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ABSTRACT: Previously, we reported that heterologous expression
of an embryonic transcription factor, Tbx18, reprograms ventricular
cardiomyocytes into induced pacemaker cells (Tbx18-iPMs), though
the key pathways are unknown. Here, we have used a tandem mass
tag proteomic approach to characterize the impact of Tbx18 on
neonatal rat ventricular myocytes. Tbx18 expression triggered vast
proteome remodeling. Tbx18-iPMs exhibited increased expression of
known pacemaker ion channels, including Hcn4 and Cx45 as well as
upregulation of the mechanosensitive ion channels Piezo1, Trpp2
(PKD2), and TrpM7. Metabolic pathways were broadly down-
regulated, as were ion channels associated with ventricular
excitation−contraction coupling. Tbx18-iPMs also exhibited extensive intracellular cytoskeletal and extracellular matrix remodeling,
including 96 differentially expressed proteins associated with the epithelial-to-mesenchymal transition (EMT). RNAseq extended
coverage of low abundance transcription factors, revealing upregulation of EMT-inducing Snai1, Snai2, Twist1, Twist2, and Zeb2.
Finally, network diffusion mapping of >200 transcriptional regulators indicates EMT and heart development factors occupy adjacent
network neighborhoods downstream of Tbx18 but upstream of metabolic control factors. In conclusion, transdifferentiation of
cardiac myocytes into pacemaker cells entails massive electrogenic, metabolic, and cytostructural remodeling. Structural changes
exhibit hallmarks of the EMT. The results aid ongoing efforts to maximize the yield and phenotypic stability of engineered biological
pacemakers.
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■ INTRODUCTION
Cardiac pacing originates from the sinoatrial node (SAN).
Cardiac defects in the SAN and/or the conduction system cause
bradycardia and irregular heartbeats.1 Current therapy relies on
the implantation of electronic pacing devices. However, the
indwelling hardware has drawbacks, including the need to
change batteries at regular intervals, which entails a surgical
procedure that comes with the risk of infection. Likewise,
pediatric patients must undergo multiple surgeries to reposition
or replace the pacemaker as they outgrow their devices. The
development of biological pacemakers promises to transcend
these issues.2 We previously showed that somatic gene transfer
of an embryonic transcription factor, Tbx18, suffices to
reprogram quiescent neonatal rat ventricular myocytes
(NRVMs) in vitro and adult ventricular myocytes (VMs) in
vivo to induced pacemaker cells.3 The Tbx18-induced pace-
maker cells (Tbx18-iPMs) faithfully recapitulated native SAN
pacemaker cells’ automaticity. Remarkably, Tbx18-iPMs ex-
hibited the unique morphology of the nodal pacemaker cells,
indicating that the reprogramming was not only limited to

generating rhythmic action potentials, but it also reconfigured
the cellular architecture of the iPMs. Yet, how Tbx18 effectuates
this cellular transition is not understood. A mechanistic
understanding of Tbx18-induced reprogramming would inform
both gene regulatory models of the factors driving the
conversion of VMs to PMs, with implications for refined bio-
pacemaker engineering as well as the mechanisms of sinoatrial
node development in cardiogenesis.

To define the molecular distinctions between VMs and
Tbx18-induced pacemakers (Tbx18-iPMs) and elucidate
plausible models underlying transdifferentiation, we analyzed
global proteomic and select transcript changes. Collectively,
these data indicate that Tbx18 rewires the metabolic and
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electrogenic landscapes while extensively remodeling intra-
cellular and extracellular structures, conferring a biosignature
that bears many of the hallmarks of the epithelial-to-
mesenchymal transition.

