of Table 2). GSEA revealed no significant
up- or down-regulation of this set in the microarray data for the highest radiation dose, 4 Gy
(P=0.4, Q=0.5, NES=-1.0). This finding agrees with a previous report that showed
normalization of OCT4 and NANOG after only 24 hours in 2 Gy-irradiated hESCs45. We
therefore conclude that pluripotency gene programs are not significantly affected by high dose
radiation, and this accounts for the observation that surviving hESCs are still capable of
forming all three embryonic germ layers.
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DISCUSSION
In pregnant mothers undergoing diagnostic or therapeutic procedures involving
ionizing radiation, or who may be exposed to environmental radiation, there is a great
potential for damage to the early embryo. Although the embryo is somewhat protected by the
uterus, it is particularly sensitive to ionizing radiation, and the developmental consequences
can be quite serious33. Data regarding the potential biological effects on the embryo after in
utero irradiation are based on the results of animal studies58-61 and a limited number of human
exposures such as the 1945 atomic bomb survivors from Hiroshima and Nagasaki. Based on
these collective data, it has been well established that the dose of ionizing radiation, and the
developmental stage of the embryo, are the determining factors for reproductive toxicity in
embryonic development32. Above poorly-defined threshold doses, the major effects of ionizing
radiation are lethality during the preimplantation–preorganogenetic period, and malformations
and growth retardation during organogenesis32, 34. Other sequelae later in life may include
severe mental retardation, a reduced intelligence quotient, and childhood cancer 32,

34, 62

.

Unfortunately the absolute incidence and radiation dose at which these changes occur, as well
as the mechanisms of damage, remain unclear.
Because the in utero embryonic response to ionizing radiation is not well understood
due to the obvious ethical concerns of exposing pregnant mothers to radiation, hESCs present
a novel in vitro platform for studying the human embryonic response to irradiation. These
cells are derived from the inner cell mass of the blastocyst during embryonic development,
and are therefore closely related to the early stage human embryo. Admittedly, hESCs are still
different from the early embryo in that they lack the complex and dynamic signaling
environment of the uterus and are instead maintained long-term in relatively simple in vitro
cultures. However, the advantage is that we can begin to tease out the embryonic response to
irradiation in a human rather than murine system. Furthermore, because radiotracers and PET
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reporter genes that monitor cellular transplantation for emerging regenerative and antioncogenic therapies are being increasingly employed in laboratory research39, and one day
may even achieve routine clinical application38, it will be important to determine whether such
radioactive probes can directly affect the viability and function of the transplanted cells. For
these reasons, we decided that a broad survey of the functional and global molecular response
of hESCs to irradiation, and in particular the radiation‟s effect on pluripotency, was a critical
area of investigation.
Not surprisingly, our results show that high doses of radiation cause massive cell
death, with a trend towards increasing apoptosis and death at the higher radiation doses (2 and
4 Gy) compared to low dose (0.4 Gy) and control. Interestingly, an apoptotic minority does
appear to survive at 48 hours. Using a bioluminescence imaging technique, we confirmed that
the higher doses of radiation cause hESCs to initially die after transplantation, but the
surviving cells recover by two weeks to levels similar to control. Regardless of the radiation
dose used in our study, all groups of irradiated hESCs were able to form teratomas, the
definitive test of pluripotency. Our genome-wide analysis of gene expression revealed genes
and pathways at each radiation dose that are involved in cell death, p53 signaling, cell cycling,
cancer, embryonic and organ development, and others. Importantly, GSEA showed that the
expression of a comprehensive set of core embryonic transcription factors is not significantly
altered by radiation at any dose, and helps explain how irradiated hESCs are still able to form
teratomas.
In summary, this is the first study of hESC genome-wide transcriptional changes
induced by ionizing radiation, and is a preliminary step towards a better understanding of not
only hESC molecular changes but also the in utero embryonic gene expression response. We
have shown that, similar to somatic cells, irradiated hESCs suffer significant death and
apoptosis after irradiation. Though some gene programs involved in developmental pathways
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are altered with high dose radiation, the expression of pluripotency genes is unaffected, and
these cells can still form teratomas. Studies such as this may help define the limits for
radiation exposure for pregnant women and also radiotracer reporter probes for tracking
cellular regenerative therapies.
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1. PERTURBING THE PLURIPOTENT STATE
Effects of point source electrical stimulation of mouse embryonic stem cells19.

INTRODUCTION
Stem cell therapy is emerging as a promising clinical approach for myocardial repair.
However, the interactions between the graft and host, resulting in inconsistent levels of
integration, remain largely unknown. In particular, the influence of electrical activity of the
surrounding host tissue on graft differentiation and integration is poorly understood. In order
to study this influence under controlled conditions, an in vitro system was developed.
Electrical pacing of differentiating murine embryonic stem cells (mESCs) was performed at
physiologically relevant levels through direct contact with microelectrodes, simulating the
local activation resulting from contact with surrounding electroactive tissue. Among other
cellular assays, cells stimulated with electrical activity up to four days were analyzed by
genome microarray analysis, revealing broad transcriptome changes after pacing. Concurrent
to upregulation of mature gene programs including cardiovascular, neurological, and
musculoskeletal systems is the apparent downregulation of important self-renewal and
pluripotency genes. Overall, a robust system capable of long-term stimulation of mESCs is
demonstrated, and specific conditions are outlined that encourage cardiomyocyte
differentiation.

MATERIALS AND METHODS
Electrical Stimulation. The microelectrode arrays (MEAs) used for this study contain
stimulation electrodes symmetrically arranged across the surface with varying surface
geometries (Fig. 7), and have been previously described63. All of the outer stimulation
electrodes were connected in parallel and then used to stimulate the cells with the same signal.
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Cell Culture. Murine ES-D3 cell line
(CRL-1934) was obtained from the
American

Type

Culture

Collection

(ATCC; Manassas, VA). To develop the
mESCs into embryoid bodies (EBs), the
“hanging drop” method was used. LIF
was withdrawn from the medium, and a
cultivation of about 400 cells was
suspended in 18 μL hanging drops to
form
Figure 7. Image of an assembled
microelectrode array chip. Chip is glued and
wire-bonded to a printed circuit board carrier.
An array of 6×6 electrodes located in the center
of the chip is used for electrical sensing. The
larger electrodes on the periphery (contained in
the dashed boxes) are used for stimulation19.

EB.

At

this

point,

the

differentiation stage of the EB was noted
as Day 0. After 2 days, each EB was
transferred into its own well in an ultralow attachment 96-well plate (Corning
Life Sciences, Lowell, MA) for 2 days,

after which they were further seeded onto 48-well plates. At the desired differentiation stage,
whole EBs were dissociated with Collagenase B (Worthington, Lakewood, NJ) and cells were
plated onto the MEA surface at a density of 32,000 cells/cm2 (80 K total cells). At least 2 h
prior to plating, the MEA surface was coated with hESC-qualified matrix Matrigel (BD,
Franklin Lakes, NJ). The cells were allowed to settle between 20 and 30 h before electrical
simulation was applied for 4 days.

Genome Microarray: Labeling Reaction, Hybridization, and Data Acquisition. All
sample processing for microarray analysis was performed at the same time to negate potential
technical variability. Using Low RNA Input Fluorescent Linear Amplification Kits (Agilent
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Technologies, Santa Clara, CA), cDNA was reverse transcribed from each RNA sample (N =
8 per group), and cRNA was then transcribed and fluorescently labeled from each cDNA
sample. cRNA samples derived from four biological replicates of a pooled collection of
electrically stimulated ESCs, as well as a pooled reference of RNA taken from control (nonstimulated) ESCs, were labeled with Cy5 and Cy3, respectively. A mixture of 825 ng of Cy3and Cy5-labeled and amplified cRNA was fragmented according to the Agilent technology
protocol. cRNA was hybridized to 4×44K whole mouse genome microarray slides and
scanned according to Agilent‟s instructions. The image files were extracted using Agilent
Feature Extraction software version 9.5.1 applying LOWESS background subtraction and dye
normalization.

Genome Microarray: Data Analysis. Microarray data analysis was performed using
GeneSpring GX 7.3.1 (Agilent Technologies, Santa Clara, CA). Genes were considered
significant if the fold change was greater or less than 1.4 and had a P-value of less than 0.05.
Because of the small changes in overall transcription between the two groups, multiple testing
corrections to remove false positives in the resulting data were not possible. Further analysis
was performed using GeneSpring‟s Gene Ontology browser and Ingenuity Pathway Analysis
(Ingenuity Systems, Redwood City, CA).

RESULTS AND DISCUSSION
Global gene expression profiling of embryonic stem cells enables a systems-based
analysis of the biological processes, networks, and genes that drive cell fate decisions. To
understand these transcriptome changes, a genome microarray analysis of electrically
stimulated murine EBs at 30 μA versus non-stimulated controls was performed. Using a 1.4fold change cutoff and P<0.05, we observed 495 upregulated genes and 729 downregulated
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genes in EBs that had been electrically stimulated. Overall, the fold change in expression level
of these genes was less than 3.5 compared to controls, so on average electrical stimulation did
not dramatically alter the transcriptome. However, a number of interesting developmentalrelated genes exhibited altered expression. Perhaps most significant is the downregulation of
OCT4 (POU5F1) and FOXD3 in electrically-stimulated EBs, with a corresponding
upregulation of important differentiation and developmental-related genes such as NCAM1,
ISL1, FOXC1 and FOXC2. We will discuss these genes and more below.
The apparent alteration in developmental gene programs of electrically stimulated
EBs is clearly seen with Gene Ontology (GO) overrepresentation analysis, which categorizes
genes based on their annotations into functional groups (Tables 3 and 4). The upregulated GO
terms in stimulated EBs reveals a number of processes related to embryonic development,
pattern specification, and tissue and organ development and morphogenesis. In contrast,
downregulated GO processes included cell organization and biogenesis, RNA and DNA
metabolism, cell cycle and cytoskeletal organization, and microtubule biogenesis. Compared
to undifferentiated cells that undergo rapid replication and express a wide variety of genes, the
downregulated processes that occur with electrical stimulation are likely due to decreased cell
cycling as the cells acquire a more limited number of genes that are appropriate for the
differentiated state. Thus, RNA processing is reduced, along with cell division and mitotic
processes.

Ingenuity Pathway Analysis also demonstrates significant changes in

developmental processes after electrical stimulation (Fig. 8). Based on Ingenuity‟s database of
gene networks, the functional categories that are most significantly changed by electrical
stimulation include gene expression, organismal and organ development, cellular
development, cell cycle, and specific physiological systems such as nervous, hematological,
musculoskeletal, and cardiovascular development.
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Table 3: Upregulated Gene Ontology (GO) biological processes in electricallystimulated mESCs vs. controls

Category
UPREGULATED
GO:7275: development
GO:9653: morphogenesis
GO:48513: organ development
GO:9887: organ morphogenesis
GO:9790: embryonic development
GO:1501: skeletal development
GO:7389: pattern specification
GO:9888: tissue development
GO:48598: embryonic
morphogenesis
GO:31214: biomineral formation
GO:1503: ossification
GO:46849: bone remodeling
GO:48514: blood vessel
morphogenesis
GO:1525: angiogenesis
GO:35107: appendage
morphogenesis
GO:35108: limb morphogenesis
GO:30326: embryonic limb
morphogenesis
GO:35113: embryonic appendage
morphogenesis
GO:48736: appendage development
GO:30900: forebrain development
GO:9954: proximal/distal pattern
formation
GO:51216: cartilage development
GO:30111: regulation of Wnt
receptor signaling pathway
GO:30178: negative regulation of
Wnt receptor signaling pathway
GO:35026: leading edge cell
differentiation
GO:48384: retinoic acid receptor
signaling pathway

Genes in
Category

% of
Genes in
Category

Genes in
List in
Category

% of
Genes in
List in
Category

PValue

2213
913
1056
513
219
118
182
161

13.96
5.761
6.663
3.237
1.382
0.745
1.148
1.016

51
26
26
15
9
9
8
7

22.77
11.61
11.61
6.696
4.018
4.018
3.571
3.125

0.000231
0.000526
0.00407
0.00638
0.00402
4.52E-05
0.0044
0.008

82

0.517

6

2.679

0.00107

68
68
76

0.429
0.429
0.48

6
6
6

2.679
2.679
2.679

0.000393
0.000393
0.000715

127

0.801

5

2.232

0.0343

109

0.688

5

2.232

0.0193

38

0.24

5

2.232

0.000185

38

0.24

5

2.232

0.000185

37

0.233

5

2.232

0.000163

37

0.233

5

2.232

0.000163

38
33

0.24
0.208

5
3

2.232
1.339

0.000185
0.0111

7

0.0442

2

0.893

0.00399

15

0.0946

2

0.893

0.0185

10

0.0631

2

0.893

0.00831

7

0.0442

2

0.893

0.00399

1

0.00631

1

0.446

0.0141

1

0.00631

1

0.446

0.0141

Genes associated with pluripotency are downregulated with electrical
stimulation. mESC self-renewal is dependent on a core set of transcription factors involved in
the development of the embryo: OCT4, NANOG, SOX2, and FOXD364, 65. These embryonic
transcriptional factors are essential for the formation and maintenance of the inner cell mass

29

Table 4. Downregulated GO biological processes in electrically-stimulated mESCs vs.
controls

Category
DOWNREGULATED
GO:16043: cell organization and biogenesis
GO:16070: RNA metabolism
GO:6259: DNA metabolism
GO:7049: cell cycle
GO:6396: RNA processing
GO:6412: protein biosynthesis
GO:6397: mRNA processing
GO:16071: mRNA metabolism
GO:7010: cytoskeleton organization and biogenesis
GO:398: nuclear mRNA splicing, via spliceosome
GO:8380: RNA splicing
GO:74: regulation of progression through cell cycle
GO:7017: microtubule-based process
GO:45786: negative regulation of progression
through cell cycle
GO:226: microtubule cytoskeleton organization
and biogenesis
GO:79: regulation of cyclin dependent protein
kinase activity
GO:7026: negative regulation of microtubule
depolymerization
GO:7019: microtubule depolymerization
GO:31114: regulation of microtubule
depolymerization
GO:31111: negative regulation of microtubule
polymerization or depolymerization
GO:31110: regulation of microtubule
polymerization or depolymerization
GO:85: G2 phase of mitotic cell cycle
GO:51319: G2 phase

% of
% of Genes in
Genes in
Genes in
Genes in List in
P-Value
Category
List in
Category Category
Category
2013

12.7

67

24.1

1.15E-07

605

3.818

29

10.43

9.56E-07

653

4.12

28

10.07

1.23E-05

784

4.947

27

9.712

0.00065

518

3.269

26

9.353

1.55E-06

723

4.562

21

7.554

0.0166

421

2.656

21

7.554

1.78E-05

436

2.751

21

7.554

2.99E-05

526

3.319

20

7.194

0.00102

339

2.139

19

6.835

8.97E-06

344

2.171

19

6.835

1.10E-05

429

2.707

14

5.036

0.0195

204

1.287

11

3.957

0.000973

110

0.694

7

2.518

0.00325

67

0.423

6

2.158

0.00112

13

0.082

3

1.079

0.00134

18

0.114

2

0.719

0.039

20

0.126

2

0.719

0.0473

18

0.114

2

0.719

0.039

18

0.114

2

0.719

0.039

18

0.114

2

0.719

0.039

6

0.0379

2

0.719

0.00439

6

0.0379

2

0.719

0.00439

during mouse preimplantation development, and for self-renewal of pluripotent ESCs.
Interestingly, two of these factors, OCT4 (POU5F1) and FOXD3, were both downregulated
1.4-fold after electrical stimulation, indicating that important changes are occurring in the
cellular pluripotency programs. Other important downregulated embryonic genes include
UTF1 (undifferentiated embryonic cell transcription factor 1, down 1.4-fold) and RIF1 (Rap1
interacting factor 1, down 1.5-fold). UTF1 is specifically expressed in the inner cell mass and
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primitive ectoderm and is down-regulated at early primitive streak stages66. A recent study
suggests a role for UTF1 in the proliferation rate and teratoma-forming capacity of ESCs67,
and it has been shown to be involved in ESC differentiation68. RIF1 is an ortholog of a yeast
telomeric protein and is upregulated in mouse ESCs and germ cells. In human cells, RIF1
associates with dysfunctional telomeres and has a role in DNA damage response. Notably,
RIF1 is also a target of OCT4 and NANOG in human ESCs, underlining its functional
importance to ESC biology. Lastly, we observed 1.7-fold downregulation of LIN28, an

Figure 8. Ingenuity Pathways Analysis of transcriptome alteration after electrical
stimulation of mESCs. Among many changes in development, many specific physiological
systems such as the nervous, hematological, musculoskeletal, and cardiovascular
development were noted.
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important embryonic gene in mouse and human69 that was recently used by the James
Thomson lab to reprogram fibroblasts into pluripotent stem cells70.
Embryonic germ layer development and body axis specification gene programs
are upregulated after electrical stimulation. One of the earliest commitment steps in
embryogenesis is the formation of the primary germ layers, mesoderm, endoderm, and
ectoderm, which eventually become all somatic cell types in the body. Mesoderm and
endoderm are formed during gastrulation, a process that involves the movement of
undifferentiated epiblast cells through the primitive streak71. The genes and signals involved in
early embryogenesis and body-axis formation are complex and poorly understood, though a
number of important regulatory genes have been identified and can be used as markers of
development. Many of these developmental genes were slightly upregulated after electrical
stimulation. For example, HOXD10 was upregulated 1.6-fold after electrical stimulation and
is known to regulate a number of embryonic processes, including limb, neuron, and skeletal
morphogenesis, anterior/posterior pattern formation, and nervous system development 72, 73.
Another gene, T-box transcription factor 18 (TBX18, upregulated 1.8-fold), regulates smooth
muscle cell differentiation, somitogenesis (early mesodermal divisions of the vertebrate
embryo), as well as anterior/posterior axis specification74, 75. Aldehyde dehydrogenase family
1, subfamily A2 (ALDH1A2) and ALDH1A3 were upregulated 1.6- and 1.7-fold,
respectively. The products of these genes catalyze the synthesis of retinoic acid, a signaling
molecule that functions in developing and adult tissues to regulate body axis and cell
differentiation76. These two genes establish local embryonic retinoic acid levels and therefore
regulate anterior/posterior pattern formation, limb development, and even organ development
such as brain, heart, pancreas, and eye.
Mesoderm and cardiac development. Mesoderm gives rise to cardiac, skeletal, and
smooth muscle, as well as hematopoietic and endothelial cells. We observed a number of early
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mesodermal genes that were upregulated with electrical stimulation. Significantly, the
mesodermal FOXC1 and FOXC2 genes, upregulated 1.6 and 1.5-fold respectively after
electrical stimulation, are particularly important for heart development and morphogenesis.
FOXC1 and FOXC2 encode closely related transcription factors that are expressed in
mesoderm and endothelial and mesenchymal cells of the developing heart and blood vessels,
including the second heart field, cardiac neural crest cells, and endocardium77, 78. Another
interesting finding was the upregulation of the transcription factor Islet1 (ISL1, up 1.5-fold),
which has been reported to be a marker of cardiac progenitor cells79, 80. Though there is not yet
total agreement in the field, it is generally accepted that ISL1, which is expressed in the
secondary heart field, directly regulates cardiac precursor cells. Further, ISL1 has been shown
to be expressed by progenitors of the outflow tract, right ventricle, and a majority of atrial
progenitors79. It should be noted that ISL1 is not cardiac-specific since it is also expressed in
motor neurons and pancreas during embryogenesis, as well as in normal adult islet cells81, so
its initial activation and its actions on downstream targets likely require combinatorial
mechanisms and influences82.
A number of studies have shown that stage-specific inhibition of canonical WNT
signaling is required for cardiac development, so the upregulation of the WNT signaling
pathway antagonist Dickkopf homolog 1 (DKK1, up 2.0-fold) is of particular interest. DKK1
is well known to specify cardiac mesoderm when expressed at the appropriate stage of
development, and application of this factor has recently been shown to encourage in vitro
differentiation of human ESCs into cardiac progenitors83. Other cardiac-related genes that
were upregulated after electrical stimulation include the ATPase, Ca++ transporting, cardiac
muscle, fast twitch 1 (ATP2A1, upregulated 1.4-fold), and SEMA6D (upregulated 1.7-fold),
which regulates endocardial cell migration in the developing heart and spinal cord84, 85.
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Musculoskeletal Development. Closely related to cardiac muscle are the
musculoskeletal tissues: both systems are derived from mesoderm and share many common
genes and pathways during development. Several significant musculoskeletal-related GO
biological processes were upregulated after electrical stimulation, namely skeletal
development (GO 1501), ossification (GO 1503), bone remodeling (GO 46849), cartilage
development (GO 51216), as well as numerous limb and appendage processes. Specific genes
of interest include the matrix metalloproteinase MMP-13 (upregulated 2.4-fold), which is
involved in the formation and remodeling of bone86 and is expressed in chondrocytes,
osteoblasts, and periosteal cells in early development87. Another gene, SRY-box containing
gene 9 (SOX9, upregulated 1.6-fold), is a transcription factor that is expressed in chondrocytes
(in addition to central nervous and urogenital systems), and is a regulator of the chondrocyte
differentiation and cartilage formation88. Runt related transcription factor 2 (RUNX2,
upregulated 1.5-fold) is a regulator of skeletal development89, and is a potent inducer of late
stages of chondrocyte and osteoblast differentiation90. The MYOD gene has a central role in
regulating muscle differentiation, and we observed 2-fold downregulation of an inhibitor of
this gene, the transcription factor MYOD family inhibitor (MDFI)91, though we did not
observe concurrent upregulation of MYOD itself. Lastly, paired-like homeodomain
transcription factor 1 PITX1 (upregulated 1.7-fold), has been shown to be important for
skeletal and cartilage development, as well as hindlimb morphogenesis92.
Nervous System Development. We also observed upregulation of genes and
pathways involved in nervous system development after electrical stimulation. Perhaps the
most striking example is the upregulation of neural cell adhesion molecule 1 (NCAM1,
upregulated 1.5-fold), a common marker of primitive neuroectoderm. Another gene,
Delta/NOTCH-like EGF-related receptor (DNER, upregulated up 1.7-fold), is a neuronspecific transmembrane protein that functions as a ligand of NOTCH during cellular
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morphogenesis of glia in the mouse cerebellum93. CCAAT/enhancer binding protein beta
(CEBPB, upregulated 1.5-fold) has been implicated in neuron differentiation94 as well as
adipogenesis95. Twisted gastrulation gene 1 (TWSG1, upregulated 1.4-fold) plays a number of
regulatory roles in embryonic development, including forebrain development and mesoderm
via BMP signaling96. Lastly, FOXD1 (upregulated 1.8-fold) plays known roles in axon
guidance97 as well as kidney development98.
Taken together, we have highlighted a number of genes and processes that, though the
overall fold changes are not dramatic, seem to indicate a trend towards development and
differentiation after electrical stimulation of murine EBs. Simultaneous to this mild
upregulation of mature gene programs is the apparent downregulation of important selfrenewal and pluripotency genes, including OCT4 and FOXD3. Some of the most significant
physiological systems that exhibited altered gene expression were the cardiovascular,
neurological and musculoskeletal systems. Since the cells in these particular tissues and
organs are electrically excitable, it is tempting to attribute these changes to the external
electrical stimulation of EBs. Studies such as this give new insights into directed
differentiation of embryonic stem cells, and provide evidence that artificially mimicking the in
vivo environment of a differentiating stem cell during development may influence its lineage
preference in an in vitro system as well.
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2. DIFFERENTIATING THE PLURIPOTENT STATE
Transcriptional profiling of human embryonic stem cell-derived endothelial cells23.