■ MATERIALS AND METHODS

Animal Care and NRVM Isolation
Timed-pregnancy Sprague Dawley rats were purchased from
Charles River and maintained in accordance with the Emory
University Institutional Animal Care and Use Committee
(IACUC). NRVMs were isolated from 1−3-day-old pups and
cultured as a monolayer, as described previously.3 Only the
lower area (from the apex to the midline) was excised to
minimize contaminating atrioventricular nodal cells. A mono-
layer of NRVMs was transduced with either Ad-Tbx18-IRES-
zsGreen1 on the day of isolation by incubating them on the
shaker for 2 h. Adenoviral vector transduction was performed at
a multiplicity of infection (MOI) of 1 fluorescence forming unit
(ffu) per cell. Transduction was performed in a routine NRVM
culture media based on M199 with the following components:
10 mM HEPES, 0.1 mM nonessential amino acids, 3.5 mg/mL
glucose, 2 mM L-glutamine, 4 μg/mL vitamin B12, 100 U/mL
penicillin, and heat-inactivated fetal bovine serum at 10% (first
two days of culture) or 2% (after two days of culture) final
concentration.
RNA-Sequencing Analysis
Total RNA was prepared from GFP-NRVMs and Tbx18-iPMs.
After the library was prepared, the sequencing was done with
Illumina HiSeq. 3000. RNASeq reads were aligned to the rn5
reference assembly of the rat genome from the UCSC genome
browser website (http://genome.ucsc.edu/). Alignment was
performed using the STAR aligner with the annotation as a
splice junction reference.4 Transcripts were annotated using the
corresponding rn5 annotation, and transcript abundance was
estimated using htseq-count (version 0.6.1p1).5 Library size
normalization and differential expression analyses were
performed using the DESeq2. R package.6 A negative binomial
generalized linear model was fitted, and the Wald test was used
to assess differential expression, including the Benjamini−
Hochberg procedure to calculate an adjusted p-value to control
the false discovery rate (FDR). Pathways, upstream regulators,
and cellular functions were generated using Ingenuity Pathway
Analysis (IPA).7

Experimental Design for Mass Spectrometry
NRVMS were isolated and distributed among 10 plates. Five
plates are individually virally transduced with the Ad-Tbx18-
IRES-zsGreen1, and five are transduced with Ad-GFP, which
serve as controls. The relative abundance of proteins from each
plate is determined by a method that involves labeling
proteolytically digested peptides with isobaric tandem mass
tags (TMTs). All samples were subsequently pooled prior to
extensive peptide fractionation and mass spectrometry. Peptides
and proteins are identified by matching to a rat protein sequence
database. Peptide-conjugated mass tags are fragmented in the
MS2 phase of MS to yield characteristic reporter ions whose
currents are quantified to determine relative protein abundance
and analyzed statistically.
Protein Sample Preparation, Proteolysis, and TMT Labeling
Prior to cell harvest, media was removed, and the wells of each
plate were washed three times with ice-cold phosphate-buffered
saline. Cells were subsequently harvested by addition of 200 μL

of ice-cold RIPA buffer and scraping each well before
transferring the cell lysate to a conical tube. Samples were
flash-frozen in liquid nitrogen and stored at −80 °C until further
use. Prior to digestion, cell lysates were thawed quickly and
subjected tomethanol/chloroform/water extraction and protein
precipitation by the method of Wessel and Flugge.8 Samples
were dried under nitrogen gas to remove residual chloroform
before resuspending protein in filtered and deionized 9 M urea.
Samples were allowed to solubilize by vortexing for 30min. After
30 min, residual protein aggregates were disrupted by brief
bursts of sonication (<30 s total). Peptides were diluted to 6-fold
into 60mMHEPES, 0.6M thiourea, 0.6 mMDTT, pH 7.5, such
that the final reaction buffer contained 50 mM HEPES, 1.5 M
urea, 0.5 M thiourea, 0.5 mM DTT, pH 7.5. All samples were
diluted further with reaction buffer to a common final protein
concentration of 1mg/mL. Samples (about 500 μg) were
subjected to proteolytic digestion with proteomics grade
Trypsin (10 μg; Promega) at room temperature overnight.
The following morning, samples were supplemented with 10 μg
of Trypsin. At that time, DTT was added to samples at a
concentration of 5 mM, and the digest was allowed to proceed
for 1 h prior to peptide alkylation by adding iodoacetamide to a
final concentration of 15mM. Alkylation was allowed to proceed
for 1 h at room temperature in the dark. Peptides were
subsequently acidified by the addition of trifluoroacetic acid to a
final concentration of 0.5% (v/v) and purified by solid-phase
extraction using SepPak tC18 cartridges (Waters) on a vacuum
manifold. Purified peptides were eluted with 60% (v/v)
acetonitrile in aqueous 0.1% (v/v) formic acid. Peptides were
evaporated to dryness on an Eppendorf Vacufuge. Peptide
samples (approximately 500 μg) were re-dissolved in
triethylammonium bicarbonate (TEAB) pH 8.5 and labeled
with TMT reagents according to the manufacturer’s instruc-
tions.
Chromatography and Mass Spectrometry

Following TMT labeling of individual samples, peptides were
pooled and subjected to high-pH reversed-phase high-pressure
liquid chromatography (bRP-HPLC).9 The apparatus consisted
of an offline Agilent capillary LC operating in normal flow mode
with a Waters XBridge 5 μm C18, 4.6 mm × 250 mm column.
Mobile phase solvents were 10mMTEAB (pH 8.5) for Buffer A,
and 7 mM TEAB, 90% Acetonitrile (pH 8.5) for buffer B.
Elution of the peptides was performed at 1 ml/min with a
biphasic gradient (5−30% B over 55 min followed by a 35−45%
B over 10 min). Seventy-five fractions were collected in Fisher
DeepWell plates with a Probot fraction collector (LC Packings).
Fractions were pooled according to a concatenation strategy
(i.e., pooling samples 1 + 26 + 51, 2 + 27 + 52, etc.) to maximize
the orthogonality of peptide separation with respect to
subsequent low-pH RP-HPLC.9 Following concatenation,
each sample was analyzed by low-pH RP-HPLC coupled to
tandem mass spectrometry (LC-MS/MS). Peptides were
injected onto a 2 cm trap column at 5 μL/min for 6 min before
being eluted onto a 75 μm × 15 cm in-house packed column
(Michrom Magic C18AQ, 5 μm, 100Å) using a nanoAquity
nanoLC system (Waters) operating at 300 nL/min. Each sample
was run on a 90 min gradient. Solvent A consisted of 0.1% (v/v)
formic acid and solvent B contained 0.1% (v/v) formic acid and
90% (v/v) acetonitrile. Peptides were eluted and ionized into a
Q-Exactive Hybrid Quadrupole-Orbitrap mass spectrometer
(Thermo Fisher) at a spray voltage of 2.0 kV using a data-
dependent “Top 15” method operating in FT-FT acquisition
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mode. The survey full-scan MS (350−1800 Th) was performed
at a resolution of 70,000 with an automatic gain control setting
of 3 × 106, while MS2 scans were performed at a resolution of
35,000 with a target value of 1 × 105. Maximum injection times
were 100ms forMS1 and 250ms forMS2. TheMS2 ion selection
threshold was set to 4 × 104, and an isolation window of 1.5
Daltons was used to perform HCD fragmentation with a
normalized collision energy of 30%. Persistent systemic
polysiloxane produced a background peak at 371.101230,
which was used as an internal calibrant for each survey scan.
Spectra whose charges were unassigned or +1 were not
tabulated. Dynamic exclusion was set to 30 s.
Protein Identification

Peak list files (.RAW) were searched against a rat sequence
database (NCBI RefSeq, taxonomy: Rattus Norvegicus, 2012,
29 449 sequences) using Mascot Version: 2.2.0 (Matrix
Science) interfaced through Proteome Discoverer 1.4 (Ther-
mo). Spectra were searched with a parent ion mass tolerance of
30 ppm and an MS2 mass tolerance of 0.05 Da. Trypsin was
specified as the enzyme, and 2 missed cleavage sites were
allowed. Cysteine carbamidomethylation and N-terminal amine
labeling with TMT reagent were specified as fixed modifications
for the database search. Dynamic modifications included N-
pyroglutamate from glutamine, oxidized methionine, deamida-
tion of asparagine and glutamine, as well as TMT labeling of
lysine. All searches were conducted with the reversed database
search mode engaged. Percolator software was used for peptide
FDR (q-value) calculations. Mascot output files (.dat) tabulated
were in Proteome Discoverer. Proteins were identified on the
basis of high-confidence peptides only (q < 0.01).
Quantification of TMT Reporter Ions and Estimation of
Relative Protein Abundance

Analysis was confined to uniquely- and unambiguously assigned
spectra (1% peptide FDR). Proteins identified by a single
peptide were quantified, provided that 2 spectra were observed.
Reporter ion intensities were integrated over 20 ppm by the
most confident centroid method. Missingness of ion intensities
for a single spectrum across reporter channels was low (<2% of
unique spectra), indicative of efficient labeling and fragmenta-
tion. Spectra with missing channel data were omitted from the
analysis. TMT signals were quantified using the median sweep
algorithm originally described by Herbrich et al.,10 as

implemented in Foster et al.11 Briefly, TMT reporter ion signals
were logarithmically transformed (base 2) before each spectrum
was median-centered. The estimated relative protein abundance
within a channel is considered to be the median value of all log-
transformed, median-centered spectra assigned to a protein.
Total protein in each TMT channel was normalized by median-
centering all relative protein abundances within that channel.