INTRODUCTION
Ischemic heart disease is a leading cause of mortality and morbidity worldwide.
Current treatments fail to address the underlying scarring and cell loss, which is a major cause
of heart failure after infarction99. Therapeutic angiogenesis and/or vasculogenesis using
cellular transplantation is a promising and novel strategy to increase blood flow in patients
with severe ischemic heart disease and peripheral vascular disease100. With their capacity for
unlimited self-renewal and pluripotency, human embryonic stem cells (hESCs) may provide
an alternate source of therapeutic cells by allowing the derivation of large numbers of
endothelial cells for various tissue repair and cell replacement therapies.
We designed a protocol that involved EB formation and expansion of the endothelial
lineage by sub culturing EBs in collagen. We then derive a highly pure endothelial population
that is CD31/CD144+ (two common endothelial surface markers101) after double sorting using
flow cytometry. In order to define at a molecular level the changes occurring at each stage of
hESC differentiation to endothelial cell progeny, and to validate that these cells are similar to
human umbilical vein endothelial cells (HUVECs), we performed transcriptional profiling
using whole human genome microarrays. Taken together, we report that hESC-ECs express
appropriate patterns of endothelial genes, form functional vessels in vivo, and improve cardiac
function. These results suggest that hESC-ECs may provide a novel therapy for ischemic heart
disease.
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MATERIALS AND METHODS
Microarray hybridization and data acquisition. Total RNA was isolated from
undifferentiated H9 hESCs, day 12 EBs, hESC-ECs (after CD31/CD144 sort), and HUVECs.
Four samples from each group (for a total of 16 unique samples) were harvested for RNA
isolation. Using Agilent Low RNA Input Fluorescent Linear Amplification Kits, cDNA was
reverse transcribed from each of 16 RNA samples representing four biological quadruplicates,
as well as the pooled reference control, and cRNA was then transcribed and fluorescently
labeled with Cy5/Cy3. cRNA was purified using an RNeasy kit (Qiagen, Valencia, CA, USA).
825 ng of Cy3- and Cy5- labeled and amplified cRNA was hybridized to Agilent 4×44K
whole human genome microarrays (G4112F) and processed according to the manufacturer‟s
instructions. The image files were extracted using Agilent Feature Extraction software version
9.5.1 applying LOWESS background subtraction and dye-normalization. The data were
analyzed using GeneSpring GX 7.3.1. (Agilent Technologies, Santa Clara, CA) with multiple
testing correction to identify genes which had statistically significant changes in expression
between stages, and K-means clustering to identify clusters of genes having unique temporal
expression profiles. For hierarchical clustering, we used Pearson correlation for similarity
measure and average linkage clustering. Gene Ontology (GO) overrepresentation analysis was
performed also using the GeneSpring software.

RESULTS
Major changes in gene expression between stages highlight developmental
progression of the endothelial lineage. A summary of our major findings is shown in Fig.
9A. To obtain an overview of the transcriptional landscape, we looked at the data using
principal components analysis (PCA), a dimensional reduction technique which identifies
"principal components" or major trends in gene expression in the overall data (Fig. 9B). PCA
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Figure 9. Transcriptional profiling of hESC-derived endothelial cells. (A) hESCs express
high levels of pluripotency-associated genes including OCT4, SOX2, NANOG, Lefty, and
DNMT. At the EB stage, the cells express high levels of mesodermal master regulators such
as Tbx2, and BMP4 as well as highly enriched levels of endothelial specific master
regulators including EPAS1, TIE2, KDR, and EFNA. This population also expresses genes
from other cell layers, and many developmental genes from WNT and homeobox families.
hESC-ECs downregulate early mesodermal genes and express more endothelial specific
genes, while HUVECs have the highest levels of mature endothelial gene expression with
very few other developmental lineages represented. (B) Principal Components Analysis
(PCA) shows that replicate experiments of each cell type are very similar while
differentiation groups separate significantly along components 1 and 2. (C) Hierarchical
Clustering Analysis - Cells from each developmental stage cluster relatively close to each
other, with the most distance between hESCs and HUVECs. (D) K-means clustering analysis
identifies major trends in gene expression across the time course.

demonstrates that each of the four replicates from each stage has very similar transcriptional
profiles to one another, but distinctly different between stages, as expected. Hierarchical
clustering of the microarray experiments (Fig. 9C) likewise shows that the overall gene
expressions among replicates of each stage are very similar, with progressive differences
between more distantly separated stages. Of particular interest is the close clustering of hESCECs and HUVECs, indicating a high degree of similarity between their respective expression
profiles.
K-means clustering reveals broad trends in gene expression. Given the enormous
amount of data in microarrays, it is often useful to first obtain an overview of the broader
trends in the data before proceeding to specific genes. Using K-means clustering analysis, we
can easily identify four major trends in the microarray data (Figure 9D). Cluster 1 is
composed of 5,089 genes whose expression is increased at the hESC-EC and HUVEC stages
compared to hESC and EB (Figure 9D). To better understand which cellular processes are
important in this cluster, we performed statistical Gene Ontology (GO) biological process
overrepresentation analysis. GO analysis of cluster 1 shows that the processes to which these
genes contribute include many basic differentiated cell functions such as protein and

39

macromolecule metabolism, cell cycle, vesicle-mediated transport, cytoskeletal biogenesis,
and control of apoptosis. The converse expression pattern is seen in the 3,998 genes
composing cluster 2, which are downregulated in the hESC-CM and HUVEC stages compared
to hESCs and EB. The processes overrepresented in this cluster primarily involve nucleic acid
synthesis, DNA replication and chromatin maintenance, cell cycle and mitosis, and
transcription in general. This theme reflects the fact that earlier undifferentiated cells are
undergoing rapid replication and production of broad ranges of transcripts, while cell cycling
slows dramatically later in development as cells begin to express a more limited number of
genes that are appropriate for the differentiated state.
Cluster 3 is comprised of 2,965 genes whose expression increases when hESCs
transition to the EB stage, then progressively decrease in the hESC-EC and HUVEC stages.
The overrepresented processes in this cluster correspond to development and differentiation
pathways – the critical steps for EBs, including many aspects of development: organ, skeletal,
nervous system, and morphogenesis. The final interesting cluster of genes is cluster 4, which
represents 2,952 genes whose expression progressively increases from the hESC to EB to
hESC-EC to HUVEC stages. Similarly to cluster 1, many of the overrepresented biological
processes are related to basic differentiated cell pathways such as protein transport and cellular
localization. However, the endothelial cells processes (blood vessel morphogenesis and
development, angiogenesis and vasculature development) are also highly represented here.
Cluster 4 thus describes those specific processes important for endothelial cell development
and differentiation; we will analyze these specific pathways and genes in more detail below.
hESCs exhibit unique biologic processes and molecular signature. GO analysis
reveals that the most highly upregulated processes in hESCs are almost exclusively cell
cycling and mitosis, as well as nucleic acid synthesis and metabolism. This was not surprising
given that hESCs‟ primary mission is to self renew. hESCs are also characterized by a
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network of genes important for pluripotency, including the unique homeobox transcription
factor NANOG, which is the main downstream effector of this network. When we compared
expression patterns in hESCs to EB cells, we found that there were 2,170 genes expressed
much more highly in hESCs. The most dramatically elevated transcript in hESCs was
NANOG, which is expressed at a level 60 times higher in hESCs than in EB102, 103. POU5F1
(also known as OCT4), upstream of NANOG, is one of the critical regulators of pluripotency
in the mammalian embryo, and our results show that it is expressed 37-50 fold more highly in
the undifferentiated hESCs when compared to EB. SOX2, another key pluripotency gene, is
expressed at 14.5 times the level in hESCs as in EB104. Other known markers of ESC status
are also clearly present at high levels: TDGF1 and 3 (CRYPTO1 and 3)105, expressed >10 fold
higher levels in hESCs; LIN28 (7 fold higher); the ESC markers such as developmental
pluripotency-associated 4 (DPPA4) (8.5 fold)106 and homeobox expressed in ESCs 1 (HESX1,
8 fold)107, and left-right determination factor 1 (LEFTY1, up 47 fold), galanin (GAL, up 23
fold), DNA (cytosine-5-)-methyltransferase 3 beta (DNMT3B, up 19 fold), fibroblast growth
factor 2 (basic) (FGF2, up 7 fold).
EB cells express many mesodermal and endothelial specific gene programs.
Differentiation to the EB stage is a critical step as development occurs spontaneously down
many paths. Analysis of the biological processes upregulated in EBs reflects this
heterogeneity, with overrepresentation of vasculature and blood vessel development, skeletal
development, lung development, and others in the microarray data. We noted many
angiogenic and endothelial-specific genes that were upregulated in EBs, including the
endothelial transcription factor endothelial PAS domain protein 1 (EPAS1, also called
hypoxia-inducible factor-2, up 2.1 fold)108, endothelial TEK tyrosine kinase (TEK, also known
as TIE2, up 12 fold)109, kinase insert domain receptor (KDR, up 5-8 fold), the ephrin receptor
protein-tyrosine kinases EFNA1 (up 5-14 fold) EFNB2 (up 3 fold)110-112, endothelial protein C
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receptor (EPCR , up 2-3 fold)113, and the claudin family member CLDN5 (up 4.2 fold) that is a
component of endothelial and epithelial tight junctions114. VEGF variant 1 (VEGF, up 2.4
fold) and VEGFC (up 11.8 fold) were also upregulated in EBs. Interestingly we also observed
upregulation in EBs of the estrogen receptor GPR30 (up 20 fold), as well as a number of blood
coagulation genes indicating hematopoiesis, including plasminogen (PLG, up >5 fold), tissue
plasminogen activator (PLAT, up 30 fold), and coagulation factors II (F2, also known as
thrombin, up 56 fold), III (F3), VII (F7, up 8.5 fold), and X (F10, up 5 fold), among others.
The coagulation cascade has been shown to modulate endothelial cell function in developing
blood vessels, and thrombin's action on endothelial cells contributes to vascular development
and hemostasis115. Lastly, confirming previous reports that the WNT signaling pathway is
important for stem cells and endothelial commitement116,

117

, we observed upregulation of

WNT5A (up 9.2 fold) and WNT5B (up 5 fold).
We do still see at this stage expression of genes characteristic of all three cell layers,
endoderm, mesoderm and ectoderm. These include endodermal genes such as FOXA1
(HNF3A, up 11 fold)118, 119, the mesodermal genes such as the musculoskeletal transcription
factors runt-related transcription factor 2 (RUNX2, up 8 fold)120 and SOX9 (up 5.1 fold),
cardiogenic/mesodermal and endodermal zinc finger transcription factors GATA4 (up 2.8
fold), GATA5 (up 17.4 fold) and GATA6 (up 12.6 fold)121-123, and heart and neural crest
derivatives expressed 1 (HAND1, up 9.6 fold), as well as the neuro-developmental gene
CLN5 (up 3.3 fold)124, demonstrating that EBs still contain cells from each lineage. Several
hemoglobin genes (HBG1, HBE1, HBZ) are also upregulated in EBs, indicating development
of erythropoietic cells. We also noted upregulation of the multi-functional factors bone
morphogenetic proteins 4 (BMP4, up 6.3 fold) and 5 (BMP5, up 14.8 fold), LIM domain only
2 (rhombotin-like 1) (LMO2, up 7.2 fold), the transcription factor forkhead box P1, transcript
variant 1 (FOXP1, up 2.3 fold). Many developmental regulatory genes such as the homeobox
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genes (HOXA3, A4, A9, A10, B2, B3, B4, B5, B8, B9, B13, and D1)125 and limb bud and
cardiac T-box family of transcription factors TBX2 and TBX3126, 127 were also upregulated,
further illustrating the multiplicity of developmental lineages in EBs.
hESC-ECs downregulate early developmental genes and upregulate endothelial
genes. Differentiation of EBs to endothelial cells is marked by a downregulation of processes
such as transcription, non-endothelial developmental pathways (including lung, skeletal and
nervous system), and blood coagulation. In looking at the GO pathways that are
overrepresented in hESC-ECs, apoptotic pathways are significantly upregulated, as well as
angiogenesis, blood vessel and vasculature development. The downregulation of
developmental programs is evidenced by the decreased expression of a number of homeobox
genes (HOXB2, 3, 4, HOXA2, HOXD1, IRX5, HESX1), as well as the limb bud
developmental regulators PITX1 and PITX2128. Also noteworthy are the mesodermal
transcription factors GATA5, GATA6, MEF2C and FOXC1, whose expression decreases
between the EB and EC stages indicating that hESC-ECs have progressed beyond the
mesodermal stage. Nevertheless, there is still transcriptional evidence for the presence of other
mesodermal derivatives such as hematopoietic derivatives with the increased expression of
skeletogenic genes such as RUNX2 (6.6 fold).
Interestingly, we also observed downregulation of many transforming growth factorbeta (TGF-beta) superfamily signaling proteins, including Noggin (NOG, down 3 fold),
TGFB3, and BMP2, BMP4, and BMP5, suggesting that this pathway is less important for
endothelial development as these cells mature. Interestingly, the endothelial-specific receptor
NOTCH4 (down 2.3 fold) and its ligands delta-like 1 (DLL1) and jagged 2 (JAG2) were all
downregulated, indicating a reduction in NOTCH signaling that is required for early cell fate
determination129, 130. However there is still evidence of continued developmental programs that
are active in hESC-ECs compared to EBs, as demonstrated by the upregulation of BMP1,
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BMP6, and the homeobox genes HOXA7, A9, A10, and C9. Interestingly, the chemokine (CX-C motif) receptor 4 (CXCR4, down 21 fold), which is important for chemotaxis of
endothelial cells, is down in hESC-ECs compared to EBs.
Concurrent with the downregulation of early developmental gene programs, we
observe substantial increases in expression of many vasculature-related genes in hESC-ECs
compared to EBs. These genes include the endothelial-specific transcription factors Kruppellike factor 2 (KLF2, up 3.5-5 fold)131 and EPAS1 (up 2.3 fold), PECAM1 (up 3.1 fold),
endothelial lipase (LIPG, up 2.9-3.8 fold), and endothelin 1 (EDN1, up 16 fold). A number of
genes demonstrated continued upregulation from the hESC to EB to EC stages, including
endothelial protein C receptor (EPCR, up 2.3 fold) peroxisome proliferative activated
receptor, gamma (PPARG, up 12.2 fold), and endothelial cell adhesion molecule (ESAM, up
2.5-3 fold). In the endothelium, caveolin-1 (CAV1, up 23-31 fold) regulates nitric oxide
signaling by binding to and inhibiting endothelial nitric oxide synthase (eNOS)132. GATA2
expression was increased 4.6 fold and is known to be involved with regulation of PECAM1,
endothelin-1, and ICAM2133. The endothelial-specific gene ROBO4 (up 2.6-8.1 fold)
maintains vascular integrity and inhibits endothelial cell migration and angiogenesis 134. Other
genes upregulated in hESC-ECs include the tyrosine kinase receptor for both VEGF and
semaphorin, neuropilin 1 (NRP1, up 3-5 fold), that is expressed in both endothelial and
neuronal cells135, apelin (APLN, up 2-20 fold), ecto-5'-nucleotidase (CD73, also known as
NT5E, up 20-26 fold)136, ITGB3 (up 7-12 fold), and CD109 antigen (up 3-4 fold). Lastly,
compared to EBs, hESC-ECs further upregulate of WNT5A and WNT5B (up 2.4 and 3.6 fold,
respectively), but downregulate of WNT2B, 3, 6, and 11. Of note, the WNT signaling pathway
inhibitor dickkopf homolog 1 (DKK1, up 26 fold) is upregulated in hESC-ECs, which has
recently been shown to be important for in vitro differentiation of hESCs to cardiovascular
progenitors83.
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Significant changes between hESC-ECs and HUVECs. One of our goals in this
study is to compare our EC population to a cell population that would likely be optimal for
cell transplantation into ischemic tissue. An optimal cell type would be committed to the
endothelial lineage but would still retain the capacity to undergo mitosis and thereby
regenerate damaged vasculature. Assessing the similarities, as well as differences, in gene
expression between hESC-ECs and HUVECs will thus give insight into the overall maturation
of our differentiated cells. Many of the increased processes in HUVECs include angiogenesis,
blood vessel morphogenesis and development, iron ion sequestering and transport, and
phosphorylation, suggesting that HUVECs may be a somewhat more differentiated or
“matured” endothelial cell. We were curious about the increased iron metabolism, and found
that recent evidence has uncovered a mechanism for feedback regulation of EPAS1 translation
in response to iron, suggesting a relationship between iron levels and EPAS1 regulation137.
Downregulated processes in HUVECs reflect the continued differentiation of HUVECs when
compared to hESC-ECs, including skeletal and nervous system development, as well as a
reduction in VEGF and WNT receptor signaling. Specific genes that are downregulated in
HUVECs include RUNX2 (down 320 fold) and SOX9 (down 49 fold), as well as the
hemoglobin genes (HBG1, HBE1, HBZ), indicating that there is further differentiation
towards endothelial rather than musculoskeletal of erythropoietic lineages. Compared to
hESC-ECs, HUVECs markedly downregulate WNT5A (down 256 fold) and WNT5B (down
91 fold), and to a lesser degree WNT3A (down 2.9 fold), WNT3 (down 2.1 fold), WNT6
(down 3 fold), and WNT11 (down 3.2 fold). As in EBs, the estrogen receptor (GPR30, up 7.5
fold) is again upregulated in HUVECs, and may contribute to mobilization of endothelial
cells138.
A number of early developmental genes are further downregulated in HUVECs. These
include the mesodermal transcription factors NKX2.5 (down 5.6 fold) and HAND2 (down 6.7
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fold). Bone morphogenetic protein regulation is alternately regulated depending on the BMP.
For example, HUVECs downregulate BMPR1A 15-20 fold and BMP5 3 fold, yet upregulate
BMP4 (up 7.8 fold) and BMP6 (up 14.4 fold). Likewise, homeobox genes do not exhibit a
clear pattern of regulation in HUVECs vs. hESC-ECs, where HOXA2, A3, A4, A5, A7, B4,
D1, and D3 are upregulated while HOXB6, B9, B13, and C9 are downregulated. The early
developmental T-box transcription factors, TBX1, TBX2, TBX3, are also all downregulated in
HUVECs. A number of forkhead box transcription factors were downregulated (Fox A1, A2,
A3, D1, F1, F2), with FOXD1 (down 38 fold) and FOXA1 (down 19-34 fold) the most
dramatically downregulated. Interestingly, FOXC1 was the only forkhead transcription factor
that was upregulated (6.6 fold) in HUVECs.
In contrast, HUVECs further upregulate a number of important genes related to
angiogenesis and vasculature development. These genes include the intercellular adhesion
molecule KDR (up 6.2-7.5 fold), fms-related tyrosine kinase 4 (FLT4, up 5.2 fold), ICAM2
(up 51 fold), CLDN5 (up 8.7-10.3 fold), ROBO4 (up 6-7 fold), von Willebrand factor (VWF,
up 97 fold), EPCR (up 4 fold), PECAM1 (up 6.9 fold), nitric oxide synthase 3 (NOS3, up 6.7
fold), EFNA1 (up 5-10 fold), ITGB3 (up 4-5 fold), APL (up 3-8 fold), EPHA4 (up 5-14
fold)139, cadherin 5, type 2, VE-cadherin (CDH5, up 6.5 fold), the tight junction protein 2
(TJP2, up 4.5 fold), endothelial cell-specific molecule 1 (ESM1, up 7.5 fold), angiopoietin 2
(ANGPT2, up 2.9 fold – this is in contrast to angiopoietin 1, ANGPT1, which is
downregulated 13.5 fold), endothelin 1 (EDN1, up 6.4 fold), TEK (or TIE2, up 4.5 fold),
NOTCH1 (up 4 fold), CD109 antigen (Gov platelet alloantigens) (CD109, up 5.4 to 6.4 fold).
The chemokine (C-X-C motif) receptor 4 (CXCR4, up 24 fold) is important for chemotaxis of
endothelial cells. Taken together, HUVECs likely represent a slightly more differentiated
endothelial cell type compared to hESC-ECs.
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CONCLUSION
Here we present a differentiation procedure that promotes differentiation of hESCs
into endothelial lineage cells. Global gene expression profiling of hESCs during directed
endothelial differentiation revealed significant enrichment of a number of endothelial genes
and appropriate biological processes that correspond to each differentiation stage (note:
expression of selected genes were confirmed using qPCR analysis, see Li et al.23 for data).
Though hESC-ECs and HUVECs revealed a high degree of similarity between their respective
expression profiles, hESC-ECs do not resemble HUVECs completely. Previous reports have
shown that hemodynamic forces such as fluid shear stress can affect gene transcription in vivo
and in vitro140,

141

. This suggests that shear stress on HUVECs may contribute to the

discrepancy of expression profiles between the mature HUVEC and the more progenitor-like
hESC-EC, which has not been exposed to hemodynamic forces during in vitro differentiation.
Thus, to generate more functional and mature endothelial cells, shear stress conditioning of
hESC-ECs may be needed in the future. Importantly, our microarray analysis provides a
greater understanding of the patterns of activation of specific genes during endothelial
differentiation, and identifies novel gene targets that may be used to enhance endothelial
differentiation in the future.
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2. DIFFERENTIATING THE PLURIPOTENT STATE
The miR-145 pluripotency loop in human embryonic stem cells142.