The choice of TMT-based MS2 quantitation has the
documented limitation that derived fold changes tend to be
compressed, owing largely to peptide co-isolation interference,
which we have minimized by extensive peptide fractionation.
Nevertheless, the fold changes reported here are best considered
as conservative estimates of the actual fold change.
Differential Protein Regulation and Statistics

Differential protein abundance between GFP-transduced and
Tbx18-transduced experimental groups was assessed with an
empirical Bayes-modified 2-sample t-test. This procedure is
essentially equivalent to the linear modeling of microarrays
(LIMMA12), modified for quantitative proteomic experi-
ments,11,13−15 essentially as described in the online primer,
http://www.biostat.jhsph.edu/~kkammers/software/eupa/R_
guide.html.13 The resulting modified p-values were further
corrected for multiple hypothesis testing by Storey’s q-value
method16−18 using the R package, “q-values”.19 In the interest of
proper accounting for differential regulation false discovery (q),
and given the use of moderated p-values, a fold-change threshold
was not considered.14 However, for reference, theminimum fold
change at q < 0.0001 was ±1.15-fold.
Principal Component Analysis and Hierarchical Clustering

Principal component analysis was performed on log-trans-
formed median swept protein abundances (unfiltered) using
Partek software (Genomic Solutions). Unsupervised agglomer-
ative hierarchical clustering was performed using Ward’s
clustering method, where the distance metric is defined as half
of the square of the Euclidean distance as implemented in
Spotfire (Qiagen). Though precise cluster composition is
specific to the clustering method, similar results were obtained
by clustering using complete linkage and Euclidean distance.
Pathway and Upstream Regulator Analysis

Protein accessions were mapped to their corresponding genes
before Pathway analysis was performed using Ingenuity

Figure 1. Overexpression of Tbx18 in ventricular myocytes changes cell morphology accompanied by the disarray of sarcomere structure. (A)
Adenoviral vector expressing only a GFP reporter (left) or Tbx18 as well as a zsGreen1 reporter (right) was injected directly into the apex of the rat
heart in vivo. Four days later, the heart was harvested, and ventricular myocytes from the apex were isolated ex vivo. Tbx18-expressing ventricular
myocytes (Tbx18-VMs) showed spindle-shaped morphology compared to typical brick-like shapes of GFP-expressing ventricular myocytes (GFP-
VMs). Scale bar: 50 μm. (B)Neonatal rat ventricular myocytes (NRVMs) were transduced with Ad-GFP (left) or Ad-Tbx18-IRES-zsGreen1 (right) in
vitro. Four days later, the myocytes were fixed and stained with an antibody against α-sarcomeric actinin (A7811, Sigma-Aldrich). The sarcomere
structure is disorganized in Tbx18-NRVMs compared to that in GFP-NRVMs. Scale bar: 15 μm.
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(Qiagen). Pathway overrepresentation was determined using
the full proteome as the reference protein set. Specifically,
proteins (mapped to their respective genes) from each of the 6
protein clusters in Figure 2 were analyzed for pathway member
overrepresentation using Fisher’s exact test. P-values <0.05 were
considered statistically significant, which does not necessarily
correlate with biological significance. Where the information in
the Ingenuity knowledge base permitted, the extent of pathway
activation or inhibition is inferred from the direction and
magnitude of fold changes among pathway member proteins,
which is given by the z-score.7 Pathways are curated by
Ingenuity and can be visualized by entering the pathway name at
https://targetexplorer.ingenuity.com/index.htm. Overrepre-
sentation can also be applied to the identification of likely
upstream regulators, be they transcriptional regulators, kinases,
or growth factors. The tenet is that if the identity of the target
genes of a given upstream regulator is known from prior
experimentation (e.g., microarrays or proteome studies in data
repositories), one may infer its likely involvement based on the
extent of target gene coregulation in a new data set represented
by the p-value (Fisher’s exact test). Moreover, as in pathway

analysis, the direction and magnitude of the coregulation permit
inference about the likely activation or inhibition given by the z-
score. Upstream regular analysis was performed in Ingenuity on
proteins (mapped as above) that were differentially regulated
between Tbx18 and GFP-transduced groups at an FDR
threshold of q < 0.0001.
Network Analysis

Functional protein association/interaction networks were
constructed by loading the gene identifiers of up and
downregulated proteins into stringApp 1.4.2,20 embedded in
Cytoscape 3.7.1,21 and then searching the STRING v11
database.22 The default association/interaction threshold
(STRING score > 0.4) was used to map relationships between
proteins. Network modularity was assessed with the Markov
clustering function in the clusterMaker2 1.3.1 app23 using the
STRING score (>0.6) for edge weighting. The granularity
parameter (inflation value) was set empirically. The final
networks are presented in an edge-weighted, spring-embedded
layout using the Markov cluster (module) number for edge
weighting, with modules rearranged for clarity.

Figure 2.Overview of the Tbx18-iPM Proteome. (A) Experimental design for Tbx18 viral transduction of induction of NRVMs, protein isolation, and
quantitative mass spectrometric analysis. (B) PCA analysis of proteomics from GFP or Tbx18-transduced NRVMs. Each dot represents the proteome
arising from independent viral GFP or Tbx18 transduction replicates. (C) Volcano plots depicting significant protein changes between myocytes
transduced with GFP or Tbx18. For the purposes of upstream regulator analysis that informs subsequent analyses, differential regulation was defined as
q < 0.0001. (D)Hierarchically clustered heat map (Ward’s method, Euclidean distance) of the whole proteome. Themost highly regulated proteins fell
into six major clusters, three downregulated and three upregulated in Tbx18-iPMs. Each coregulated cluster was used as input for IPA analysis in
Figures 3 and 4.
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Immunoblot Analysis

GFP andTbx18-transducedNRVMcell lysates were collected in
ice-cold RIPA buffer (Thermo Scientific #PI89900) combined
with Halt Protease and Phosphatase inhibitor cocktail (Thermo
Scientific #P178442). Lysate concentrations were measured by
BCA assay (Thermo Scientific #J63283.QA). Reduced protein
samples were run on a 4−12% Bolt Bis-Tris gel (Invitrogen
#NW04125BOX) at 10 μg per well. Transferred PVDF
membranes were incubated with primary antibodies against

total Notch1 (Cell Signaling Technology #3608, 1:1000) and
Snail (Invitrogen #MA5-14801, 1:1000) overnight at 4 °C.
Secondary staining was performed for 1 h at room temperature
with Li-Cor IRDye 800CW and 680RD secondary antibodies
(Li-Cor #926-32211 and #926-68071, 1:10000). Stained
membranes were digitally scanned with a Li-Cor Odyssey DLx
Imaging System and quantified with Image Studio Lite (Li-Cor
Biosciences). All measurements were normalized to total

Figure 3. Pathway analysis of downregulated clusters in Tbx18-iPMs indicates broad attenuation of metabolic pathways. (A−C) Clusters 1−3 (Figure
2D), encompassing downregulated proteins, were subjected to pathway analysis (Ingenuity). Pathways are ranked by −log(p-value), which reflects the
overlap between the data set and the curated pathways, not the relative importance to the phenotype. Full tables are provided in the Online
Supplement. Pathways indicate extensive mitochondrial protein downregulation and broad downregulation of enzymes involved in glucose, fatty acid,
and amino acid metabolism. (D) STRING functional protein association network comprised of proteins differentially regulated at a threshold of q <
0.0001. The largest multinode modules are colored. The network uniquely highlights the downregulation of mitochondrial ribosome and protein
import as well as the ubiquitin-proteasome machinery and antioxidant proteins, among others.
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protein stain by REVERT 700 Total Protein Stain kit (Li-Cor

Biosciences #926-11010).

■ RESULTS

Preparation of Tbx18-induced Pacemaker Cells
Our previous work indicated that phenotypic conversion of
ventricular myocytes to the iPMs was complete by D3−D5 after