The discovery and isolation of human embryonic stem cells (hESCs) has given
medical science the tantalizing prospect of one day regenerating organs and tissues in human
patients. In contrast to multipotent adult stem cells, hESCs have the advantage of being
pluripotent, which endows them with the ability to differentiate into virtually every cell type in
the human body. However, forcing hESCs to change their phenotype is an imperfect science,
and is often time-consuming, resource-intensive, and plagued by poor yields. Fundamentally,
what is needed is better control over the molecular programs that induce, maintain, and repress
differentiation. It has been well established that pluripotency and self-renewal, the twin pillars
of embryonic stem cell biology, are regulated by a core network of transcription factors,
including OCT4, SOX2, NANOG, and KLF4, which are integrated into complex molecular
circuits. In fact, over-expression of these and other core factors can induce pluripotency in
human somatic cells, as was demonstrated by Shinya Yamanaka and James Thomson in 2007.
Mirroring the difficulties with differentiating hESCs, however, reprogramming efficiencies
have remained static at ~0.01%, highlighting the fact that scientists still lack great control over
cell fate switching. The question now is, what‟s missing? What other elements should be
considered in order to achieve efficient differentiation and de-differentiation of cells?
In an important recent study by Xu et al.143, one potential regulatory mechanism of
hESCs was found to be microRNAs (miRNAs), and specifically miR-145. These small,
noncoding RNAs play important posttranscriptional regulatory roles by targeting messenger
RNAs (mRNAs) for cleavage or translational repression144 (Fig. 10), and are key components
of an evolutionarily conserved system of RNA-based gene regulation in eukaryotes145. In the
past five years, a significant body of evidence has identified miRNAs as major arbiters of
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Figure 10. MiRNA biogenesis and targeting. Primary transcripts of miRNAs are transcribed
as individual miRNA genes, from introns of protein-coding genes, or from polycistronic
transcripts. These are cleaved into 70–100 nucleotide, hairpin-shaped precursors, exported to
the cytoplasm, and further cleaved into an miRNA:miRNA* duplex. Assembled into the
RNA-inducible silencing complex (RISC), the mature miRNA negatively regulates gene
expression by either translational repression or mRNA degradation.
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hESC biology, and specifically of fate switching. hESCs are known to express miRNAs that
are often undetectable in adult organs146, and Dicer- and DGCR8-deficient murine ESCs,
which have defects in miRNA generation, are characterized by reduced proliferation and
failure to differentiate147,

148,149

. A recent study has attempted to incorporate miRNA gene

regulation into a model of transcriptional regulatory circuitry of murine ESCs by generating
genome-wide maps of binding sites for key ESC transcription factors such as OCT4, SOX2,
and NANOG150. These ESC transcription factors were found to bind at many start sites of
miRNA transcripts that have been detected in ESCs, such as the miR-302 cluster. Clearly,
these studies and others have raised the profile of miRNAs in the context of ESC pluripotency,
but have also raised a number of questions. Foremost among these questions is how to identify
specific miRNAs that are directly involved in ESC pluripotency. Of the ~650 human miRNAs
that have been described, only a fraction has actually been annotated; the great majority of
miRNAs have poorly-defined roles in cell fate decisions.
Building on this prior evidence, and to address some of the questions it has raised, Xu
et al. showed through a rigorous series of experiments that one miRNA in particular, miR145, directly targets the core ESC factors OCT4, SOX2, and KLF4. Their study began with
the initial observation that miR-145 was significantly upregulated during differentiation of
hESCs into embryoid bodies. After determining that miR-145‟s predicted targets include
OCT4, SOX2, and KLF4, they then used luciferase assays to show that endogenous miR-145
can repress the 3‟ UTRs of the three factors. Furthermore, over-expression and inhibition of
miR-145 in cells resulted in reciprocal expression patterns of the same core factors. To
determine functional effects of miR-145, the authors employed a number of assays, including
flow cytometry for SSEA4 (pluripotency) and propidium iodide (cell cycle) staining, as well
as colony formation, and discovered that miR-145 over-expression in hESCs inhibits selfrenewal and induces differentiation. In contrast, inhibition of miR-145 reduced hESC‟s
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capacity for differentiation. Interestingly, they also found an OCT4 binding motif 1 kb
upstream of the transcription start site of miR-145, and functionally validated this OCT4
binding site with luciferase reporters, electrophoretic mobility shift assays, and chromatin
immunoprecipitation. Xu et al. conclude that miR-145 regulation of the core pluripotency
factors is a “double-negative feedback loop”: miR-145 targets OCT4, SOX2, and KLF4, but is
itself negatively regulated by OCT4.
With the evidence presented in this exciting study, can manipulation of miR-145 now
be used as a basic tool for differentiating hESCs? Conversely, could inhibition of its function
augment pluripotency induction in somatic cells? Recent work by Cordes et al. (2009)151 has
shown that miR-145, along with miR-143 with which it was found to be co-transcribed, can
promote differentiation and repress proliferation of smooth muscle cells. These two separate
studies therefore each implicate miR-145 as an important control point for cell fate switching.
However, one should remain wary of any claims that miR-145 is the central linchpin for
inducing differentiation. This caution is justified in large measure by the lessons from systems
biology, in which understanding biology at the systemic level, rather than its individual parts,
is the central dogma. We now commonly hear words such as “circuits”, “networks”, and
“programs” to describe molecular regulation of cellular processes. Within these larger
networks are smaller, more focused “loops” such as “incoherent feed forward loops”
(miRNAs and their target genes that have positively-correlated expression) and “doublenegative feedback loops” (as reported by Xu et al. and discussed earlier). While these terms
bring a language of engineering sophistication to biological research, what they imply is that
no single miRNA, mRNA, or any other molecule is solely responsible for a given biological
process. The major role of miRNAs in ESCs may instead be to modulate gene expression
through gene networks in which they are co-expressed with their target genes, thus acting as
genetic buffers of key pluripotency proteins152. Acknowledging this complex and at times
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seemingly contradictory relationship between miRNAs and mRNAs, Xu et al. reason that the
coexistence of activation and repression molecules in balance might provide a layer of control
over the dosage of pluripotency factors that maintain the self-renewal state.
The limited annotation of miRNAs, combined with a general lack of knowledge of
their transcriptional start sites, promoter regions, and downstream mRNA targets, have made it
difficult to comprehensively integrate miRNAs into a broader understanding of molecular
networks. This new work by Xu et al. is thus critical for filling in the significant holes in our
understanding of genes and miRNAs in hESCs. As a final example of the complexities
involved in untangling miRNA/mRNA interactions, Xu et al. used TargetScan (528 predicted
targets for miR-145) and Miranda (977 predicted targets) for their initial target prediction
analysis of miR-145. The authors went on to validate just three of these targets, OCT4, SOX2
and KLF4. This begs the question: what about the >500 others? How do these hundreds of
other potential targets affect the intricate orchestration of miRNA/mRNA interactions in
hESCs, and what role, if any, might they also play in self-renewal and pluripotency? Welcome
to the dawn of the miRNA era in embryonic stem cell biology.
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2. DIFFERENTIATING THE PLURIPOTENT STATE
Dynamic microRNA expression programs during cardiac differentiation of
human embryonic stem cells.

ABSTRACT
MicroRNAs (miRNAs) are a newly discovered endogenous class of small noncoding RNAs
that play important posttranscriptional regulatory roles by targeting messenger RNAs
(mRNAs) for cleavage or translational repression. Human embryonic stem cells (hESCs) are
known to express miRNAs that are often undetectable in adult organs, and a growing body of
evidence has implicated miRNAs as important arbiters of heart development and disease. To
better understand the transition between the human embryonic and cardiac “miRNA-omes”,
we report here the first miRNA profiling study of cardiomyocytes derived from hESCs
(hESC-CMs). Analyzing 711 unique miRNAs, we then identify several interesting miRNAs,
including miR-1, miR-133, and miR-208, that have been previously reported to be involved in
cardiac development and disease and that show surprising patterns of expression across our
samples. We also identify novel miRNAs such as miR-499 that are strongly associated with
cardiac differentiation, and which shares many predicted targets with miR-208. Overexpression of miR-499 and miR-1 resulted in upregulation of important cardiac myosin heavy
chain genes in embryoid bodies; miR-499 over-expression also caused upregulation of the
cardiac transcription factor MEF2C. Taken together, our data give significant insight into the
regulatory networks that govern hESC differentiation, and highlights the ability of miRNAs to
perturb, and even control, the genes that are involved in cardiac specification of hESCs.
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INTRODUCTION
Human embryonic stem cell–derived cardiomyocytes (hESC-CMs) hold great promise
for myocardial regeneration after infarction. A number of groups have reported successful
transplantation of hESC-CMs into rodent models of myocardial infarction20, 100, 153. However, a
significant obstacle still exists with consistent derivation of purified hESC-CM populations. In
order to precisely drive differentiation of hESCs into cardiac cells, a more comprehensive
understanding of the regulatory networks that are involved in this process is needed. hESCCM transcriptional profiling has already been reported20, however no group has yet focused on
the rapidly evolving field of microRNAs (miRNAs) and their expression profiles in hESCCMs.
MiRNAs play important posttranscriptional regulatory roles by targeting mRNAs for
cleavage or translational repression144. Hundreds of human miRNAs have been discovered,
and each is predicted to target tens or hundreds of different mRNAs. hESCs are known to
express miRNAs that are often undetectable in adult organs16,

146, 154

, and some of these

miRNAs are believed to regulate ESC self-renewal and differentiation147. A growing body of
evidence has also implicated miRNAs in heart disease and development155. As examples,
miRNAs -21, -195, and -208 have demonstrated roles in heart failure, hypertrophy, and
response to stress156-158, while miRNAs -1 and -133 are known to regulate cardiac
development, differentiation, and some aspects of disease159-162. Although previous studies
have highlighted miRNA profiles of hESCs and embryoid bodies16, 154, to date the miRNA
signature of hESC-CMs remains unknown.
To better understand the transition between the human embryonic and cardiac
“miRNA-omes”, we report here the miRNA profiles of cardiomyocytes derived from human
embryonic stem cells. Our results confirm the presence of a signature group of miRNAs that is
upregulated in hESCs, and whose expression is significantly altered during differentiation to a
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cardiac lineage. We also identify novel patterns of miRNA expression, as well as individual
miRNAs such as miR-499, that suggest a central role for miRNAs in pluripotency,
differentiation, and maintenance of the cardiac phenotype.

MATERIALS AND METHODS
Culture of undifferentiated hESCs. All studies used cells derived from the female H7 hESC
line (Wicell, Madison, WI) and were maintained in the undifferentiated state using mTeSR™1
medium (StemCell Technologies, Vancouver, Canada).

Preparation of hESC-CMs. Prior to differentiation, hESCs were switched to mouse
embryonic fibroblast conditioned medium (MEF-CM). For these experiments, hESC-CMs
were generated using a method adapted from a previously reported protocol for efficient
cardiogenesis100.

Immunohistochemical analysis. Undifferentiated hESCs and hESC-CMs were plated onto 8
chamber slides and fixed with acetone on ice for 20 minutes, then stained for
immunofluorescence with the appropriate antibodies. Microscopy was performed using a
ZEISS Axiovert microscropy (Sutter Instrument).

FACS analysis. Cultures were dissociated with 0.05% trypsin, permeabilized with methanol
(and incubated with alpha- sarcomeric actinin (Sigma A7811) or isotype control) in 20% heat
inactivated goat serum with rat anti-mouse Fc block. Samples were washed, incubated with
the appropriate secondary antibody (0.5ug/106 cells), and incubated at room temperature for
15 min in the dark. Samples were washed with 4 ml PBS and resuspended in 200 ul of 0.5%
PFA prior to analysis on a FACSCalibur machine.
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Lentiviral production and generation of stable microRNA+ hESC lines. Functional
experiments were performed with Lenti-miR™ MicroRNA Precursors and a miRZip antimiR-499 microRNA construct (System Biosciences, Mountain View, CA). All experiments
were performed a minimum of three times. SIN lentivirus was prepared by transient
transfection of 293T cells. hESCs were stably transduced with Lenti-miR™ MicroRNA
Precursors or miRZip anti-miR-499 microRNA construct at a multiplicity of infection (MOI)
of 10. For the miRNA over-expression studies, the infectivity was determined by copGFP
expression as analyzed on FACScan (BD Bioscience). The copGFP positive cell populations
were isolated by fluorescence activated cell sorting (FACS) Vantage SE cell sorter (Becton
Dickinson) followed by plating on feeder cell layer for long-term culturing.

Embryoid body formation. hESC colonies were dispersed into cell aggregates containing
approximately 500 to 1,000 cells using 1 mg/mL collagenase IV. The cell aggregates were
then suspension-cultured in ultra-low attachment cell culture dishes with hESC differentiation
medium (without basic fibroblast growth factor): 80% Dulbecco‟s modified Eagle‟s
medium/F12, 1 mM L-glutamine, 0.1 mM β-mercaptoethanol, 0.1 mN non-essential amino
acids, 20% Knockout Serum Replacement. Culture media was changed every two days, for a
total of 6 days.

Cell samples collection and RNA preparation. Using the miRNeasy Mini Kit (Qiagen Inc.,
Valencia, CA), total RNA containing miRNAs was isolated separately from biological
duplicates of H7 hESCs and H7 hESC-CMs for microarray profiling. As positive control, total
RNA was isolated from left ventricular tissue derived from two 20-week old human fetus
hearts. As negative control, total RNA was isolated from IMR90 fetal fibroblasts (ATCC,
Manassas, VA). We prepared a total of eight distinct RNA samples for miRNA profiling. For
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embryoid body experiments, total RNA was isolated from biological triplicates (each
experiment repeated minimum three times) of H7 hESCs and H7 embryoid bodies (day 6).
Total RNA concentration and purity were analyzed by spectrophotometry.

RT-PCR analysis of embryonic and cardiac specific transcriptions. The expression of
human embryonic cell markers (OCT4, NANOG, REX1) and cardiac-specific markers (ANF,
MEF2C, GATA4) were compared before and after hESC differentiation. 18S was used as
housekeeping gene control. The primer sets used in the amplification reaction are as follows:
Human OCT4 forward primer: 5‟-GGAAGGTATTCAGCCAAACGACCA-3‟
Human OCT4 reverse primer: 5‟-CTCACTCGGTTCTCGATACTGGTT-3‟
Human NANOG forward primer: 5‟-ACCAGAACTGTGTTCTCTTCCACC-3‟
Human NANOG reverse primer: 5‟-CCATTGCTATTCTTCGGCCAGTTG-3‟
Human REX1 forward primer: 5‟-GCGTACGCAAATTAAAGTCCAGA-3‟
Human REX1 reverse primer: 5‟-ATCCTAAACAGCTCGCAGAAT-3‟
Human ANF forward primer: 5‟-TAGGGACAGACTGCAAGAGG-3‟
Human ANF reverse primer: 5‟-CGAGGAAGTCACCATCAAACCAC-3‟
Human GATA4 forward primer: 5‟-TCAAATTGGGATTTTCCGGA-3‟
Human GATA4 reverse primer: 5‟- GCACGTAGACTGGCGAGGA-3‟
Human 18S forward primer: 5‟-ACACGGACAGGATTGACAGA-3‟
Human 18S reverse primer: 5‟-GGACATCTAAGGGCATCACAG-3‟

MicroRNA microarray construction, hybridization and scanning. Microarray assay was
performed using a service provider (LC Sciences, Houston, TX). The assay started with 4 to 8
µg total RNA sample, which was size fractionated using a YM-100 Microcon centrifugal filter
(Millipore, Billerica, MA) and the small RNAs (< 300 nt) isolated were 3‟-extended with a
poly(A) tail using poly(A) polymerase. An oligonucleotide tag was then ligated to the poly(A)
tail for later fluorescent dye staining. Hybridization was performed overnight on a µParaflo
microfluidic chip using a micro-circulation pump (Atactic Technologies, Houston, TX)163. On
the microfluidic chip, each detection probe consisted of a chemically modified nucleotide
coding

segment

complementary

to

target

microRNA

(from

miRBase,
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http://microrna.sanger.ac.uk/sequences/) or other control RNA, and a spacer segment of
polyethylene glycol to extend the coding segment away from the substrate. The detection
probes were made by in situ synthesis using photogenerated reagent chemistry. Hybridization
used 100 µL 6xSSPE buffer (0.90 M NaCl, 60 mM Na2HPO4, 6 mM EDTA, pH 6.8)
containing 25% formamide at 34 °C. After RNA hybridization, tag-conjugating Cy3 or Cy5
dyes were circulated through the microfluidic chip for dye staining. Fluorescence images were
collected using a laser scanner (GenePix 4000B, Molecular Devices, Sunnyvale, CA) and
digitized using Array-Pro image analysis software (Media Cybernetics, Bethesda, MD).

MicroRNA profiling data analysis. Data were analyzed by first subtracting the background
and then normalizing the signals using a LOWESS filter (Locally-weighted Regression)164.
Background is determined using a regression-based background mapping method. The
regression is performed on 5% to 25% of the lowest intensity data points excluding blank
spots. Raw data matrix is then subtracted by the background matrix. miRNA microarray data
were filtered to remove control probes, then log-transformed and scaled so that the mean and
standard deviation of the log2(miRNA expression) for each sample were 0 and 1, respectively.
For principal component analysis (PCA), the samples were plotted in the space of the first
three principal components. Samples and miRNAs were clustered based on Euclidean distance
using the complete linkage agglomeration method for the heat maps in Figure 13A,B. The
sample coordinates along each axis were scaled by the square-root of the variance in the
corresponding principal component to accurately reflect the relationship between the samples.
These analyses were performed using the R and Bioconductor statistical packages (versions
2.8.1 and 2.3, respectively).
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Gene Set Enrichment Analysis (GSEA). GSEA was performed using the GeneSpring GX
10.0 software (Agilent, Technologies, Santa Clara, CA) and miRNA target gene sets
downloaded from TargetScan (www.targetscan.org/), and also a custom list of hESC markers.
Gene sets were considered significant with Q-value <0.25, as recommended50. Briefly, the
primary result of GSEA is the enrichment score (ES), which reflects the degree to which a
gene set is overrepresented at the top or bottom of a ranked list of genes. The normalized
enrichment score (NES) is the primary statistic for examining gene set enrichment results. By
normalizing the enrichment score, GSEA accounts for differences in gene set size and in
correlations between gene sets and the expression dataset.

Ingenuity Pathway Analysis (IPA). Significant gene lists were generated from GeneSpring
software and uploaded to IPA for analysis. IPA software assigns biological functions to genes
using the Ingenuity Pathways Knowledge Base (Ingenuity Systems, Inc., Redwood City, CA).
This information is used to form networks to create an „interactome‟ of genes all involved in
specific biological processes.
Functional Analysis. The Functional Analysis identified the biological functions and/or
diseases that were most significant to the data set. Molecules from the dataset that met the Pvalue cutoff of 0.05 and fold change cutoff of 1.4 were then associated with biological
functions and/or diseases in Ingenuity‟s Knowledge Base were. Right-tailed Fisher‟s exact test
was used to calculate a P-value determining the probability that each biological function
and/or disease assigned to that data set is due to chance alone.
Canonical Pathway Analysis. Canonical pathways analysis identified the pathways from the
Ingenuity Pathways Analysis library of canonical pathways that were most significant to the
data set. The significance of the association between the data set and the canonical pathway
was measured in 2 ways: 1) A ratio of the number of molecules from the data set that map to
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the pathway divided by the total number of molecules that map to the canonical pathway is
displayed. 2) Fisher‟s exact test was used to calculate a P-value determining the probability
that the association between the genes in the dataset and the canonical pathway is explained by
chance alone.