Figure 4. Pathway analysis of upregulated clusters reveals extensive remodeling of the cytoskeleton, ECM, and signaling. (A−C) Clusters 4−6 (Figure
2D) encompassing the substantially upregulated proteins were subjected to pathway analysis (Ingenuity). Pathway overrepresentation is ranked by
−log(p-value). Some pathways have an associated z-score as a metric of inferred pathway inhibition or activation. Full tables are provided in the Online
Supplement. Dominant themes include upregulation of matrix, cytoskeletal, membrane trafficking proteins, and all of the small GTPases associated
with the processes. DNA replication and repair enzymes are implicated, and several signaling pathways are inferred to be activated. (D) STRING
functional protein association network comprised of proteins differentially regulated at a threshold of q < 0.0001. The largest multinode modules are
colored. The network uniquely highlights the number of upregulated proteins involved in ribosomal RNA processing.
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Tbx18 gene transfer in vitro and in vivo.3,24 Reprogramming of
adult rat ventricular myocytes to the iPMs in vivo by direct
myocardial injection of Tbx18 demonstrated that myocytes
expressing Tbx18 underwent significant changes in cell
morphology, adopting the cell shape of the native SAN
pacemaker cells (Figure 1A). The change in cell shape was
accompanied by disorganization of sarcomere structure, as
illustrated by sarcomeric α-actinin staining in Tbx18-NRVMs
compared to GFP-NRVMs (Figure 1B). To gain a general
understanding of the proteome changes during Tbx18-induced
reprogramming of the cardiomyocytes without contaminating
non-myocytes and blood serum, we chose NRVMs as the
cardiomyocyte model. Hence, Tbx18-induced pacemaker cells
(Tbx18-iPMs) were created by somatic gene transfer of Tbx18
on NRVMs cultured in serum-free media and harvesting the
iPMs 4 days after gene transfer. NRVMs transduced with GFP
served as the control.
Global Proteomic Trends in the Tbx18-iPMs

To understand the extent of coordinated protein remodeling
evoked by Tbx18-induced NRVM/iPM transdifferentiation at a
comprehensive level, we undertook a gel-free, peptide-labeled,
2D-LC-MS/MS proteomic identification and quantification
strategy (Figure 2A). NRVM culture plates were independently
virally transduced GFP (n = 5) or Tbx18 (n = 5) for 96 h prior to
cell collection and downstream protein and peptide processing.
Principal component analysis (Figure 2B) shows that Tbx18
treatment is the primary contributor to variance (nearly 57%) in
these experiments and that iPMs share proteomes that are
distinct from those of control, GFP-NRVMs. In all, 6661
proteins were quantified and analyzed statistically. The breadth
of protein remodeling was notable. Indeed, at a conventional
significance threshold of p < 0.05, 4475 of 6661 proteins (67%)
are differentially regulated at a differential expression false
discovery rate (q) of 1.6%. For this study, we imposed a
threshold q < 0.0001 for significance to keep network analyses
manageable. At this threshold, 997 proteins were upregulated,
while 1023 were downregulated (Figure 2C). Hierarchical
clustering of the entire proteome of TBX18-iPMs vs GFP-
NRVMs yielded six major clusters (three downregulated and
three upregulated, Figure 2D) encompassing proteins with the
largest fold changes, or just over 50% of the proteome (3422
proteins), which we leveraged for pathway analysis.
Protein Downregulation by Tbx18 Implicates Metabolic
and Mitochondrial Pathways

Clusters 1−3 (Figure 2D) encompass the most downregulated
proteins in Tbx-iPM proteome. In cluster 1, the average fold
change was −1.21, and the top associated pathways (by
descending −log(p-value)) are depicted in Figure 3A. Oxidative
phosphorylation (OxPhos) was implicated based on changes in
36 proteins from respiratory complexes I−V and their associated
assembly factors (p = 1 × 10−11). Next, several pathways
associated with inositol phosphate metabolism were implicated.
Other pathways such as heme and cardiolipin synthesis are
encompassed by cluster 1 (see Online Supplement S1).

In cluster 2, the average fold change was −1.42. The
remainder of proteins involved in mitochondrial respiration or
OxPhos fall into this cluster (Figure 3B), as do the enzymes of
the TCA cycle. Amino acid degradation is a dominant theme,
particularly of the branched-chain amino acids, valine and
isoleucine, due to downregulation of Auh, Acad8, Dld, Hadhb,
and Ehhadh, but also tryptophan degradation due to Hsd17b10,
L3hypdh, Hadhb, Ehhadh, and Hsd17b4. Other pathways, such

as the metabolism of phenylalanine, tyrosine, methionine,
glutamine, and aspartate, were also noted (Online Supplement
S1). Finally, β-oxidation of long-chain fatty acids (Hsd17b10,
scp2, Auh, Hadhb, Ehhadh, Hsd17b4, Eci1; p = 0.004) and the
odd-chained fatty acid pathway (Ehhadh, Eci1; p = 0.04) are
enriched in this cluster.

Cluster 3 encompasses themost downregulated proteins, with
an average fold change of −1.89. Gluconeogenesis, primarily a
function of the liver, emerged as a significant pathway (Figure
3C) due to the overlap of enzymes primarily involved in
glycolysis in NRVMs, which was, likewise, significant (Eno3,
Eno2, Pgam2, Tpi1, Aldoc; p = 3 × 10−4). Glycogen degradation
is likely also reduced (PYGM, PGM1, PYGB, AGl; p = 2 ×
10−4). The cardiac β-adrenergic signaling pathway is implicated
since several protein kinase A scaffolds and substrates involved
in excitation−contraction coupling are substantially down-
regulated (e.g., Pde2a, Akap6, and Ryr2, among others). Finally,
creatine phosphate biosynthesis and pyrimidine ribonucleotide
interconversion via adenylate kinases were also downregulated
in Tbx18-iPMs (p = 0.017 and p = 0.047 respectively).

Since cluster analysis was performed on coregulated clusters,
irrespective of significance, we sought to corroborate dominant
themes among significantly downregulated proteins. To keep
the data set manageable, we imposed an FDR threshold of q <
0.0001. A STRING functional protein association network (i.e.,
direct interactions, coexpression, gene ontology, conserved
domains; see methods) was constructed in Cytoscape 3.7.1 and
depicted in Figure 3D. The network contains 920 nodes
connected by 7717 edges or medium- to high-confidence
relationships (STRING score ≥ 0.6), which is more than what
would be expected from a similarly sized, randomly chosen set of
proteins (p < 10−16). Thirteen network clusters are highlighted,
several of which are concordant with pathway analysis (e.g.,
OxPhos, TCA cycle, β-oxidation, and branched-chain amino
acid metabolism), whereas others figure more prominently in
the network analysis. Notably, other mitochondrial processes,
including mitochondrial protein synthesis via the mitochondrial
ribosomal subunits, as well as mitochondrial protein import via
the TOM/TIM complexes, are profoundly downregulated by
Tbx18. The Ca2+ handling module encompasses both
sarcolemmal and sarcoplasmic reticulum proteins associated
with Ca2+-induced Ca2+ release such as L-type Ca2+ channel
subunits, ryanodine receptors, SERCA2, phospholamban, and
calsequestrin. Other modules highlight the impact of Tbx18 on
ubiquitination and proteasomal protein degradation.
Protein Upregulation by Tbx18 Spans Nuclear,
Cytoskeletal, and Extracellular Pathways

Upregulated proteins, as with the downregulated ones, were
parsed by cluster, as depicted in Figure 2D. Several significant
pathways were also associated with z-scores that provide a
measure of likely pathway activation or inhibition and are
included in Figure 4. For cluster 4 (Figure 4A), the average fold
change was 1.31. As shown in Figure 1A,B, during Tbx18-
mediated pacemaker cell reprogramming, normal ventricular
cardiomyocytes undergo dramatic morphological changes.3

Consistent with this observation, actin cytoskeletal pathways,
including Rho and Rac GTPase signaling, is upregulated. These
elements are shared with other pathways such as focal adhesion
kinase (FAK) signaling, hepatocyte growth factor (HGF)
signaling, and regulation of cellular mechanics by calpain.
Other elements of the Rho and Rac pathways are shared with
NFκB-related pathways, including NFκB activation and Cd27
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activation in lymphocytes (e.g., RelA, NFκBIE, NFκB2). The
upregulation of NFκB subunits, as well as disheveled1−3 and
frizzled1 and 2, suggest activation of either the Wnt/Ca2+

pathway or possibly the Wnt/PCP pathway.
Cluster 5 comprises 498 proteins with an average fold change

of 1.6 (Figure 4B). This cluster partially overlaps with those of
cluster 4, particularly activation of the Rho-family GTPases. An
acute inflammatory response program is inferred from the
upregulation of tumor necrosis factor (TNF) receptor signaling
components (Tnfrs11b, Tradd, Irak). Interleukin-8 (Il-8)
signaling is also upregulated with an instance of p38 MAPK
signaling. Given that the same multiplicity of infection was used
for adenoviral gene transfer of Tbx18 or GFP, we interpret the

inflammatory response as a bona f ide feature of the Tbx18-iPMs
phenotype.