Real-time quantitative PCR (qPCR). For mRNA qPCR, 2 µg of total RNA from each
sample was reversed transcribed with Superscript III (Invitrogen). For each sample, qRT-PCR
was performed in triplicate on an ABI 7900HT instrument (Applied Biosystems) using
Taqman primer probe sets (Applied Biosystems) for each gene of interest and a GAPDH
endogenous control primer probe set for normalization. Representative results are shown as
fold expression relative to undifferentiated hESCs unless otherwise stated. Error bars reflect
one standard deviation from the mean of three biological replicates unless otherwise stated.
For miRNA qPCR, single-stranded cDNA was synthesized from total RNA samples
using the TaqMan® MicroRNA Reverse Transcription Kit (Applied Biosystems, Foster City,
CA) according to the manufacturer‟s instructions. cDNA was then PCR amplified using
Human TaqMan® MicroRNA Assays (Applied Biosystems) for the following human miRNA:
miR-1, miR-302c, miR-302d, and miR-133a. Because miR-16 has been reported to be stably
expressed across human tissues165, we also performed real-time quantitative PCR of this
microRNA to confirm its stable expression. Data were normalized to the endogenous control
genes RNU43 and U47. Results are shown as fold expression relative to undifferentiated
hESCs unless otherwise noted. Error bars indicate one standard deviation from the mean of
three technical replicates unless otherwise stated.

Electrophysiological characterization. Spontaneously beating clusters were microsurgically
dissected from hESC-derived EBs 14–21 days after initiating differentiation. After collagenase
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dissociation and plate attachment, electrophysiological experiments of isolated single hESCCMs were performed using the whole-cell patch-clamp technique with an Axopatch 200B
amplifier and the pClamp9.2 software (Axon Instruments Inc., Foster City, CA). A xenon arclamp was used to view GFP fluorescence at 488/530 nm (excitation/emission). Patch pipettes
were prepared from 1.5 mm thin-walled borosilicate glass tubes using a Sutter micropipette
puller P-97 and had typical resistances of 4-6 MΏ when filled with an internal solution
containing (mM): 110 K+ aspartate, 20 KCl, 1 MgCl2, 0.1 Na-GTP, 5 Mg-ATP, 5 Na2phospocreatine, 1 EGTA, 10 HEPES, pH adjusted to 7.3 with KOH. The external Tyrode‟s
bath solution consisted of (mM): 140 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10 glucose, 10 HEPES,
pH adjusted to 7.4 with NaOH. Current-clamp recordings were performed at 37 °C within 4 to
7 days after Lenti-miR™ transduction.

Statistical analysis. Non-microarray data are presented as mean S.D. Data were compared
using standard or repeated measures, using ANOVA where appropriate. Pairwise comparisons
were performed using a two-tailed Student‟s t–test. Differences were considered significant
for P-values<0.05.

RESULTS
To determine the miRNA-omes of hESC-CMs, cardiomyocytes were differentiated
from H7 hESCs based on a published protocol100. Flow cytometry revealed greater than 90%
of cells were positive for the cardiac marker α-sarcomeric actinin (Fig. 11A). hESC-CMs
spontaneously beat in culture and exhibited a muscle-like morphology that was similar to
isolated left ventricular human fetal heart cells (Fig. 11B). While hESCs stained positive for
OCT4 (Fig. 11C), hESC-CMs stained positive for the cardiac specific markers Troponin-T,
MEF2C, and Connexin 43 (Fig. 11D). PCR further revealed that hESC-CMs express cardiac

61

62

Figure 11. Differentiation of hESCs to cardiomyocytes that express lineage-specific
genes. (A) Flow cytometry of differentiated hESC-CMs shows greater than 90% of cells are
positive for the cardiac marker α-sarcomeric actinin compared to isotype control. (B) hESCCMs spontaneously beat in culture and exhibited a muscle-like morphology that was similar
to 20-week left ventricular fetal heart (FH) cells. (Scale bars, 40 µm) (C) Undifferentiated
hESCs immunostain positive for the stem cell marker OCT4 (red). (Scale bars, 100 µm) (D)
hESC-CMs express cardiac specific markers MEF2C, cardiac Troponin-T (TropT), and
Connexin 43 (CX43) (Scale bars for 100X, 200X, and 630X are 200 µm, 60 µm, and 20
µm, respectively). (E) RT-PCR analysis reveals differences in expression of embryonic
(OCT4, NANOG, REX1) and cardiac markers (ANF, GATA4) in hESCs, hESC-CMs, fetal
heart tissue, and fetal fibroblasts. (F) qPCR of NKX2.5, MEF2C and GATA4 (early cardiac
genes) expression showed significant upregulation in hESC-CMs and fetal heart relative to
hESCs. Three cardiac myosin heavy chains were also upregulated: αMHC (MYH6), βMHC
(MYH7), and βMHC7b (MYH7B). Error bars represent one standard deviation from the
mean of biological triplicate experiments. (NS = Not Significant).

genes (NKX2.5, ANF, GATA4, αMHC (MYH6), βMHC (MYH7), and βMHC7b (MYH7B)),
with a corresponding decrease in embryonic genes (OCT4, NANOG, REX1) (Fig. 11E,F). By
quantitative PCR (qPCR), we noted similar, though not identical, gene expression levels in
hESC-CMs as compared to fetal heart (Fig. 11F), suggesting that these cells are different from
fetal heart, as has been previously described20.
Next, we analyzed 711 unique miRNAs in hESC-CMs and human fetal left ventricles
using the Sanger miRBase Version 10.0 miRNA expression microarrays (LC Sciences,
Houston, TX). miRNA profiles for H7 hESCs and human fetal fibroblasts from our previous
publication24 were also included in the analysis. We first performed principal component
analysis (PCA), which is a reductionist method that provides an overview of the degree of
variation between samples (Figure 12). PCA indicated that the miRNA expression profile is
distinct for each of the four samples groups, with fetal heart and hESC-CMs exhibiting the
closest distance – and thus the most similar miRNA profiles, and hESCs the furthest from the
other three groups. Using clustered heat maps of subsets of miRNAs, we organized miRNAs
into two broad categories: miRNAs significantly expressed in hESCs (Fig. 13A) and were
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Figure 12. PCA plots of the miRNA-ome data for hESC-CMs. (A) Graph showing the
fraction of total variance in the data that is explained by each of the eight principal
components. (B) Scatter plot of the samples in the space of the first three principal
components, showing the relationship between the miRNA profiles of the samples.
similar to previous studies16, 146, and miRNAs significantly expressed in the cardiac phenotype
(heart and hESC-CMs) (Figure 13B). MiRNA subsets are further refined in Fig. 13C-F. Some
miRNAs increased during differentiation (Fig. 13D) but were not cardiac-specific since they
were also expressed in fibroblasts, while other miRNAs decreased during differentiation (Fig.
13E). Of interest in this former group is miR-145, which has been previously reported to be
upregulated during differentiation and is an inhibitor of OCT4, SOX2, and KLF4143. The
expression levels of a select group of miRNAs were confirmed with qPCR (Fig. 14).
We were of course particularly interested in miRNAs that appeared to be cardiacspecific since these miRNAs may be critical for driving cardiac differentiation. Known
cardiovascular-related miRNAs include miRNAs -1, -133, and -208, which have roles in heart
failure, hypertrophy, stress response, cardiac and skeletal muscle development, and
differentiation156, 157, 160-162. In our profiles, these miRNAs show robust expression in hESC-
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Figure 13. Subsets of miRNAs that are unique to hESCs and hESC-CMs. (A,B) Heat
maps of the miRNA microarray data, showing the normalized log2 miRNA expression level
for each miRNA (rows) in each sample (columns), according to the indicated color scale. (A)
miRNAs more highly expressed in hESCs. (B) miRNAs primarily expressed in cardiac
samples. (C-F) Microarray signal intensity plots of selected miRNAs. Signal values are the
mean of each pair of biological duplicate experiments; signal intensities below “threshold”
may not be quantitative. (c) miRNAs expressed highly in hESCs but not detectable in fetal
cell types. (D) miRNAs with increased expression during differentiation and in fetal cells.
(E) miRNAs with decreasing expression during differentiation. (F) Selected miRNAs with
high expression in cardiac cells (hESC-CM and/or fetal heart) but near or below threshold of
detection in hESCs and fibroblasts.

65

CMs and (with the exception of miR-208a) fetal heart, but are nearly undetectable in hESCs
and fibroblasts (Fig. 13F). Interestingly, we observed co-expression of miRNAs and their host
genes166. For example, miR-208a is transcribed from an intron of the myosin heavy chain
αMHC (MYH6), and its expression therefore follows that of αMHC: higher expression in
hESC-CMs relative to fetal heart (see Fig. 11F). In contrast, miR-208b is transcribed from
intronic regions of βMHC (MYH7), the
predominant

myosin

heavy

chain

isoform found in mature human cardiac
ventricles167. miR-208b thus follows
βMHC‟s
higher
Figure 14. qPCR confirms the transcriptional
changes of selected miRNAs observed in the
microarray data. Taqman qPCR of miR-1, 133a, -302c, -302d, and -16. We included miR16 because it has been reported to exhibit
relatively stable expression across multiple
tissue types, though we did observe some
upregulation in fetal hearts. Data were
normalized to the endogenous control genes,
RNU48 and U47. Error bars represent one
standard deviation from the mean.

expression
expression

pattern:
in

mildly

fetal

heart

compared to hESC-CMs, suggesting that
hESC-CMs

may

not

be

as

developmentally mature as fetal heart.
Of

the

cardiac

phenotype-

associated miRNAs identified in Fig.
13B, we observed a novel miRNA, miR499-5p,

that

showed

statistically

significant expression in the cardiac phenotypes but was undetectable in hESCs and
fibroblasts (Fig. 13F), a pattern similar to miR -1, -133 and -208b. This miRNA has been
previously reported to be important in human fetal cardiomyocyte differentiation 168 and
regulation of murine muscle myofibers169. Like the miR-208 family, miR-499 is located in an
intronic region of a myosin heavy chain gene, βMHC7B, and its trend in expression follows
that of βMHC7B: higher expression in fetal heart compared to hESC-CMs. Using TargetScan
(www.targetscan.org), an online database of predicted biological targets of miRNAs based on
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the presence of conserved 8mer and 7mer sites that match the seed region of each miRNA, we
found that miR-499 shared many targets with miR-208, and had some overlap with miR-1
targets (Fig. 15A). Canonical pathway analysis of the predicted targets for miR-499 using
Ingenuity Pathways Analysis (Ingenuity® Systems, www.ingenuity.com) revealed that many
targeted genes are involved in early cardiogenesis (e.g., the transcription factor GATA4121)
and embryogenesis; targeted canonical pathways included WNT/β-catenin signaling170, TGF-β
signaling, and cell cycle regulation (see Table 5 for selected pathways). These findings
suggest that miR-499 may be involved in maturation of the cardiomyocyte via inhibition of
embryogenesis and cardiogenesis pathways.

Figure 15. Target analysis of miR-499, miR-1, and miR-208. (A) Venn diagram of
TargetScan predicted gene targets. (B) Gene Set Enrichment Analysis (GSEA) of the
predicted targets for the three miRNAs, as well as the miR-302 cluster and a custom set of
26 pluripotentcy-related genes, in relation to published microarray data for hESCs, beating
EBs, hESC-CMs and fetal heart (GSE13834). The Normalized Enrichment Score indicates
degree of gene set enrichment in the indicated cell type relative to hESCs; >1 defines
upregulation, <1 defines downregulation. During cardiac differentiation, the gene targets of
miR-1, -208, and -499 are increasingly less enriched (relative to hESCs) due to higher
expression of these miRNAs in cardiac cell types. In contrast, the targets of the hESCspecific miR-302 cluster are consistently highly enriched in all cell types relative to hESCs,
whereas pluripotency genes are consistently less enriched, as expected. Gene sets were
considered significant with Q-value <0.25 (see Materials and Methods).
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Table 5: Selected canonical pathways predicted to be targets of miR-499
Ingenuity Canonical Pathways

P-value

Ratio

Genes
FZD8, TGFBR1, FZD4, CSNK1G1,

Wnt/β-catenin Signaling

0.00002

5.95E-02 SOX6, LRP6, PPP2R2C, ACVR2B, APC,
SOX5

Factors Promoting Cardiogenesis in
Vertebrates
GM-CSF Signaling
Cell Cycle Regulation by BTG
Family Proteins
Role of NANOG in Mammalian
Embryonic Stem Cell Pluripotency

FZD8, TGFBR1, FZD4, LRP6,

0.00004

7.87E-02

0.00575

5.97E-02 ETS1, PPP3CB, SOS2, PPP3CA

0.00759

8.33E-02 PPP2R2C, E2F3, CCRN4L

0.00851

4.39E-02 FZD8, FZD4, SOS2, GATA4, APC

ACVR2B, GATA4, APC

FZD8, FZD4, PPP3CB, SDC2, EFNB1,
Axonal Guidance Signaling

0.00955

2.48E-02 SOS2, DCC, SRGAP2, PPP3CA,
PRKAR1A
CPSF2, MYH10, CLDN11, TGFBR1,

Tight Junction Signaling

0.00977

3.57E-02

Protein Kinase A Signaling

0.01905

2.53E-02

B Cell Receptor Signaling

0.02455

3.25E-02 ETS1, PPP3CB, VAV3, SOS2, PPP3CA

T Cell Receptor Signaling

0.02455

3.74E-02 PPP3CB, VAV3, SOS2, PPP3CA

PPARα/RXRα Activation

0.04467

2.73E-02

0.04571

2.56E-02

0.04898

2.43E-02

0.05129

2.7E-02

ERK/MAPK Signaling

0.05370

2.6E-02

TGF-β Signaling

0.06026

3.61E-02 TGFBR1, SOS2, ACVR2B

Actin Cytoskeleton Signaling

0.09120

2.13E-02 MYH10, PIP5K1C, VAV3, SOS2, APC

GABA Receptor Signaling

0.10000

3.64E-02 ABAT, GABRA1

Role of NFAT in Regulation of the
Immune Response
Calcium Signaling
Human Embryonic Stem Cell
Pluripotency

PPP2R2C, PRKAR1A
MYH10, TGFBR1, PPP3CB, DCC,
H3F3B, PPP3CA, CDC27, PRKAR1A

TGFBR1, SOS2, PRKAA2, ACVR2B,
PRKAR1A
CSNK1G1, PPP3CB, SOS2, GATA4,
PPP3CA
MYH10, PPP3CB, SLC8A3, PPP3CA,
PRKAR1A
FZD8, TGFBR1, FZD4, APC
ETS1, SOS2, H3F3B, PPP2R2C,
PRKAR1A
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Next, we wanted to know whether the predicted targets of miR-499, along with miR-1
and miR-208, were significantly downregulated during cardiac differentiation as these
miRNAs become more highly expressed. For example, are the target genes of miR-499
downregulated in fetal heart relative to hESCs due to the higher expression of miR-499?
Using microarray data from our previous study20 (available on Gene Expression Omnibus,
GSE13834), we used Gene Set Enrichment Analysis (GSEA)50 to analyze the enrichment of
predicted miRNA targets in three successive stages of cardiac differentiation relative to
hESCs: beating embryoid body (EB, an intermediate stage of cardiac differentiation), hESCCM, and fetal heart. In Fig. 15B, the y-axis represents the normalized enrichment score
(NES), which is the primary statistic for examining GSEA results; NES>1 means the targets
are more highly expressed in the cardiac cell type, and NES<1 means the targets are more
highly expressed in hESCs. As expected, a custom set of 26 genes that are each associated
with pluripotency was more highly enriched in undifferentiated hESCs compared to the three
cardiac differentiation stages. In contrast, the predicted targets of the miR-302 cluster, which
was significantly upregulated in hESCs and has been previously associated with pluripotent
cell types24, had the opposite pattern of expression: higher enrichment in the three stages of
cardiac differentiation relative to hESCs, as expected for an “embryonic” miRNA.
Importantly, the predicted target genes for miR-1, -208, and -499 each exhibited similar
enrichment patterns wherein the target genes were gradually reduced in expression during
cardiac differentiation, thus underscoring the similarity of miR-499 with the better
characterized miR-1 and miR-208 miRNAs.
We next wanted to determine how over-expression of miR-1 and miR-499 might
affect cardiac gene expression in differentiating hESCs. Using Lenti-miR™ MicroRNA
Precursor lentiviral constructs (System Biosciences, Mountain View, CA, Fig. 16A), we
stably transduced H7 hESCs with miR-1 or miR-499 (Fig. 17A). qPCR confirmed
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Figure 16. Lentiviral vector for miRNA over-expression in hESCs. (A) Map of
microRNA precursor lentiviral construct (System Biosciences, Mountain View, CA). (B)
qPCR confirmation of upregulation of miRNA in transduced hESCs (WT = wild type). Error
bars represent one standard deviation from the mean.
upregulation of the two miRNAs (Fig. 16B). Cells were differentiated into embryoid bodies
(EBs) and qPCR then used to determine embryonic, mesodermal, and cardiac gene changes
(Fig. 17B). We noted significant upregulation of MEF2C in miR-499EBs relative to miR-1EBs and
WT

EBs. Knockdown of miR-499 using a miRZip anti-miR-499 microRNA construct (System

Biosciences) did not upregulate MEF2C. MEF2C is required for activation of cardiac
contractile genes, and for cardiac structural development82, suggesting that miR-499 may be
an important factor in differentiating hESCs. This is further evidenced by upregulation of
βMHC in

miR-499

EBs relative to

WT

EBs.

miR-1

EBs exhibited upregulation of all three myosin

heavy chain isoforms. Interestingly, GATA4 (a predicted target of miR-499) was
downregulated in

miR-499

EBs, as expected, but was significantly upregulated in

miR-1

EBs,

suggesting that miR-1 and miR-499 each have distinct roles in cell fate biology. Clearly these
results highlight the ability of specific miRNAs such as miR-499 and miR-1 to alter the
expression of genes involved in the cardiac specification of hESCs.
Two studies have reported cardiac conduction abnormalities in murine hearts either
after transfection with miR-1171 or in mutants that lack miR-1 expression160. To further explore
the functional effects of miR-1 and miR-499, we also transduced post-differentiated hESC-
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Figure 17. Over-expression of miR-1 and miR-499 during hESC differentiation. (A)
miR-1 and miR-499 transduced hESCs are positive for GFP (scale bars, 100 µm), and
remain positive after differentiation to day 6 embryoid bodies (scale bars, 400 µm); wildtype (WT) hESCs remain negative. (B) qPCR shows different patterns of gene expression
induced by the two miRNAs, as well as knockdown of miR-499 (anti-miR-499). Error bars
represent one standard deviation from the mean of biological quadruplicate experiments.
(*P<0.05 vs. WTEB).
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CMs with each miRNA. miR-1 transduction statistically decreased the beating rates of
spontaneously-contracting EB clusters, although miR-499 had no effect (6 independent
batches, P<0.05; Fig. 18A). Consistently, the pacemaker current (If), which is known to play a
major role in phase 4 depolarization, decreased its amplitude with miR-1 over-expression
(Fig. 18B). This finding confirms a previous report in which miR-1 was shown to decrease If
by targeting the pacemaker genes HCN2 and HCN4 in hypertrophic cardiomyocytes172.

Figure 18. Electrophysiological changes in hESC-CMs after over-expression of miR-1
and miR-499. (A) Beating rates of spontaneously-contracting hESC-derived EB clusters
after miR-1 and miR-499 transduction (N=6). (B) Left: Representative If tracings recorded
from isolated single hESC-CMs with or without miR-1 transduction. Right: Bar graph
summarizing the If current. *P<0.05.
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DISCUSSION
This study seeks to generate a systems-level overview of the miRNA profiles in
hESCs, hESC-CMs, and human fetal heart. Our results indicate that these profiles are highly
dynamic and specific during cardiac differentiation of hESCs. Several interesting miRNAs,
including miR-1, miR-208 and miR-133, that have been previously reported to be important in
cardiac development and disease, exhibited significant changes during cardiac differentiation.
Other miRNAs such as miR-499 that have poorly defined roles in development and
differentiation also showed cardiac-specific expression. In silico analysis of the predicted
targets for selected miRNAs revealed significant overlap between miR-208 and miR-499, both
of which are transcribed from the introns of myosin heavy chains.
Admittedly, the field of computational predictions of miRNA targets is still in its
infancy, and so we cannot assume complete confidence in their accuracy until further
validation through functional assays is performed. However, the analysis of target gene sets by
GSEA, rather than by individual genes, lends increased statistical power to the in silico
analysis of target predictions. Using this algorithm, we have shown that miR-499 shares many
similarities with previously identified cardiac-specific miRNAs in terms of gene targets and
expression pattern. In general, the targets of miR-1, -208, and -499 exhibited very similar
pattern of expression: high enrichment in EBs, moderate enrichment in hESC-CMs (though
miR-1 targets were still highly expressed in hESC-CMs), and significantly reduced
enrichment in fetal heart. We were surprised by some of the continued target expression in
hESC-CMs, which may be due to the heterogeneity of the hESC-CMs used in Cao et al. in
which only 43% were positive for the cardiac marker cardiac Troponin T, potential biological
differences between hESC lines (H7 vs. H9), and also the poorly understood roles these
miRNAs play during cellular differentiation. This latter point is based on the observation that
some miRNAs are co-expressed with their target mRNAs173, and thus may represent complex,

73

incoherent feedback loops150 that help fine-tune the expression levels of important
transcription factors.
Lastly, with the ultimate goal of discovering factors that might enhance cardiac
differentiation, we selected miR-499 and miR-1 for functional studies. Each miRNA had
significant, though different, positive effects on cardiac differentiation, suggesting a powerful
role for miRNAs in influencing hESC fate decisions. What is likely necessary for efficient
differentiation of hESCs to cardiomyocytes is the simultaneous expression of miR-1, miR499, and others such as miR-208, that together regulate that molecular programs of hESCCMs. In the future, we believe miRNAs will play a key role in achieving higher yields of
hESC-CMs that can then be used for transplantation studies and, ultimately, clinical therapies.
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3. INDUCING THE PLURIPOTENT STATE
MicroRNA profiling of human induced pluripotent stem cells24.

ABSTRACT
MicroRNAs (miRNAs) are a newly discovered endogenous class of small noncoding RNAs
that play important posttranscriptional regulatory roles by targeting mRNAs for cleavage or
translational repression. Accumulating evidence now supports the importance of miRNAs for
human embryonic stem cell (hESC) self-renewal, pluripotency, and differentiation. However,
with respect to induced pluripotent stem cells (iPSC), in which embryonic-like cells are
reprogrammed from adult cells using defined factors, the role of miRNAs during
reprogramming has not been well characterized. Determining the miRNAs that are associated
with reprogramming should yield significant insight into the specific miRNA expression
patterns that are required for pluripotency. To address this lack of knowledge, we use miRNA
microarrays to compare the “microRNA-omes” of human iPSCs, hESCs, and fetal fibroblasts.
We confirm the presence of a signature group of miRNAs that is upregulated in both iPSCs
and hESCs, such as the miR-302 and 17-92 clusters. We also highlight differences between
the two pluripotent cell types, as in expression of the miR-371/372/373 cluster. In addition to
histone modifications, promoter methylation, transcription factors and other regulatory control
elements, we believe these miRNA signatures of pluripotent cells likely represent another
layer of regulatory control over cell fate decisions, and should prove important for the cellular
reprogramming field.
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INTRODUCTION
Human embryonic stem cells (hESCs) have gained popularity as a potentially ideal
cell candidate for regenerative medicine. First isolated by James Thomson and colleagues in
19981, hESCs are derived from the inner cell mass of the human blastocyte and can be kept in
an undifferentiated, self-renewing state indefinitely. In contrast to adult stem cells, hESCs
have the advantage of being pluripotent, which endows them with the ability to differentiate
into virtually every cell type in the human body. However, the use of human embryos is
controversial in the US, and potential tissue rejection following transplantation in patients
remains problematic2.
One way to circumvent these issues is to generate induced pluripotent stem cells
(iPSCs). Mouse and human cells can be reprogrammed to pluripotency through ectopic
expression of defined transciption factors3-5,

174-179

. The first successful reprogramming of

human fibroblast cells into iPSCs was reported independently by Shinya Yamanaka (using
OCT4, SOX2, KLF4, c-MYC)4 and James Thomson (using OCT4, SOX2, NANOG, LIN28)5.
The main advantage of this approach is that it does not need human embryos or oocytes to
generate patient-specific stem cells, and therefore can potentially bypass the ethical and
political debates that have surrounded this field for the past decade. Another important benefit
is that for the first time, disease-specific stem cells can be created, which will help scientists
understand the molecular mechanisms of many common inherited diseases6.
For a number of reasons, these reprogramming methods have so far been gradual and
slow, requiring weeks of cell culture with very low yield of iPSCs 175,

179-181

. Inefficient

delivery of factors to the cells is certainly one obstacle, and this challenge is being actively
addressed by many groups. Another obstacle is the general lack of understanding of the
molecular changes that underlie reprogramming182, 183. Understanding the molecular circuitry
of reprogramming will greatly benefit the field by providing new targets and pathways that
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could increase the yield of iPSCs. Efforts to better integrate the genomic and epigenomic
networks that control reprogramming have been undertaken184, but overall the specific
mechanisms required for more efficient reprogramming remain elusive.
One potential regulatory mechanism of reprogramming that has so far received little
attention is microRNAs (miRNAs). These small, noncoding RNAs play important
posttranscriptional regulatory roles by targeting messenger RNAs (mRNAs) for cleavage or
translational repression144, and are key components of an evolutionarily conserved system of
RNA-based gene regulation in eukaryotes145. Interestingly, hESCs are known to express
miRNAs that are often undetectable in adult organs such as miR-371, miR-372, miR-302a,
miR-302b, miR-302c, and miR-302d16,

17, 146, 154, 185

, whereas Dicer-deficient murine ESCs,

which cannot generate miRNAs, have been shown to be defective in differentiation147,

148

.

These and other studies suggest that miRNAs likely play key roles in human and murine ESC
gene regulation162, 185-189. A recent study has attempted to incorporate miRNA gene regulation
into a model of transcriptional regulatory circuitry of ESCs by generating genome-wide maps
of binding sites for key ESC transcription factors such as OCT4, SOX2, and NANOG150.
These ESC transcription factors were found to bind at many start sites of miRNA transcripts
that have been detected in ESCs, such as the miR-302 cluster. Clearly, at least a subset of
miRNAs seems to be involved in pluripotency, and these studies have contributed greatly to
the understanding of miRNA networks in ESCs.
While significant efforts are being applied to ESCs, no study has yet analyzed the
miRNA profile of human iPSCs. Determining the miRNAs that are associated with
reprogramming may yield significant insight into the specific miRNA expression patterns
needed for pluripotency. In this report, we use miRNA microarrays to compare the
“microRNA-omes” of human iPSCs, hESCs, and fetal fibroblasts. We confirm the presence of
a signature group of miRNAs that are upregulated in both iPSCs and hESCs, such as the miR-
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302 and 17-92 clusters, as well as some subtle differences between the two pluripotent cell
types, including the miR-371/372/373 cluster. We also note the broad changes in miRNA
patterns between pluripotent cells and differentiated fibroblasts. These miRNA profiles are an
initial step towards a better understanding of the regulatory networks that govern pluripotency
and reprogramming.

MATERIALS AND METHODS
Immunohistochemical analysis. IMR90 fibroblasts (ATCC, Manassas, VA) were cultured
on 0.1% gelatin-coated coverslips, and hESCs (Wicell H7 line) and iPSCs (from Thomson
lab) on Matrigel-coated coverslips. Cells were fixed in 2% formaldehyde in PBS,
permeabilized with 1% tritonX-100 in PBS, and blocked with 5% bovine serum albumin in
PBS. Cells were then labeled with each embryonic stem cell marker plus appropriate
AlexaFluor secondary antibodies (Invitrogen) and DAPI (Vectorshield Laborary). Microscopy
was performed using a Leica DM-IL inverted microscope (Leica Microsystems USA,
Bannockburn, IL) and QImaging Retiga 2000R high-speed digital CCD camera (QImaging,
Burnaby, BC, Canada). QCapture Pro 5.1 (QImaging, Burnaby, BC, Canada) was used for
image acquisition.

Embryoid body formation. Human embryoid body formation was accomplished by treating
proliferating cells (iPSCs or hESCs) with collagenase IV and transferring them into
suspension culture in differentiation media consisting of DMEM-F12 Media (GIBCO)
supplemented with 20% FBS, L-Glutamine, β-mercaptoethanol, and non-essential amino
acids. Embryoid bodies were maintained in suspension culture for 14 days, changing the
media every two days.
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Cell samples collection and RNA preparation. Using the miRNeasy Mini Kit (Qiagen Inc.,
Valencia, CA), total RNA containing miRNA was isolated separately from biological
duplicates of iPSCs, ESCs, IMR90 fetal fibroblasts. In total, we prepared six distinct RNA
samples for miRNA profiling. Total RNA concentration and purity were analyzed by
spectrophotometry.

RT-PCR analysis of embryonic and cardiac specific transcriptions. The expression of
human embryonic cell markers (OCT4, NANOG, SOX2, REX1, DNMT3B, GDF3), as well as
differentiation markers (Brachyury – mesoderm, AFP – endoderm, and Ncam1 –
neuroectoderm), was compared before across all three groups (in biological duplicates). 18S
was used as housekeeping gene control. The primer sets used in the amplification reaction are
as follows:
Human OCT4 forward primer: 5‟-GGAAGGTATTCAGCCAAACGACCA-3‟
Human OCT4 reverse primer: 5‟-CTCACTCGGTTCTCGATACTGGTT-3‟
Human NANOG forward primer: 5‟-ACCAGAACTGTGTTCTCTTCCACC-3‟
Human NANOG reverse primer: 5‟-CCATTGCTATTCTTCGGCCAGTTG-3‟
Human SOX2 forward primer: 5‟-GGGAAATGGGAGGGGTGCAAAAGAGG-3‟
Human SOX2 reverse primer: 5‟-TTGCGTGAGTGTGGATGGGATTGGTG-3‟
Human REX1-1 forward primer: 5‟-GCGTACGCAAATTAAAGTCCAGA-3‟
Human REX1 reverse primer: 5‟-ATCCTAAACAGCTCGCAGAAT-3‟
Human DNMT3B forward primer: 5‟-TGCTGC TCCAGGGCCCGATACTTC-3‟
Human DNMT3B reverse primer: 5‟-TCCTTTCGAGCTCAGTGCACCACAAAAC-3‟
Human GDF3 forward primer: 5‟-CTTATCTCGTAAAGGGCTGGG-3‟
Human GDF3 reverse primer: 5‟-GTGCCAACCCAGGTCCCGGAAGTT-3‟
Human Brachyury forward primer: 5‟-GCGGGAAAGAGCCTGCAGTA-3‟
Human Brachyury reverse primer: 5‟-TTCCCCGTTCACGTACTTCC-3‟
Human AFP forward primer: 5‟-GCTGGATTGTCTGCAGGATGGGGAA-3‟
Human AFP reverse primer: 5‟-TCCCCTGAAGAAAATTGGTTAAAAT-3‟
Human NCAM1 forward primer: 5‟-GCCAGGAGACAGAAACGAAG-3‟
Human NCAM1 reverse primer: 5‟-GGTGTTGGAAATGCTCTGGT-3‟
Human 18S forward primer: 5‟-ACACGGACAGGATTGACAGA-3‟
Human 18S reverse primer: 5‟-GGACATCTAAGGGCATCACAG-3‟
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MicroRNA microarray construction, hybridization and scanning. Microarray assay was
performed using a service provider (LC Sciences, Houston, TX). The assay started with 4 to 8
µg total RNA sample, which was size fractionated using a YM-100 Microcon centrifugal filter
(Millipore, Billerica, MA), and the small RNAs (< 300 nt) isolated were 3‟-extended with a
poly(A) tail using poly(A) polymerase. An oligonucleotide tag was then ligated to the poly(A)
tail for later fluorescent dye staining. Hybridization was performed overnight on a µParaflo
microfluidic chip using a micro-circulation pump (Atactic Technologies, Houston, TX)163. On
the microfluidic chip, each detection probe consisted of a chemically modified nucleotide
coding

segment

complementary

to

target

microRNA

(from

miRBase,

http://microrna.sanger.ac.uk/sequences/) or other control RNA, and a spacer segment of
polyethylene glycol to extend the coding segment away from the substrate. The detection
probes were made by in situ synthesis using photogenerated reagent chemistry. Hybridization
used 100 µL 6xSSPE buffer (0.90 M NaCl, 60 mM Na2HPO4, 6 mM EDTA, pH 6.8)
containing 25% formamide at 34 °C. After RNA hybridization, tag-conjugating Cy3 or Cy5
dyes were circulated through the microfluidic chip for dye staining. Fluorescence images were
collected using a laser scanner (GenePix 4000B, Molecular Devices, Sunnyvale, CA) and
digitized using Array-Pro image analysis software (Media Cybernetics, Bethesda, MD).

MicroRNA microarray normalization and data analysis. Microarray normalization
removes system related variations, such as sample amount variations, different labeling dyes,
and signal gain differences of scanners so that biological variations can be faithfully revealed.
Data were analyzed by first subtracting the background and then normalizing the signals using
a LOWESS filter (Locally-weighted Regression)164. Background is determined using a
regression-based background mapping method. The regression is performed on 5% to 25% of
the lowest intensity data points excluding blank spots. Raw data matrix is then subtracted by
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the background matrix. Data adjustment includes data filtering, Log2 transformation, and gene
centering and normalization. The data filtering removes miRNAs with normalized intensity
values below a threshold value of 32 across all samples. Gene centering and normalization
transform the Log2 values using the mean and the standard deviation of individual genes
across all samples. T-values are calculated for each miRNA between groups, and P-values are
computed from the theoretical t-distribution. miRNAs with P-values below a critical P-value
(typically 0.01) are selected for cluster analysis. The clustering was done using hierarchical
methods, with average linkage and Euclidean distance metrices190. The clustering plot was
generated using TIGR MeV (Multiple Experimental Viewer) software from The Institute for
Genomic Research. Principal component analysis was performed using the R statistical
package (cran.r-project.org) (Fig. 21). For Fig. 21A, in order to accurately represent the
distances between samples in principal component space, the loading of the samples along
each principal component was scaled (multiplied) by the standard deviation along that
component.

Quantitative RT-PCR. For mRNA qRT-PCR, 2 µg of total RNA from each sample was
reversed transcribed with Superscript III (Invitrogen). For each sample, qRT-PCR was
performed in triplicate on an ABI 7900HT instrument (Applied Biosystems) using Taqman
primer probe sets (Applied Biosystems) for each gene of interest and a GAPDH endogenous
control primer probe set for normalization. Representative results are shown as fold expression
relative to undifferentiated hESCs unless otherwise stated. Error bars reflect one standard
deviation from the mean of three technical replicates unless otherwise stated. miRNA qRTPCR was performed with miRNA Taqman Expression Assays (Applied Biosystems) and the
miRNA Reverse Transcription kit (Applied Biosystems). For each miRNA analyzed, 10 ng of
total RNA was reverse transcribed with a miRNA-specific primer. RNU48 was used as the
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endogenous control. Results are shown as fold expression relative to undifferentiated hESCs
unless otherwise noted. Error bars indicate one standard deviation from the mean of three
technical replicates unless otherwise stated.

Statistical Analysis. All results are expressed as mean±SD. The Student‟s t test was used, and
P-values of <0.05 were considered to indicate significant differences between two groups.

RESULTS
Characterization of fibroblasts, iPSCs and hESCs. We obtained iPSCs from the
James Thomson lab (University of Wisconsin-Madison), which were originally derived from
IMR90 fetal fibroblasts (ATCC, Manassas, VA) using the reprogramming factors OCT4,
SOX2, NANOG, and LIN285. hESCs (H7 from Wicell, Madison, WI) and iPSCs were
maintained in the undifferentiated state using mTeSR™1 medium (StemCell Technologies,
Vancouver, Canada). iPSC colonies exhibited an embryonic-like morphology that was similar
to hESCs (Fig. 19). In contrast to IMR90 fibroblasts, iPSCs and hESCs stained positive for a
number of well-characterized embryonic markers. We also performed RT-PCR gene
expression analysis of selected embryonic and germ layer genes (Fig. 20A). Confirming our
immunostaining results, iPSCs and hESCs expressed the same set of embryonic genes (OCT4,
SOX2, REX1, DNMT3B, GDF3), but were negative for the differentiation markers Brachyury
(T) (mesoderm), AFP (endoderm), and NCAM1 (neuroectoderm). We further verified the
expression of OCT4, SOX2, and NANOG in iPSCs and hESCs using quantitative RT-PCR
(Fig. 20B). The relative expression levels of these pluripotency genes were similar between
the two pluripotent cell types. Taken together, these findings indicate that our iPSCs and
hESCs were ostensibly free of spontaneously-differentiated contaminants, and expressed
appropriate levels of genes associated with pluripotency.
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Figure 19. Morphology and pluripotent
marker staining of human fibroblasts,
iPSCs, and hESCs. (A) Fibroblasts
exhibit typical morphology of these cells,
do not grow in colonies, and do not stain
for common markers of embryonic cells.
(B) iPSCs exhibit colony formation and
show robust staining for common
embryonic markers. Note that mouse
embryonic fibroblasts (MEFs) were cocultured with iPSCs and so also stain
positive for DAPI. (C) Similar to iPSCs,
hESCs grow in colonies and stain positive
for the same group of embryonic markers.

MiRNA profiling. We next wanted to determine the miRNA profiles of all three cell
types: IMR90 fibroblast, iPSCs, and hESCs. Using Sanger miRBase Version 10.0 miRNA
expression microarrays (LC Sciences, Houston, TX), we analyzed 697 unique miRNAs across
biological duplicates of each cell type. We performed principal component analysis (PCA) on
the miRNA profiles to assess the overall similarities and differences in miRNA expression
between human iPSCs, hESCs, and fibroblasts. Of the six principal components (PC), the first
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Figure 20. PCR and microarray analysis of human fibroblasts, iPSCs, and hESCs.
mRNA was isolated separately from biological duplicates of IMR90 fetal fibroblasts,
iPSCs, and hESCs. (A) As expected, the embryonic genes (OCT4, NANOG, SOX2, REX1,
DNMT3B, GDF3) were detectable in iPSCs and hESCs, but not in fetal fibroblasts. To
ensure that our cells were in an undifferentiated state and had no differentiated
contaminants, we also analyzed markers of mesoderm (Brachyury, T), endoderm (AFP),
and neuroectoderm (Ncam1), which were all negative. Human 18S was used as loading
control. (B) Quantitative RT-PCR analysis of the pluripotency genes OCT4, SOX2 and
NANOG confirms similar expression levels of these genes in iPSCs and hESCs. Error bars
represent one standard deviation from the mean. (*P-value <0.05 vs. fibroblasts; NS = Not
Significant). (C) Pearson clustering of the microarray data for the three cell types (average
of duplicate experiments for each sample).

three explain 78%, 18%, and 2%, respectively, of the total variance in the data (Fig. 21A). All
three cell types had similar weights along the first PC, suggesting that this component
represents variation in miRNA levels due to factors that are independent of cell type (e.g.,
promoter strength, pre-miRNA stability) (Fig. 21B). The second and third PCs appear to
account for the cell-type specific differences in miRNA expression. The second PC
distinguishes fibroblasts from both iPSCs and hESCs, suggesting that it corresponds to the
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pluripotency state of the cell. Finally, iPSCs and hESCs were separated, though to a lesser
degree, along the third PC, indicating that these two cell types are not identical in their
miRNA expression profiles. Thus
the first three principal components
indicated that the miRNA expression
profile of iPSCs is more similar to
that of hESCs than fibroblasts, but
still distinct from either.
Using clustered heat maps of
the miRNA datasets, we observed
many miRNAs that were highly
expressed in iPSCs and hESCs but
not in fibroblasts (Fig. 22A); a
smaller group of miRNAs that
exhibited dissimilar expression in
iPSCs and hESCs (Fig. 22B); and
miRNAs that were upregulated in
fibroblasts but downregulated in both
iPSCs and hESCs (Fig. 22C). In
addition to clustered heat maps, we
have

also

included

normalized

intensity plots of selected miRNAs
that have previously been associated

Figure 21. PCA plot of the transcriptomes for
fibroblasts, iPSCs, and hESCs. (A) Barplot
showing the fraction of total variance in the miRNA
data explained by each of the six principal
components. The first three components together
account for 99% of the total variance. (B) The six
miRNA profiles, two each of human iPSCs (hiPS),
ESCs (hESC), and fibroblasts (hFib), are plotted
along the first three principal components. The
coordinates of each point indicate the relative weight
of each principal component in that profile. As
indicated by the scatter, the miRNA profile of iPSCs
appears to be more similar to that of hESCs than
fibroblasts, but still distinct from either.

with developmental or stem cell processes. These intensity plots give an indication of the
absolute, rather than relative, miRNA expression across the three cell populations. Lastly, we
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Figure 22. Heat maps and signal intensity plots of miRNA expression across human
fibroblasts, iPSCs, and hESCs. ANOVA analysis demonstrates statistically significant
differential miRNA regulation across the three samples. miRNAs with P-values below 0.01
were selected for cluster analysis. (A) miRNAs upregulated in both iPSCs and hESCs
compared to fibroblasts. Highlighted are the normalized signal intensity plots for the miR302 cluster and miR-17-92 cluster, including its paralogs miR-106a-92 and miR-106b-25.
(B) miRNAs exhibiting opposite expression in iPSCs and hESCs. Note that the normalized
signal intensities of the miRNAs are not dramatic, though are statistically significant. In
contrast to the group of miRNAs upregulated in hESCs but not iPSCs (top panel), we
observed only one miRNA (miR-886-5p) that was upregulated in iPSCs but not hESCs
(bottom panel). (C) miRNAs upregulated in fibroblasts but downregulated in iPSCs and
hESCs. Highlighted in the top and bottom panels are selected miRNAs known to be
important in ESC biology and/or organismal development, such as the let-7 cluster that has a
well-established role in late development timing. The clustering was done using hierarchical
methods and was performed with average linkage and Euclidean distance metrices. The
“threshold” value denotes signal intensities less than 32, a cutoff used by the microarray
service provider below which quantitation of signal may be inaccurate.

confirmed the microarray expression patterns of selected miRNAs using quantitative RT-PCR,
and also verified that iPSCs could be differentiated into embryoid bodies that express similar
patterns of pluripotency genes as hESCs (Fig. 23).
The “pluripotent” miRNAs identified in Fig. 22A are similar to results from previous
studies of hESCs and embryonic tissues16,

146, 154, 191

. miRNAs are frequently transcribed

together as polycistronic primary transcripts that are then processed into multiple individual
mature miRNAs. The genomic organization of these miRNA clusters is often highly
conserved, suggesting an important role for coordinated regulation and function. The most
dramatic fluctuation in miRNA expression occurred in the miR-302 cluster, which has been
consistently associated with ESCs in numerous miRNA profiling and sequencing studies 16, 17,
146, 154, 185

. Quantitative RT-PCR of miR-302b, one of the miR-302 cluster members, shows

that it is similarly downregulated in both iPSCs and hESCs upon differentiation to day 14
embryoid bodies (Figure 23D). This group of eight miRNAs, which includes miR-367, is an
evolutionarily conserved cluster located in the antisense intron of the protein -coding gene
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Figure 23. Quantitative RT-PCR of selected miRNAs confirms expression patterns seen
in the microarray data, and also reveals miRNA expression during differentiation. (A)
miR-17, miR-92a, and miR-302b show similarly high expression in both pluripotent cell
types, but not in fibroblasts. In contrast, miR-372 and miR-373 are expressed at lower levels
in iPSCs relative to hESCs, and at even lower levels in fibroblasts. (B) Also confirming the
microarray data, miR-886-5p is expressed at statistically significant higher levels in
fibroblasts and iPSCs compared to hESCs, and let-7a is more highly expressed in fibroblasts
relative to both pluripotent cell types. Expression of let-7a remains different between iPSCs
and hESCs however. (C) Differentiation of iPSCs and hESCs to day 14 embryoid bodies
reveals downregulation of the pluripotency genes OCT4 and NANOG, as expected. (D)
miR-302b, part of the miR-302 cluster that is highly expressed in pluripotent cells, is
downregulated in both iPSCs and hESCs at day 14 of differentiation. (E) miR-372 and miR373 are moderately upregulated or unchanged, respectively, with differentiation. (F) miR886-5p is downregulated in both pluripotent cell types during differentiation. Error bars
represent one standard deviation from the mean of biological duplicate experiments. (#Pvalue <0.05 vs. fibroblasts; *P-value <0.01 vs. fibroblasts; NS = Not Significant).
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LARP7, a member of the La ribonucleoprotein domain family that is involved in RNA
metabolism

192, 193

. This poorly understood cluster of miRNAs, along with the LARP7 gene,

may represent one important regulatory switch for the transition from embryonic to mature
phenotypes in hESCs.
Also apparent from Fig. 22A is the upregulation of the miR-17-92 cluster and its
paralogs in iPSCs and hESCs. These miRNAs are components of three paralogous clusters
including, miR-17-92 at 13q31.3, miR-106a-92 at Xq26.2, and miR-106b-25 at 7q22 with
extensive sequence homologies194. In the human genome, the miR-17-92 cluster is located
within intron 3 of the C13orf25 gene, and encodes six miRNAs (miR-17, miR-18a, miR-19a,
miR-20a, miR-19b-1, and miR-92-1)195, 196. Both the sequences of these mature miRNAs and
their organization are highly conserved in all vertebrates, and they have attracted attention due
to their possible oncogenicity196. This cluster has also been implicated in mammalian
development, where loss-of-function of the miR-17-92 cluster resulted in mice that died
shortly after birth with lung hypoplasia and cardiac defects197. Together with the miR-302
cluster and other upregulated miRNAs identified in our profiles, the miR-17-92 cluster likely
represents an important pluripotency regulatory element.
We were very interested to find any differences in miRNA expression between iPSCs
and hESCs, and in Figure 22B we highlight a small group of miRNAs that exhibit dissimilar
expression between the two pluripotent cell types. We observed a group of miRNAs that were
expressed more highly in hESCs than in iPSCs (top panel), and a single miRNA, miR-886-5p,
that was expressed more highly in iPSCs than in hESCs (bottom panel). To confirm these
microarray results, we used quantitative RT-PCR to measure the levels of miR-886-5p, miR372, and miR-373 (Fig. 23A,B); our results confirm that these miRNAs are expressed
differently in iPSCs and hESCs. As a follow-up experiment we also assessed the expression of
selected miRNAs after differentiation to day 14 embryoid bodies (Fig. 23E,F). In both
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pluripotent cell types, the expression patterns of these miRNAs were similar upon
differentiation. Given the lack of annotation of these miRNAs, it is difficult to ascertain their
biological significance for reprogramming and pluripotency at present.
Interestingly, except for two miRNAs, miR-629 and miR-96, all of the miRNAs that
exhibited higher expression in hESCs relative to iPSCs (listed in the top panel of Fig. 22B) are
located together within a 130 kb intergenic region of chromosome 19. This enormous metaregion of clustered miRNAs includes the miR-371/372/373 cluster, which has previously been
shown to be upregulated in hESCs16, 146, 154, 185, as well as a larger 54 miRNA cluster spanning
96 kb198, much of which has also been shown to be upregulated in hESCs17. We were therefore
surprised to find that these same chromosome 19 clusters were not expressed at similar levels
in iPSCs. Based on this observation, one could hypothesize that robust expression of these
clustered miRNAs may not be critical for pluripotency, in contrast to a cluster such as miR290 (found in mouse) that controls de novo DNA methylation and is thus critical for cellular
pluripotency188. In making this hypothesis, however, it is important to note that the normalized
signal intensities, a measure of absolute rather than relative expression, show that the overall
change in expression among these miRNAs is small. As comparison, the signal intensities for
the miR-302 cluster show a much more dramatic fluctuation in expression levels (Fig. 22A).
Therefore, though these changes are statistically significant, whether they are biologically
significant remains to be determined. It is safe to say that differences, albeit small, do exist
between the miRNA profiles of iPSCs and hESCs, and that some of these differences may
help define the specific miRNAs required for induction and maintenance of pluripotency.
Fig. 22C shows the miRNAs that are upregulated in fibroblasts with respect to iPSCs
and hESCs. Many of these miRNAs have little annotation and so have poorly defined roles in
development and pluripotency, though they can be assumed to be important for maintenance
of the differentiated or fetal fibroblast phenotype. The upper half of the magnified heat map in
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Fig. 22C shows miRNAs that are minimally downregulated in iPSCs (shaded in black), but
that are significantly downregulated in hESCs. A number of these miRNAs have previously
been reported to be upregulated in differentiated cells relative to hESCs 16, 17, 154, and we have
plotted the intensity values for a few of these miRNAs in Fig. 22C. Though there is an
obvious downward trend in miRNAs when transitioning from the fibroblast to iPSC state, the
expression levels of many do not completely decrease to the levels observed in hESCs. One
example is let-7a, which showed statistically significant higher expression in iPSCs relative to
hESCs as confirmed by quantitative RT-PCR (Fig. 23B). These observations underscore our
general findings that there are subtle differences in the miRNA profiles between the two
pluripotent cell types.
One group of miRNAs in Fig. 22C that has been extensively studied is the let-7
cluster. This cluster is known to be expressed sequentially at specific stages of development to
help coordinate developmental timing145, 199. One recent study has also shown that LIN28, one
of the reprogramming factors used by the James Thomson lab to induce pluripotency in
fibroblasts, blocks an early transcript of let-7g that is preferentially expressed in adult cells200.
Furthermore, the promoters of both let-7g and LIN28 are occupied by the embryonic
transcription factors OCT4, SOX2, NANOG, and TCF3 in mice, suggesting that these factors
promote the transcription of both primary let-7g and LIN28, which then blocks the maturation
of let-7g150. Taken together, these studies, along with our new findings, suggest one possible
mechanism for the induction of pluripotency in adult cells using ectopic transcription factor
expression.

DISCUSSION
Here we present the first profiling study of the human iPSC miRNA-ome. Our profiles
demonstrate a high degree of similarity between iPSCs and hESCs, though with some
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differences. Because they can regulate numerous genes, often in common pathways, miRNAs
may be regulators of cellular processes, akin to transcription factors that control entire
programs of cellular differentiation and organogenesis. Therefore, in addition to histone
modifications, promoter methylation, transcription factors and other regulatory control
elements, these miRNA signatures likely represent another layer of regulatory control for cell
fate decisions, and should prove significant for the cellular reprogramming field.
The idea that miRNAs may contribute to the induction and maintenance of
pluripotency arises from their well established role in development and ESC biology. During
development, miRNAs are known to interfere with the expression of mRNAs encoding factors
that control developmental timing, stem cell maintenance, and other developmental and
physiological processes145. However, though over 450 human miRNA have been described191,
each of which is predicted to target tens if not hundreds of different mRNAs, only a fraction of
them have been annotated; the great majority of miRNAs have poorly-defined roles in cell fate
decisions. This limited annotation, combined with a lack of knowledge of the transcriptional
start sites, promoter regions, and downstream mRNA targets of miRNAs, has made it difficult
to comprehensively integrate miRNAs into a broader understanding of molecular networks.
Unlike other molecular mechanisms that have benefited from extensive research beginning in
the latter half of the 20th century, the relatively new field of miRNAs, especially in the case of
stem cells, has thus suffered from a lack of molecular context.
Given these issues, attempting to connect iPSC miRNA profiles to the molecular
landscapes that underlie reprogramming will raise a number of basic questions. What regulates
these small molecules, and what are their effects on downstream gene networks? If noncoding RNAs are regulated similarly to transcription factors, what advantage(s) do they offer
over transcription factors in terms of regulation of pluripotency? Could miRNAs, each
potentially targeting hundreds of mRNAs, represent nodes of control that dictate a cell‟s
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regulatory dynamics? These questions lead to a general observation regarding the fundamental
difference between miRNA and mRNA activity. By inhibiting the translation of mRNAs
within the cytoplasm, miRNAs directly affect the existing transcriptome of the cell. That is,
the pool of mRNA in the cytoplasm – the “old” mRNA pool - is the immediate target of
miRNAs. In contrast, transcription factors and other elements are responsible for activation
and suppression of genes that will ultimately become the “new” mRNA pool. In the case of
cellular reprogramming, as well as stem cell differentiation, it is therefore tempting to
hypothesize that miRNAs can help transition the old mRNA pool to the new, with each layer
of control required for efficient transformation of the cell. These questions and more will be
active areas of investigation in stem cell biology and beyond for the foreseeable future.
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3. INDUCING THE PLURIPOTENT STATE
Current and future directions: Improving induction of pluripotency with
microRNAs.

INTRODUCTION
For iPSC generation, the current method of integrating transcription factor genes (e.g.
OCT4, SOX2, KLF4, c-MYC, LIN28, and NANOG) into the adult cell genome requires
weeks of cell culture, and has so far resulted in very low yield of iPSCs. Inefficient delivery of
factors to the cells is certainly one obstacle, but more fundamentally is the failure of the
introduced transcription factors to alter the pre-existing mRNA pool (the transcriptome) that is
actively being translated into protein (the proteome) within the adult cell. Thus, the adult cell‟s
existing transcriptome continues to maintain the adult phenotype while the pluripotent mRNA
slowly reaches critical mass and overwhelms the adult proteome with variable success; this
inefficient process results in delayed pluripotency and potentially incomplete reprogramming
(Fig. 24). To address these problems, we propose a radical new method for reprogramming
that is based on miRNAs. The primary advantage of miRNAs is that, unlike transcription
factors, they will directly and immediately alter the adult transcriptome, and by extension the
adult proteome, leading to increased efficiency for inducing pluripotency. This innovative
approach will create an entirely new paradigm for iPSC generation, and will also help
elucidate the molecular processes that underlie pluripotency and reprogamming.

MATERIALS AND METHODS
Recently, we have determined the miRNA signature of iPSCs that have been derived
using reprogramming transcription factors24. In collaboration with System Biosciences
(Mountain View, CA), we created a custom “pool” of miRNA over-expression constructs that,
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Figure 24. Rationale for using microRNAs in combination with transcription factors to
increase reprogramming efficiency. Transcription factors alone are inefficient in
overwhelming the existing proteome of the adult cell (e.g. fibroblast) during reprogramming
(middle of panel). In contrast, microRNAs inhibit translation of targeted regions of the
transcriptome, thus potentially expediting the transformation of an adult cell to a pluripotent
cell (bottom of panel).
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in total, will over-express 28 miRNAs after stable integration into the host genome (Fig. 25A).
These miRNAs were chosen for evaluation as potential reprogramming factors based on their
high expression in pluripotent cells and minimal expression in differentiated cells, including
the miR-302 and miR-17-92 clusters24. For our miRNA reprogramming experiments, we used
human adipose stem cells (hASCs) as the starting adult cell line27. hASCs have a number of
advantages over other somatic cell types such as fibroblasts since they can be isolated in large
quantities (100 ml of human adipose tissue yields about 1×106 cells) with minimal
morbidity201. On Day 20 post-infection, cells were stained with Alkaline Phosphatase (AP), a
common embryonic marker, and the number of positive clusters counted. The reprogramming
efficiency was then estimated by dividing the number of AP+ clusters on Day 20 by the
original number of plated cells on Day 0.

RESULTS AND DISCUSSION
Starting with freshly isolated hASCs from donor patients, we infected cultures with
the miRNA pool, the miR-302 cluster alone, or the miR-17-92 cluster alone. We also coinfected cells with combinations of lentiviral Yamanaka factors (OCT4, SOX2, KLF4, cMYC) in addition to the miRNA vectors. Clearly there is a trend towards increased AP
staining when Yamanaka factors were combined with the miRNA pool or with the miR-302
cluster (Fig. 25B). The miR-17-92 cluster did not significantly increase the number of AP+
clusters, and may even have diminished AP+ staining when it was used in combination with
the four Yamanaka factors. After further culture and immunostaining for other embryonic
markers such as TRA-1-60, we confirmed a 2-3 fold increase in iPSC colony generation with
the miR-302 cluster + Yamanaka factor combination (compared to Yamanaka factors alone).
Interestingly, we have not been able to derive iPSCs using miRNAs alone. While this
work is continuing, it has become increasingly clear that the 28 miRNAs tested so far can only
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Figure 25. Increased reprogramming efficiencies when using combinations of miRNAs
and transcription factors. (A) The custom miRNA pool, containing nine individual
constructs carrying a total of 28 miRNAs. Additionally, the miR-302 cluster and miR-17-92
cluster were each tested independently to determine their reprogramming ability. A map of
the miR-302abcd lentiviral vector is also shown. (B) Percentage Alkaline Phosphatase (AP)
positive staining on Day 20 after hASCs were infected with combinations of miRNA and
Yamanaka transcription factors. (O=OCT4, S=SOX2, K=KLF4, C=c-MYC). Experiment
was repeated twice.

generate iPSCs when they are used in combination with Yamanaka transcription factors. We
hypothesize that miRNAs‟ inability to induce pluripotency by themselves may be due to their
primary role in modulating gene expression, thus acting as genetic “buffers” of key
pluripotency proteins152, rather than acting directly on DNA to inhibit or promote gene
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transcription. Put another way, though they may directly fine-tune and even inhibit the
translation of mRNAs to proteins, they only indirectly promote or inhibit the expression of the
mRNAs themselves, making fundamental transformation of the cell impossible. However, we
do still observe some increase in reprogramming efficiency with the addition of miRNAs to
the reprogramming cocktail (Fig. 25B), so we are confident that they act as modulators of the
transition between cellular phenotypes. This is further substantiated by Robert Blelloch and
colleagues who have recently shown that miRNAs may be used in place of c-MYC for
inducing pluripotency in mouse cells202. With the advent of next generation sequencing
technologies, increasing numbers of novel miRNAs are being discovered in embryonic stem
cells16, 17, 203. Future work will need to assess their roles in pluripotency induction, and whether
they can induce pluripotency without the aid of transcription factors.
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3. INDUCING THE PLURIPOTENT STATE
Current and future directions: Non-viral-derived iPSCs26.

INTRODUCTION
Due to the risk of insertional mutagenesis, viral transduction has been increasingly
replaced by non-viral methods to generate iPSCs. Non-viral methods for generating iPSCs
using adenovirus204, plasmids205, or excision of reprogramming factors using Cre/LoxP206, 207
or piggyBAC transposition208 have been reported, but suffer from low reprogramming
efficiencies (< 0.003%) and may leave behind residual vector sequences. Recently, successful
reprogramming of human neonatal foreskin fibroblasts was reported using episomal vectors
derived from the Epstein-Barr virus209. However, this technique requires three individual
plasmids carrying a total of seven factors, including the oncogene SV40, and has not been
shown to successfully reprogram cells from adult donors, a more clinically-relevant target
population. Further, expression of the EBNA1 protein, as is required for this technique, may
increase immune cell recognition of transfected cells210, thus potentially limiting clinical
application if the transgene is not completely removed. Protein-based iPSC generation in
mouse211 and human212 fetal and neonatal cells has also been demonstrated, but requires either
chemical treatment (valproic acid)211 or many rounds of treatment212. Lastly, protein-based
methods require fusion of cell-penetrating peptides to reprogramming factors, a technique
which may be unfamiliar to some laboratories. Most DNA-based methods require only
minimal molecular biology background, and so remain a more attractive option for a wider
population of researchers interested in cellular reprogramming.
Minicircle vectors are supercoiled DNA molecules that lack a bacterial origin of
replication and antibiotic resistance gene; therefore, they are primarily composed of a
eukaryotic expression cassette. Compared to plasmids, minicircle vectors benefit from higher
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transfection efficiencies and longer ectopic expression due to their lower activation of
exogenous silencing mechanisms213,214, and thus represent an ideal mechanism for generating
iPSCs.

MATERIALS AND METHODS
We constructed a minicircle plasmid that contained a single cassette of four
reprogramming factors (OCT4, SOX2, LIN28, NANOG), each separated by self-cleaving
peptide 2A sequences26. For microarray analysis, total RNA was prepared from biological
duplicate samples of hASCs and H7 hESCs, and minicircle-derived iPSC (mc-iPSC)
subclones from two individuals, for a total of six unique samples; samples were then
hybridized and scanned on Agilent Whole Human Genome microarrays. Because the majority
of microarray data found in the Gene Expression Omnibus (GEO) repository
(http://www.ncbi.nlm.nih.gov/geo/) is in the Affymetrix format, we also performed
transcriptional profiling using GeneChip® Human Genome U133 Plus 2.0 Arrays
(Affymetrix), this time using mc-iPSC sublcones from three individuals. Using GeneSpring
GX 10.0, the resulting data were compared to microarray data published by the James
Thomson lab for their non-virally derived human iPSCs209, and also to our lab‟s data for
lentivirally-derived iPSCs from hASCs27.

RESULTS AND DISCUSSION
Using the non-viral minicircle reprogramming construct, we successfully derived
transgene-free iPSC colonies (mc-iPSCs) after transfection of hASCs, and performed a
microarray study to compare their transcriptional profiles with that of hESCs and other iPSC
lines derived using lentiviral vectors26. The results of our global gene expression profiling of
mc-iPSCs, hESCs, and iPSCs derived using both lentiviral and non-viral vectors is shown in
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Fig. 26. While the transcriptomes of the mc-iPSC subclones cluster closely with those of viralderived iPSCs and with hESCs, they are certainly not identical. This heterogeneity of the iPSC
transcriptome, whether viral- or non-viral-derived, distinguishes iPSCs from hESCs for poorly
understood reasons. Similar results as this study have been reported previously for viralderived iPSCs215. This is an interesting finding since iPSCs have all the functional hallmarks
of embryonic cells – self-renewal, pluripotency, etc. – yet they express genes at different
levels and in different patterns. It does not appear however that the core pluripotency genes
(OCT4, SOX2, NANOG) are significantly different24 (see also Fig. 26A). Given the apparent
stochastic nature of current methods for reprogramming, it is perhaps not surprising then that
we see a corresponding heterogeneity in the iPSC transcriptomes. It is not known whether the
primary source of heterogeneity is due to differences in the reprogramming methods used (e.g.
different cocktails of reprogramming factors, viral vs. non-viral) or due to variations in the
starting donor cells themselves. Using next generation DNA and RNA sequencing, our group
intends to find the exact genetic sources that contribute to this heterogeneity in iPSCs.
In the mean time, as the reprogramming field moves from basic science towards
clinical translation, efficient derivation of iPSCs that are free of foreign or chemical elements
is absolutely critical. Here, we describe a simple method for generating transgene-free iPSCs
from adult donor sources, and that requires only a single vector without the need for
subsequent drug selection or vector-excision, or inclusion of oncogenes such as SV40. In the
future, it will be important to ensure the complete absence of minicircle DNA in therapeutic
cells that have been differentiated from mc-iPSCs. Finally, with its basic molecular principles
and straightforward protocol, minicircle DNA is ideally suited for facilitating iPSC research
around the world.
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Figure 26. Microarray analysis of non-viral-derived iPSCs. (A) Upper panel, heat map
showing two mc-iPSC subclones are similar to H7 human ESCs and distinct from hASCs.
Lower panel, scatter plots depicting the range of gene fold changes between paired cell
types (the iPSC data is the average of both subclones). Highlighted are OCT4, SOX2, and
NANOG expression (red arrows). Green lines indicate five-fold changes in expression
levels between samples. (B) Pearson hierarchical clustering of mc-iPSCs with other
pluripotent and somatic cell types. Averaged microarray data sets for “Foreskin”, “hESC”
(H7, H9, H13, H14 lines), “JT-iPSC” (iPSCs derived from foreskin cells using non-viral
methods209) were downloaded from the GEO repository. “lenti-iPSC” represents averaged
microarray data for iPSCs derived from hASCs using standard lentiviral methods 27. mciPSC-1s, mc-iPSC-2s, and mc-iPSC-3s represent microarray data for individual subclones
(from three different donors) of minicircle-derived iPSCs.
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3. INDUCING THE PLURIPOTENT STATE
Current and future directions: Comparison of induced pluripotent stem cells that
have been derived from different tissue sources25.

INTRODUCTION
Human induced pluripotent stem cells (iPSCs) generated by de-differentiation of adult
somatic cells offer potential solutions for the ethical issues surrounding human embryonic
stem cells (hESCs), as well as their immunologic rejection after cellular transplantation.
However, although human iPSCs have been described as “embryonic stem cell-like”, these
cells have a distinct gene expression pattern compared to hESCs, making incomplete
reprogramming a potential pitfall. It is unclear to what degree the difference in tissue of origin
may contribute to these gene expression differences. In this study, we use microarray data
from our own lab as well as from public sources to compare human iPSCs that have been
derived from different tissue sources. Specifically, we compare the gene profiles of human
iPSCs derived from foreskin fibroblasts209, neonatal female fibroblasts212, adipose stem cells27,
and keratinocytes216 with their corresponding donor cells, and show that there is a
transcriptional “memory” in iPSCs of the donor cell.

MATERIALS AND METHODS
Gene expression data was obtained from the Gene Expression Omnibus (GEO)
repository. In addition to the iPSCs and donor cells mentioned above27, 209, 212, 216, we included
six unique hESC lines in our analysis (H1, H7, H9, H13, H14, and T3), all of which are also
derived from GEO27, 209, 212, 216. After normalization of the array data, we defined the distance
metric between two samples to be the percentage of genes that are differentially expressed
between them (P<0.05, Fold change>2.0). Thus, two “closer” groups will have a lower
percentage of genes that are different between them, and vice versa.
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RESULTS AND DISCUSSION
Based on the calculated distances that represent the overall difference between cell
types, we found that iPSCs are closer to their corresponding donor cell type than to other
donor cell types (Fig. 27, see Ghosh et al.25 for further analysis). This pattern suggests that
there is a residual gene expression of the donor cell that contributes significantly to the
differences among human iPSCs and hESCs, and likely represents incomplete reprogramming.
Furthermore, it appears that some iPSCs are closer to hESCs than others (see “iPS-hFFib” in
Fig. 27A), whereas others are more distant (see “iPS-hKT” in the same figure). The exact
reasons for this are unknown, though it is interesting that the corresponding donor cells
(“hFFib” and “hKT”) are also closest and most distant, respectively, to hESCs (Fig. 27B).
Because the data used in this study comes from multiple laboratories, it is possible
that these transcriptome differences may be attributed to varying culturing conditions and
reprogramming techniques. A second criticism is that there is the potential for contamination
of iPSC populations with incompletely reprogrammed cells, resulting in continued expression
of genes associated with the donor cells217-219. Irrespective of these criticisms, inherent
differences have been reported between iPSCs and hESCs, and among iPSCs themselves215, 220, 221.
In summary, while the overall transcriptional profiles of iPSCs from different sources
share a common signature with hESCs, the profiles also suggest retention of memory of the
tissue of origin. Further work to standardize the culture conditions, reprogramming protocols,
and purification of iPSCs is warranted in order to confirm these preliminary findings, and also
to investigate whether persistent donor cell gene expression in iPSCs causes functional
differences in their degree of pluripotency and capacity to differentiate. For now, we must
remain wary of the possibility that the donor cell source may affect the very nature of derived
iPSCs. Results from this study, and from future work, will have profound implications for
clinical regenerative therapies where homogenous, reproducible cell populations are critical.
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Figure 27. Persistent donor cell gene expression among iPSCs contributes to differences
with hESCs. (A) The distance between hESCs and human iPSCs shows iPS-hFFib to be
closest to hESCs. (B) The distance between hESCs and donor cell types shows hFFib to be
closest to hESCs. The distance between human iPSCs and 4 different donor cell types shows
(C) iPS-hFFib closest to hFFib; (D) iPS-hASC closest to hASC; (E) iPS-hNFib closest to
hNFib; and (F) iPS-hKT closest to hKT. (Closest grouping is marked with a red circle).
(hFFib=human foreskin fibroblast; hASC=human adipose stem cell; hNFib=human female
neonatal fibroblast; hKT=human keratinocyte).
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ADDENDUM
Transcriptome alteration in the diabetic heart by rosiglitazone: Implications for
cardiovascular mortality28

ABSTRACT
Recently, the type 2 diabetes medication, rosiglitazone, has come under scrutiny for possibly
increasing the risk of cardiac disease and death. To investigate the effects of rosiglitazone on
the diabetic heart, we performed cardiac transcriptional profiling and imaging studies of a
murine model of type 2 diabetes, the C57BL/KLS-leprdb/leprdb (db/db) mouse. We compared
cardiac gene expression profiles from three groups: untreated db/db mice, db/db mice after
rosiglitazone treatment, and non-diabetic db/+ mice. Prior to sacrifice, we also performed
cardiac magnetic resonance (CMR) and echocardiography. As expected, overall the db/db
gene expression signature was markedly different from control, but to our surprise was not
significantly reversed with rosiglitazone. In particular, we have uncovered a number of
rosiglitazone modulated genes and pathways that may play a role in the pathophysiology of
the increase in cardiac mortality as seen in several recent meta-analyses. Specifically, the
cumulative upregulation of (1) a matrix metalloproteinase gene that has previously been
implicated in plaque rupture, (2) potassium channel genes involved in membrane potential
maintenance and action potential generation, and (3) sphingolipid and ceramide metabolismrelated genes, together give cause for concern over rosiglitazone‟s safety. Lastly, in vivo
imaging studies revealed minimal differences between rosiglitazone-treated and untreated
db/db mouse hearts, indicating that rosiglitazone‟s effects on gene expression in the heart do
not immediately turn into detectable gross functional changes. This study maps the genomic
expression patterns in the hearts of the db/db murine model of diabetes and illustrates the
impact of rosiglitazone on these patterns. The db/db gene expression signature was markedly
different from control, and was not reversed with rosiglitazone. A smaller number of unique
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and interesting changes in gene expression were noted with rosiglitazone treatment. Further
study of these genes and molecular pathways will provide important insights into the cardiac
decompensation associated with both diabetes and rosiglitazone treatment.
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INTRODUCTION
Cardiovascular disease is the leading cause of morbidity and mortality in patients with
type 2 diabetes222. While atherosclerotic coronary artery disease is highly prevalent in many
diabetic patients, the occurrence of nonischemic cardiomyopathy (“diabetic cardiomyopathy”)
suggests that other processes such as microangiopathy, metabolic factors, or myocardial
fibrosis222 might be involved. Thiazolidinediones (TZDs) such as rosiglitazone are insulin
sensitizers that may also have beneficial properties for diabetic cardiomyopathy. These
agonists bind to a subfamily of nuclear hormone receptors, the peroxisome proliferatoractivated receptors (PPARs, including α, β/δ and γ isoforms, of which the γ isoform is the
most common target), and activate transcription factors that modulate gene expression,
ultimately leading to increased insulin sensitivity in peripheral tissues through poorly defined
pathways223,

224

. However, a recent meta-analysis of clinical trial outcomes for the PPARγ

agonist rosiglitazone found a significant increase in the risk of myocardial infarction, and a
borderline significant risk of death from cardiovascular causes 225. The reasons for this
increased risk are unclear, and a better understanding of the effects of rosiglitazone on the
diabetic heart is urgently needed.
Despite the large number of studies on rosiglitazone and diabetes, the transcriptional
network changes by which PPARγ agonists and other TZDs promote insulin sensitivity are not
well characterized. A number of groups have studied gene expression in the db/db mouse
liver226, as well as transcriptional changes induced by TZDs in adipocytes, kidney, aorta, and
pancreatic islet cells in various mouse models227-230, but none has studied the heart directly.
Moreover, determining PPAR-agonist target tissues is complicated by the fact that the three
PPAR isoforms are not distributed equally across all tissues. In adipose tissue, PPARγ
predominates and promotes differentiation and lipid storage231, resulting in suppression of
lipolysis by insulin and reduction of plasma free fatty acid concentrations. In the
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cardiovascular system, PPARγ is expressed in vascular smooth muscle and vascular
endothelium232, but is believed to be in low abundance in cardiomyocytes233.
Animal models of type 2 diabetes present an optimal system for studying the effects
of rosiglitazone. A well-established murine model is the C57BL/KLS-leprdb/leprdb (db/db)
mouse that has a mutation in the leptin receptor. Homozygous db/db mice become obese by 34 wk of age and develop hyperglycemia at 4-8 wk. Serum insulin levels increase as early as
10-14 days, peak at 6-8 wk, then decrease afterward. These mice continue to be
hyperinsulinemic throughout life and ultimately develop cardiomyopathy (contractile
dysfunction),

as

evidenced

from

metabolic

experiments

using

cultured

db/db

cardiomyocytes234, echocardiographic studies235, isolated working heart preparations236, and
direct in situ ventricular pressure measurements237. Recent studies by our lab and others have
delineated the longitudinal structural and metabolic cardiomyopathic changes in the db/db
mouse using cardiac magnetic resonance (CMR) and Fluorine-18–2-fluoro-2-deoxy-d-glucose
([18F]FDG) PET scanning238.
To address the many questions concerning the molecular and functional effects of
rosiglitazone on the diabetic heart, we used CMR imaging and echocardiagraphic studies to
assess the development of cardiomyopathy in untreated and rosiglitazone-treated db/db mice,
as well as normal db/+ mice. These studies were followed by cardiac gene expression
profiling of the diabetic and control phenotypes to understand the underlying molecular
changes in heart tissue. A comparison of the cardiac transcriptomes of rosiglitazone-treated
db/db mice with untreated db/db and normal db/+ mice thus provides insights into the effects
of rosiglitazone on the heart, either through direct or indirect mechanisms, as well as clues to
its potential toxicity.
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MATERIALS AND METHODS
Animal and sample tissue preparation. Homozygous db/db mice (Jackson Laboratories, Bar
Harbor, ME) were maintained on a normal chow diet and housed in a room with a 12:12-h
light-dark cycle and an ambient temperature of 22°C. For the treatment group, homozygous
db/db mice were maintained on 5 mg/kg/day (approximately 0.225 mg/mouse/day)
rosiglitazone (GlaxoSmithKline, London, UK) that was mixed with normal chow. Unless
otherwise stated, heterozygous db/+ littermates were used as control animals. All protocols
were approved by the Administrative Panel on Laboratory Animal Care at Stanford University
and were carried out in accordance with the guidelines of the American Association for
Accreditation of Laboratory Animal Care. At the end of the study, animals were euthanized
with a lethal dose of isoflurane. Immediately after death, wet heart weight (HW) and body
weight (BW) were measured. Whole hearts, pancreas, and liver were harvested and preserved
in TRIzol reagent (Invitrogen, San Diego, CA) for subsequent mRNA isolation, and a subset
of hearts were fixed in 10% formalin for histological evaluation.

Insulin tolerance testing. Insulin tolerance testing was performed on mice after a 6-h fast. At
the time of testing, a bolus of human regular insulin (Eli Lilly, Indianapolis, IN; 0.75 IU/kg)
was injected intraperitoneally. In blood derived from a tail nick, glucose levels were then
determined with a FreeStyle blood glucose monitoring system (Abbott Laboratories, Abbott
Park, IL) at baseline and 30, 60, and 120 min after injection.

Insulin Enzyme-Linked ImmunoSorbent Assay (ELISA). After a 6-h fast, roughly 200 µl
of blood was obtained from each animal via retroorbital bleeding. Samples were placed in
500- µl tubes containing EDTA (Becton-Dickinson, Franklin Lakes, NJ) and centrifuged at
4°C and 13,200 rpm for 10 min. Approximately 50-75 µl of supernatant (serum) was then

110

collected for further processing. Serum insulin concentrations were measured with a Mercodia
mouse insulin enzyme immunoassay kit (Alpco Diagnostics, Salem, NH).

Nonesterified fatty acids (NEFA). Plasma nonesterified fatty acid concentrations were
measured using a HR series NEFA-HR(2) colorimetric assay kit (Wako Chemicals USA,
Richmond, VA).

Left ventricular functional analysis with echocardiogram. Echocardiography was
performed by a blinded investigator (ZL) using the Siemens-Acuson Sequioa C512 system
equipped with a multi-frequency (8-14 MHz) 15L8 transducer. Analysis of M-mode images
was performed using the Siemens built-in software. Left ventricular end diastolic diameter
(EDD) and end-systolic diameter (ESD) were measured and used to calculate fractional
shortening (FS) by the following formula: FS= [EDD-ESD]/EDD. LV volume at end diastolic
(EDV) and end-systole (ESV) were calculated by the bullet method as follows: EDV = 0.85 ×
CSA(d) × L(d), ESV = 0.85 × CSA(s) × L(s), where CSA(d) and (s) are endocardial area in
end-diastole and end-systole, respectively, obtained from short-axis view at the level of the
papillary muscles. L(d) and L(s) are the LV length (apex to mid-mitral annulus plane) in enddiastole and end-systole, respectively, obtained from the parasternal long-axis view. LV
ejection fraction (EF%) was calculated as: EF% = (EDV - ESV) × 100 / EDV.

Cardiac magnetic resonance imaging. To prepare for scanning, induction of anesthesia was
accomplished with 2% isoflurane and 1 l/min oxygen. Respiratory rate was monitored and
used to manually calibrate the maintenance dose of isoflurane at 1.25–1.5%. Platinum needle
ECG leads were inserted subcutaneously in the right and left anterior chest wall. Respiration
was monitored with a pneumatic pillow sensor positioned along the abdomen. Body
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temperature was maintained at 36–37°C by a flow of heated air thermostatically controlled by
a rectal temperature probe. Heart rate (HR), respiratory rate, and body temperature were
recorded every 4 min during image acquisition. Magnetic resonance images were acquired by
a blinded investigator (PY) with a 4.7-T magnet (Bruker BioSpin, Fremont, CA) controlled by
a Varian Inova Console (Varian, Palo Alto, CA), using a transmit-receive quadrature volume
coil with an inner diameter of 3.5 cm. For particularly obese animals, a larger coil with an
inner diameter of 6 cm was utilized. Image acquisition was gated to the ECG R-wave (Small
Animal Instruments, Stony Brook, NY). Coronal and axial scout images were used to position
a two-dimensional imaging plane along the short axis of the left ventricular (LV) cavity. Gated
gradient echo sequences were then used to acquire sequential short-axis slices spaced 1 mm
apart from apex to base. For each sequence, 12 cine frames encompassing one cardiac cycle
were obtained at each slice level with the following sequence parameters: acquisition time
(TR) = 100–140 ms, echo time (TE) = 2.8–3.5 ms, number of repeats (NEX) = 8, field of view
(FOV) = 30×30 mm, matrix = 128×128, flip angle = 60°. For each short-axis slice, planimetry
measurements of LV myocardial area were conducted off-line by tracing the epicardial and
endocardial borders at end systole and end diastole with MRVision software (MRVision,
Winchester, MA). For these purposes the papillary muscles were considered part of the LV
cavity. Anteroseptal and posterior wall thickness measurements were performed on a
midventricular slice at the level of the papillary muscles at end diastole. LV mass (LVM) was
derived from the sum of the differences between the end-diastolic epicardial and endocardial
areas from apex to base, adjusted for the specific gravity of myocardial tissue (1.055 g/ml).
LV end-diastolic (LVEDV) and end-systolic (LVESV) volumes were calculated as the sum of
the endocardial areas of each slice from the apex to the LV outflow tract at end diastole and
end systole, respectively. LV ejection fraction (LVEF) was calculated as (LVEDV –
LVESV)/LVEDV. Cardiac output (CO) was calculated as (LVEDV – LVESV)/(HR).
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RNA isolation and quality control. Total RNA was isolated separately from five heart
samples for each condition using TRIzol reagent (Invitrogen, San Diego, CA) according to the
manufacturer‟s instructions for a total of 15 distinct RNA samples. Total RNA was purified
using RNeasy columns (Qiagen, Chatsworth, CA). RNA concentration was measured by
spectrophotometry, and RNA integrity assessed with an Agilent 2100 bioanalyzer (Agilent
Technologies, Santa Clara, CA) with 6000 Nano Chips according to the manufacturer‟s
instructions. RNA was judged as suitable for array hybridization only if samples exhibited
intact bands corresponding to 18S and 28S ribosomal RNA subunits and had a RNA Integrity
Number (RIN) greater than six. Universal Reference RNAs for mouse (Stratagene, La Jolla,
CA) were purchased as microarray reference controls.

Labeling reaction and hybridization. Using Low RNA Input Fluorescent Linear
Amplification Kits (Agilent Technologies, Santa Clara, CA, USA), cDNA was reverse
transcribed from each RNA sample, and cRNA was then transcribed and fluorescently labeled
from each cDNA sample. The fifteen mouse heart tissue cRNA samples were labeled with
Cy5 and the Universal Mouse reference cRNA was labeled with Cy3, yielding a total of 5
biological replicates per condition. The resulting cRNA was purified using an RNeasy kit
(Qiagen, Valencia, CA, USA) followed by quantification of the cRNA by spectroscopy using
an ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). 825ng
Cy3- and Cy5- labeled and amplified cRNA was mixed and fragmented according to the
Agilent technology protocol. cRNA was hybridized to 4×44K whole human genome
microarray slides from Agilent (Part G4112F) according to the manufacturer‟s instructions.
The hybridization was carried in a rotating hybridization chamber in the dark at 65°C for 17 h.
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Washing, scanning, and feature extraction. Slides were washed with Gene Expression
Wash Buffer 1 and 2 (Agilent Technologies, Santa Clara, CA) followed by Acetonitrile. A
final wash in Stabilization and Drying Solution was performed to prevent Cy-5 degradation by
ozone. The array was scanned using an Agilent G2505B DNA microarray scanner under
extended Dynamic range. The image files were extracted using the Agilent Feature Extraction
software version 9.5.1 applying LOWESS background subtraction and dye-normalization.
Further analyses were performed with BRB ArrayTools Version 3.4 (National Cancer
Institute) and TIGR MeV software (http://www.tm4.org/).

Real-time quantitative PCR for confirmation of microarray results. RNA to cDNA
conversion was performed with a SuperScript First-Strand cDNA synthesis kit (Invitrogen).
The cDNA was then used as a template in a TaqMan real-time PCR assay with the ABI Prism
7700 Sequence Detection System (Applied Biosystems, Foster City, CA). All samples were
run in triplicates. Specialized premade gene expression assay reagents for potassium channel,
subfamily K, member 1 (KCNK1; catalog no. Mm00434624_m1), matrix metalloproteinase 3
(MMP3; Mm00440295_m1), beta-1,4-N-acetyl-galactosaminyl transferase 1 (B4GALNT1;
Mm00484653_m1), carboxyl ester lipase (CEL; Mm00486975_m1), and N-acylsphingosine
amidohydrolase 2 (ASAH2; Mm00479659_m1), purchased from Applied Biosystems, were
used for these experiments. Threshold cycles were placed in the logarithmic portion of the
amplification curve, and each sample was referenced to 18S RNA (part no. 4319413E)
amplification to control for the total amount of RNA. Fold differences between samples
(relative quantification) were calculated with the delta-delta method [S1/S2 = 2-(T1-T2)], where
S1 and S2 represent samples 1 and 2 and T1 and T2 denote the threshold cycles for S1 and S2.

114

Histological analysis of cardiac tissue. At the time of death, a select group of hearts were
fixed in 10% formalin, cut at the midventricular level, and embedded in paraffin blocks. The
blocks were then sectioned into short-axis slices, which were subsequently stained with
hematoxylin and eoxin according to standard protocols. High-power fields magnified to 40x
from the midportion of the LV free wall were photographed.

Statistical Analysis. For all tests, one-way ANOVA was performed. All P values <0.05 were
considered significant. For microarray analysis, the Significance Analysis of Microarrays
(SAM) algorithm was used to identify genes with statistically significant differences in
expression among the conditions. SAM is a statistically rigorous test that incorporates a FDR
calculation to correct for multiple testing errors. Gene Ontology group overrepresentation
analysis was performed using Fisher's exact test with FDR correction through High
Throughput GoMiner software.

RESULTS
Insulin resistance in rosiglitazone-treated, untreated and control mice. We
analyzed a number of metabolic parameters to confirm insulin resistance in our db/db murine
model of diabetes before proceeding with microarrays. Insulin resistance is strongly associated
with obesity, and one mechanism may be the generation of metabolic messengers such as free
fatty acids by adipose tissue that inhibit insulin action on muscle239, 240. We measured plasma
non-esterified fatty acid (NEFA) and insulin levels to follow insulin resistance in our three
groups of mice. Fig. 28A shows plasma NEFA levels in the three groups of mice. Compared
to untreated db/db mice, NEFA levels in the rosiglitazone-treated db/db mice decreased
dramatically. Fasting insulin levels (Fig. 28B) and insulin tolerance testing (Fig. 28C) further
confirmed the improved insulin sensitivity with rosiglitazone treatment.
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Figure 28. Insulin resistance and mean body/heart weights of rosiglitazone-treated,
untreated, and control mice. (A) Plasma NEFA levels at 0, 1, and 3 months in untreated
db/db mice (n = 10), rosiglitazone-treated db/db mice (n = 10), and db/+ mice (n = 10).
NEFA levels were higher in both the treated and untreated db/db groups at baseline when
compared to db/+ control mice. Compared to untreated db/db mice, NEFA levels in the
rosiglitazone-treated db/db group decreased significantly during the first month (960.9 vs.
1501.0 mmol/L, P<0.05), and decreased further by the third month to near db/+ control
levels. (B) Fasting insulin levels in the three groups at 0, 1, and 3 months. At baseline, both
treated and untreated db/db groups had increased levels of insulin compared to db/+ control.
Insulin levels dramatically increased in untreated db/db mice at 1 month, but progressively
decreased in rosiglitazone-treated mice. (C) Insulin tolerance testing at 3 months. Serum
glucose levels after insulin injection were significantly higher in untreated db/db mice when
compared to db/+ mice; the rosiglitazone-treated db/db group had moderately elevated
glucose levels after insulin administration. (D) Mean body weights of the three groups of
mice at 0, 1, and 3 months. Weights of both treated and untreated db/db mice were markedly
higher than db/+ controls at baseline. Furthermore, rosiglitazone-treated mice had generally
higher mean body weights when compared to untreated mice. (E) Mean heart/body weight
ratios at sacrifice (4 months after treatment initiation). No significant difference between
treated and untreated groups (3.27 vs. 2.58, P = 0.13), though there does appear to be a
downward trend in the data. Heart/body weight ratio was significantly higher in the db/+
group compared to both db/db groups. Values are mean±SEM. *P<0.05 vs. age-matched
db/+; #P<0.05 vs. age-matched untreated db/db.
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Body and heart morphometric analysis. In addition to the obesity associated with
type 2 diabetes, rosiglitazone and other TZDs are widely known to cause further weight gain
due to fluid retention and altered adipogenesis241. Mean body weights of both treated and
untreated db/db mice were markedly higher than db/+ controls at baseline (Fig. 28D).
Furthermore, rosiglitazone-treated mice had generally higher mean body weights when
compared to untreated mice, as expected. The heart/body weight ratio was significantly higher
in the db/+ group when compared to the treated and untreated db/db groups (Fig. 28E).
However, histological analysis did not reveal obvious differences at the microscopic level
(Fig. 29).
Left ventricular functional
analysis

with

echocardiogram. Previous
groups have observed a
significant decrease in left
ventricular ejection fraction
(LVEF)

and

fractional

shortening (FS) in db/db
mice when compared with
db/+ controls235,
Figure 29. High-power light microscopy slides of
myocardial tissue from rosiglitazone-treated and
untreated db/db mice, and db/+ controls. Individual
cardiomyocytes from all three groups appear qualitatively
similar based on morphology and size, though the untreated
db/db cardiomyocytes exhibit very mild thickening. No
increases in inflammatory cells, cell death, fibrosis, or other
processes were observed in the two db/db groups compared
to db/+ controls.

242

. In one

study, the FS was reduced
by as much as 16% at 12
weeks of age235. However,
more accurate CMR studies
of cardiac contractility have
not confirmed the dramatic
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differences seen in the echocardiographic studies, observing only an approximately 2%
reduction in LVEF at 22 weeks of age238. Furthermore, clinical echocardiographic studies of
type 2 diabetic patients treated with rosiglitazone found no significant changes in LVEF after
52 weeks of treatment243. To investigate cardiac contractility and verify these previous
findings, we assessed cardiac contractility in the three mouse groups using echocardiography
(Fig. 30). The mean LVEF and FS levels of the untreated db/db group were not significantly
different from those in the db/+ group, though there does appear to be a downward trend in
contractility in the db/db group. Further, we found no significant LVEF or FS differences
between the rosiglitazone-treated db/db group and untreated db/db group, confirming the
results of the clinical study that found no evidence of rosiglitazone-induced changes in cardiac
contractility.
Cardiac magnetic resonance imaging. Using cardiac magnetic resonance (CMR)
scanning, our group has previously shown progressive cardiomyopathic changes in db/db mice
when compared to db/+ controls238. Left ventricular mass (LVM), interventricular septal
thickness (IVST) and posterior wall thickness (PWT) were significantly increased in db/db
mice, while LVEF was only marginally decreased. For the CMR imaging in this new study
(Fig. 31), we included rosiglitazone-treated db/db mice in addition to the untreated db/db and
db/+ groups, and scanned them at 8 weeks after treatment initiation to look for
cardiomyopathic changes. CMR scans revealed significant, albeit subtle, cardiomyopathic
changes in untreated db/db mice compared to db/+ controls (Fig. 31). However, rosiglitazone
treatment resulted in no significant improvements in cardiac contractility, which confirmed
our echocardiographic studies.
Gene expression analysis. Whole-heart RNA from five mice from each of the three
groups after four months with or without treatment was used for microarray analysis. Overall,
there were significant transcriptional differences between the db/+ and both db/db groups,
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Figure 30. Left ventricular functional analysis with echocardiogram of treated and
untreated db/db mice, and db/+ controls. The mean left ventricular ejection fraction
(LVEF) and fractional shortening (FS) of the untreated db/db group (72.4 2.3% and 36.2
1.7%, respectively) were not significantly different from the db/+ group (76.9 4.3%, P =
0.11 and 39.7 3.6%, P = 0.11, respectively), though there appears to be a downward trend
in contractility between these two groups. Further, there were no significant LVEF or FS
differences between the rosiglitazone-treated db/db group (74.3 3.9% and 37.8 3.1%,
respectively) and untreated db/db group (P = 0.43 and 0.40, respectively). Values are
mean±SEM.

while differences between rosiglitazone-treated and untreated db/db groups were much less
dramatic. Fig. 32A shows a 3-dimensional scaling plot based on principal component analysis
of the expression data, which graphically demonstrates that rosiglitazone did not restore db/db
transcriptomes to the normal db/+ state. Genes

that

exhibited

significant

differential

expression across the three groups were identified using the SAM statistical algorithm
(selected genes are listed in Tables 6, 7).
Interesting genes that were significantly upregulated in the untreated db/db group
compared to control include PPAR (PPARG, the receptor for rosiglitazone), FK506 binding
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Figure 31. Cardiac magnetic resonance imaging of treated and untreated db/db mice,
and db/+ controls. CMR imaging at 8 weeks after treatment initiation of rosiglitazonetreated db/db mice (n = 4), untreated db/db mice (n = 4) and db/+ groups (n = 4). Left
ventricular mass (LVM), interventricular septal thickness (IVST) and posterior wall
thickness (PWT) were significantly increased in both treated and untreated db/db mice
relative to db/+ controls, while LVEF was decreased (though not significantly in the
rosiglitazone-treated group). No significant differences in LVM, IVST, PWT, or LVEF
between rosiglitazone-treated and untreated db/db mice were detected (P = 0.82, 0.66, 0.14,
and 0.88, respectively). Values are mean±SEM. *P<0.05 vs. age-matched db/+.

proteins (FKBP5 and FKBP10), several potassium channel proteins (KCNK1 and KCND3),
two matrix metalloproteinases (MMP3 and MMP8), a cyclin-dependent kinase inhibitor
(CDKN1), and myostatin (GDF8) (Table 6). Specific downregulated genes of interest include
the anti-apoptotic gene B-cell lymphoma–leukemia 2 (BCL2), several tumor necrosis factoralpha (TNFα) genes and transforming growth factor (TGFβ) genes, vascular endothelial
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Figure 32. Multidimensional scaling plot of the microarray data of hearts from
treated and untreated db/db mice, and db/+ controls. (A) 3-dimensional scaling plot
provides a graphical representation of high-dimensional expression data in low dimensions.
Each point within a “cloud” represents a single microarray, and the similarity within a set of
microarrays is indicated by their physical proximity to one other. As evidenced from the
figure, each group (db/+ control, untreated db/db, and rosiglitazone-treated db/db) clusters
into a distinct grouping, indicating that each group has a similar transcriptome that can be
distinguished from the two other groups. Taqman real-time PCR of four selected genes
normalized to 18s shows (B) significant upregulation of Kcnk1 in untreated db/db vs. db/+
mice and (C) significant upregulation of all four genes in rosiglitazone-treated vs. untreated
db/db mice. These data confirm the altered regulatory patterns of these four genes in the
microarray data. Values are mean±SEM. *P<0.05 vs. control.

growth factor (VEGFC), adiponectin (ADIPOQ), and apelin (APLN). We confirmed the
microarray results of 4 selected genes with real-time PCR (Fig. 32B,C). When we compared
the db/db rosiglitazone treated group to control, we found that upregulated genes include the
previously-mentioned MMP3 and KCNK1 transcripts, as well as a potassium channel-
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interacting gene (KCNIP4), ryanodine receptor (Ryr1), Myosin IIIB (MYO3B), Patched
homolog 1, and apelin (Table 7).
While identifying individual genes that are differentially regulated in each of the
conditions is informative, it is also useful to ascertain which cellular processes are up- or
down- regulated; therefore, we performed the Gene Ontology pathway overrepresentation
analysis using Fisher's exact test. Lipid and protein metabolism, fatty acid beta-oxidation, cell
death, apoptosis, peroxisome organization, and biogenesis were significantly upregulated in
untreated db/db mice when compared to control db/+ mice. Among major pathways that were
significantly downregulated are cell proliferation and cycle, immune response, blood vessel
and vasculature development, and anti-apoptosis. Interestingly, comparing the rosiglitazonetreated db/db mice to control mice; we did not see a reversal of the pathways that were
upregulated in the untreated db/db group. The additional pathways that were significantly
upregulated in the rosiglitazone-treated db/db hearts, however, included secretion, exocytosis,
protein and intracellular transport, cellular protein metabolism, and sphingolipid metabolism.

DISCUSSION
Few studies have studied the global cardiac gene expression changes resulting from
rosiglitazone treatment. Understanding these molecular changes will help elucidate the
potential mechanism(s) for the increased cardiac disease observed in diabetic patients treated
with this drug. Our microarray results demonstrate that rosiglitazone does not reverse many of
the significant gene expression and pathway changes that occur in untreated diabetic hearts,
such as apoptosis and lipid metabolism. Furthermore, our microarray analysis indicates that
rosiglitazone did not upregulate important insulin- However, several studies have shown
PPARγ expression to be important to cardiac metabolism. One study found that
rosiglitazone-treated Zucker fatty rat hearts had improved regulated glucose transporters
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Table 6. Selected genes that are differentially expressed between the hearts of
untreated db/db mice and db/+ controls.
Gene Symbol

RefSeq ID

Name

Score(d)

Fold Change

Kcnk1

NM_008430 Potassium channel, subfamily K, member 1

7.82

26.03

Gdf8

NM_010834 growth differentiation factor 8 (Gdf8)

5.12

15.93

Egfbp2

NM_010115 epidermal growth factor binding protein type B (Egfbp2)

4.77

9.47

Fkbp5

NM_010220 FK506 binding protein 5

9.76

6.11

Mmp8

NM_008611 Matrix metallopeptidase 8

5.22

5.93

Edn3

NM_007903 Endothelin 3

6.59

5.72

NM_007669 Cyclin-dependent kinase inhibitor 1A (P21)

5.13

3.74

NM_008427 Potassium inwardly-rectifying channel, subfamily J, member 4

5.06

2.68

NM_016693 Mitogen-activated protein kinase kinase kinase 6

9.39

2.54

5.88

2.10

Cdkn1a
Kcnj4
Map3k6
Map3k15

BC031147

Mitogen-activated protein kinase kinase kinase 15

Fkbp10

NM_010221 FK506 binding protein 10

5.21

2.09

Mmp3

NM_010809 Matrix metallopeptidase 3

4.30

1.90

Kcnd3

NM_019931 Potassium voltage-gated channel, Shal-related family, member 3

5.93

1.77

Ryr3

XM_619795 Ryanodine receptor 3

5.45

1.74

Pparg

NM_011146 Peroxisome proliferator activated receptor gamma

5.51

1.42

Tnfrsf22

NM_023680 Tumor necrosis factor receptor superfamily, member 22

4.06

1.40

Aifm2

NM_153779 Apoptosis-inducing factor, mitochondrion-associated 2

5.62

1.39

4.96

1.37

4.02

1.34

Il4ra
Sod1
Adipor2
Myo9a

NM_001008700 interleukin 4 receptor, alpha (Il4ra)
BC057074

superoxide dismutase 1, soluble, partial cds.

NM_197985 Adiponectin receptor 2
AK029836

Myosin IXa

4.42

1.22

-4.70

-1.26

Casp7

NM_007611 Caspase 7

-4.46

-1.27

Casp2

NM_007610 caspase 2 (Casp2)

-5.10

-1.34

Vegfc

NM_009506 Vascular endothelial growth factor C

-6.20

-1.39

Il13ra1

NM_133990 Interleukin 13 receptor, alpha 1

-4.24

-1.40

NM_010288 Gap junction membrane channel protein alpha 1

-4.85

-1.49

Il13ra1

NM_133990 Interleukin 13 receptor, alpha 1

-4.23

-1.50

Myo1b

NM_010863 Myosin IB

-6.11

-1.57

Tnfaip8

NM_134131 Tumor necrosis factor, alpha-induced protein 8

-4.65

-1.71

NM_007420 Adrenergic receptor, beta 2

-4.91

-1.81

NM_025566 Tumor necrosis factor, alpha-induced protein 8-like 1

-5.52

-1.88

NM_010551 Interleukin 16

-24.20

-2.42

Gja1

Adrb2
Tnfaip8l1
Il16
Myo1d

-4.19

-2.45

Apln

NM_013912 Apelin

-4.51

-2.54

Bcl2

NM_009741 B-cell leukemia/lymphoma 2 (Bcl2), transcript variant 1

-7.36

-2.56

Tnfrsf13c

NM_028075 Tumor necrosis factor receptor superfamily, member 13c

-6.33

-4.54

NM_009605 Adiponectin, C1Q and collagen domain containing

-5.31

-4.59

Adipoq

AK037051

Myosin ID
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Table 7. Selected genes that are differentially expressed between rosiglitazone-treated
and untreated db/db mice.
Gene
Symbol

RefSeq ID

Score(d)

Fold
Change

Kcnip4

NM_030265

Kv channel interacting protein 4

4.46

4.76

Ptch1

NM_008957

Patched homolog 1

6.67

3.32

Ryr1

NM_009109

Ryanodine receptor 1, skeletal muscle

5.27

3.17

Kcnk1

NM_008430

Potassium channel, subfamily K, member 1

6.38

2.84

Myo3b

AK033795

adult male epididymis cDNA, RIKEN full-length enriched
library, clone:9230110G05

4.46

2.58

Mmp3

NM_010809

Matrix metallopeptidase 3

4.70

2.03

Tnfsf18

NM_183391

Tumor necrosis factor (ligand) superfamily, member 18

3.82

1.86

Apln

NM_013912

Apelin

3.52

1.80

Anxa13

NM_027211

Annexin A13

4.04

1.64

St3gal5

NM_011375

ST3 beta-galactoside alpha-2,3-sialyltransferase 5

5.56

1.62

Col22a1

XM_193814

Collagen, type XXII, alpha 1

3.65

1.45

Col4a1

NM_009931

Procollagen, type IV, alpha 1

4.98

1.26

Kras

NM_021284

V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog

4.40

1.23

B4galnt1

BC022180

Beta-1,4-N-acetyl-galactosaminyl transferase 1

7.83

1.44

Cel

NM_009885

Carboxyl ester lipase

6.31

1.38

Pparbp

NM_013634

Peroxisome proliferator activated receptor binding protein

3.68

1.29

Tnfrsf10b

NM_020275

Tumor necrosis factor receptor superfamily, member 10b

3.54

1.27

Asah2

NM_018830

N-acylsphingosine amidohydrolase 2

4.38

1.21

Myh9

NM_022410

Myosin, heavy polypeptide 9, non-muscle

4.03

1.19

Bdkrb1

NM_007539

Bradykinin receptor, beta 1

-6.72

-1.96

Hsf1

NM_008296

Heat shock factor 1

-5.70

-1.17

Col23a1

AK162470

12 days embryo embryonic body between diaphragm region and
neck cDNA, RIKEN full-length enriched library,
clone:9430076L03

-5.70

-1.13

Name

such as GLUT4 in the heart, a finding that has been reported previously in isolated rat
cardiomyocytes244. However, we observed a number of unique genes which appear to be
differentially regulated between rosiglitazone-treated and untreated animals that may give
mechanistic insights into rosiglitazone‟s effects on the diabetic heart.
We were initially puzzled to find that PPARγ expression was upregulated in the hearts
of untreated diabetic mice, as it has been reported to be low in cardiomyocytes 233,

245, 246

.
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glucose uptake as well as improved contractility compared to lean rat hearts 240. Another study
found that mice lacking PPARγ in cardiomyocytes exhibited mild cardiac hypertrophy247.
These findings may reflect an indirect effect of rosiligitazone on the heart, as demonstrated by
a study in which metabolic changes in PPARγ-treated db/db hearts were thought to be
secondary to changes in the supply of exogenous substrates242. It appears that cardiac PPARγ
expression may play an important though poorly understood role in cardiac physiology, and it
is possible that modulation of PPARγ signaling may affect the response to cardiac ischemia.
Matrix metalloproteinases are known to play a critical role in atherosclerosis and
cardiovascular tissue remodeling, mediating the balance between matrix accumulation and
degradation248. We found that rosiglitazone caused significant upregulation of MMP3, which
encodes the matrix metalloproteinase stromelysin. MMP3 is typically expressed by
macrophages within the atherosclerotic plaques found in coronary artery disease249, and has
been shown to promote plaque rupture, myocardial infarction and aneurysm250. It is therefore
possible that the in vivo upregulation of MMP3 by rosiglitazone will promote plaque rupture,
leading to increased rates of myocardial infarction, as well as increasing tissue remodeling
after ischemia.
In both untreated and rosiglitazone-treated db/db mice, we found several potassium
channel-related genes that were highly upregulated, including KCNIP4 and KCNK1. These
findings support the hypothesis that cardiomyocytes from db/db hearts exhibit
electrophysiological alterations such as attenuated outward K+ currents242,

251

. In general,

glycolytic ATP production is important for the normal function of cardiac membrane ion
channels and pumps, and inhibition of glycolysis causes altered intracellular ion
concentrations that may affect cardiac action potentials. Specifically, KCNIP4 modulates Atype potassium channels and has been shown to increase expression of cardiac A-type Kv-4
channels252. KCNK1 encodes a two-pore potassium channel, TWIK-1, which plays a major
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role in setting the resting membrane potential in many cell types 253. Although it is unclear to
what degree cardiac arrhythmias might have played a role in the mortality shown in the metaanalysis of rosiglitazone trials225, the changes we observed in cardiomyocyte potassium
channel expression raise some concerns.
Rosiglitazone treatment also upregulated four genes related to sphingolipid
metabolism: B4GALNT1, CEL, ASAH2, and ST3GAL5. Found in eukaryotic plasma
membranes, sphingolipids have emerged as a class of lipid mediators believed to be important
for endogenous modulation of cardiovascular function254,

255

. Generation of sphingolipid

metabolites such as ceramide, sphingosine, and sphingosine-1-phosphate can activate smooth
muscle cell proliferation, endothelial cell differentiation, apoptosis and cell death, migration,
vasoconstriction, and dilation. Specifically, ceramide is an important mediator of lipotoxicity
in the heart, and accumulation of this metabolite has been associated with cardiomyocyte
apoptosis256. Recent evidence indicates that the TZD pioglitazone causes increased de novo
ceramide synthesis in rat hearts257, although another group has reported decreased ceramide
accumulation and subsequent reduction in apoptosis258. Regardless of the specific mechanism
involved, our microarray data suggest a significant role for sphingolipid metabolism in the
rosiglitazone-treated diabetic heart which we are actively investigating further.
The downregulation of the hormone adiponectin in the diabetic state has been well
established in adipocytes and serum259, but it was not until 2005 that Pineiro et al. showed
evidence that cardiomyocytes also synthesize adiponectin260. Confirming a recent report by
Natarajan et al.261, our results demonstrate a reduction of adiponectin in the diabetic heart,
though we did not observe restoration of its expression after rosiglitazone treatment. In
contrast, the signaling peptide apelin, a recently discovered regulator of cardiac and vascular
function262, was downregulated in the untreated db/db group but was restored to normal levels
after rosiglitazone treatment. Apelin is expressed in the endothelium of heart, kidney, and
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lung, and its receptor (APJ) is expressed by myocardial cells and some vascular smooth
muscle cells. Apelin has inotropic effects on cardiac contractility and has been shown to
decrease systemic vascular resistance, and is therefore likely beneficial during heart failure. In
fact, apelin signaling may augment inhibition of the renin-angiotensin system263, which is
known to exacerbate heart failure when left unchecked. Though not well understood, the
altered expression of apelin we observed in the diabetic heart in response to rosiglitazone may
present a novel pathway for the study of diabetic cardiomyopathy.
In conclusion, this study has mapped the genomic expression patterns in the hearts of
the db/db murine model of diabetes and the effects of rosiglitazone on these patterns. Overall,
as we expected, the db/db gene expression signature was markedly different from control, but
to our initial surprise was not significantly reversed with rosiglitazone. In fact, many of the
transcriptional changes induced by diabetic disease on the heart appeared to be further
exacerbated by rosiglitazone. In particular, we have highlighted a number of rosiglitazone
modulated genes and pathways that may play a role in the pathophysiology of the increase in
cardiac mortality seen in the meta-analysis by Nissen et al. The cumulative upregulation of (1)
a matrix metalloproteinase gene that has previously been implicated in plaque rupture, (2)
potassium channel genes involved in membrane potential maintenance and action potential
generation, and (3) sphingolipid and ceramide metabolism related genes, all give cause for
concern over rosiglitazone‟s safety. Interestingly, a second meta-analysis has suggested that
pioglitazone, also a TZD, may not have the same negative cardiovascular effects as
rosiglitazone264. We believe the overall expression changes caused by rosiglitazone in the
heart will likely also be found with pioglitazone treatment, though with some differences. This
is based on previous microarray studies of adipocytes265 and hepatocytes266 that found similar,
but not identical, expression profiles after treatment with pioglitazone, rosiglitazone, and other
TZDs. Future investigations of how these two drugs differ at the transcriptional level in the
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heart will further elucidate the networks that govern diabetic cardiovascular function and
disease.
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