Cluster 6 harbors a small group of the most upregulated
proteins with the average fold change of 2.42 in Tbx18-iPMs
(Figure 4C). Interferon signaling dominates this cluster, which
includes interferon-inducible proteins (e.g., Ifit3, Ifitm2, Stat2).
Many of the proteins are also common to the pathway of
interferon regulatory factors (IRF) by pattern recognition
receptors. Overrepresented in this cluster is upregulation of
extracellular matrix remodeling, with collagen regulation and
fibrosis as the central pathway. Again, more Rho-signaling and
cytoskeletal remodeling proteins are upregulated in cluster 6, as
are proteins involved in integrin-linked kinase (Ilk) signaling,
including keratin and vimentin (Kr18, Vim). Finally, Notch

Figure 5. Hallmarks of NRVM/PM transdifferentiation: electrogenic remodeling and EMT biosignature. (A) Differentially regulated (p < 0.05) ion
channels. (B) Differentially regulated active transporters and exchangers. (C) Gap junctions in the Tbx18-iPMs. (D) Interferon-induced proteins. (E)
Growth factor Signaling. (F) Heat map of EMT-associated proteins found in MSigDB (hierarchically clustered by sample, proteins ranked by inter-
group variance). (G) Immunoblot analysis of key regulators of the EMT, Notch1, and Snai1.
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signaling is inferred from the upregulation of Notch2, 3, and
numb-like endocytic adapter protein (Numbl).

STRING network analysis of the significantly upregulated
proteins (q < 0.0001; Figure 4D) highlighted 751 nodes and
5263 moderate-to high-confidence edges (score ≥ 0.6; p <
10−16). These modules corroborate the pathway analysis,
particularly with respect to interferon signaling, the extracellular
matrix, adhesion molecules, cytoskeletal remodeling, and the
prominence of small GTPase regulation. The network modules
also highlight the extensive upregulation of ribosomal RNA
processing enzymes as well as DNA synthesis and repair
enzymes. Finally, two of the modules reveal the prominence of
endoplasmic reticulum/Golgi/vesicle processes. Vesicular
proteins, in particular, were clustered with growth factor
receptors (e.g., Egfr and Pdgfrb), presumably an indication of
their association, as the receptors are shuttled to the
sarcolemma.

Hallmark of Tbx18-iPMs #1�Loss of Ventricular and Gain
of Pacemaker Electrogenic Proteins

The hallmark of the pacemaker cells is automaticity, which is
associated with the emergence of a distinct ion channel program
that permits spontaneous and rhythmic diastolic depolarizations
that initiate the action potential.25 Tbx18 overexpression in
NRVMs led to extensive modulation of ion channels and gap
junctions, resembling the native pacemaker cells (Figure 5A−
C). Key ion channels that figure prominently in ventricular
myocytes’ action potential were downregulated (Figure 5A).
These include Na+ channels that underpin the fast upstroke
velocity (SCN5A downregulated by 1.61-fold), voltage-gated L-
type Ca2+ channels that provide the long plateau phase
(Cacna1c, Cacnb2, and Cacnd2 downregulated 1.62-, 1.67-,
and 2.31-fold respectively), and the inward rectifier K+ channel
that is responsible for stabilizing the resting membrane potential
(Kcnj2 downregulated by 1.5-fold). In cardiac myocytes,
preservation of the Na+ gradient is the function of the Na+-K

Figure 6. Observed and inferred networks of transcriptional regulators. (A) STRING functional association network composed of transcriptional
regulators from both proteome and RNAseq data sets that were differentially regulated at an FDR threshold of q < 0.005. Functional modules were
obtained by Markov clustering. Node color represents relative expression (log2(Tbx18/GFP)) and spans from blue (downregulated) to red
(upregulated). Modules composed primarily of downregulated factors are near the top, while those composed of upregulated factors are near the
bottom. (B) STRING network composed of transcriptional regulators inferred to be implicated in the coordinate regulation of proteins differentially
regulated at q < 0.0001 (URA analysis, p < 0.05). Node color represents the range of z-scores and spans from turquoise (inferred inhibited) to yellow-
orange (inferred activated). Network modules are ordered from primarily inhibited, at the top, to primarily activated, at the bottom. Module names in
A and B capture modular themes.
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+ATPase, both subunits of which (Atp1a1, Atp1b1; Figure 5B)
are downregulated by about 1.8-fold. Gap junctions allow for
electrical and metabolic coupling between cells and are
composed of connexins.26 The dominant ventricular myocyte
connexin, Cx43, was downregulated 2.2-fold (Figure 5C). The
release of Ca2+ from themyocyte sarcoplasmic reticulum (SR) in
response to sarcolemmal depolarization is mediated by the
ryanodine receptor, which is down by 1.9-fold in Tbx18-iPMs.
Sequestration of SR calcium is achieved by the sarco/
endoplasmic reticulum Ca2+ ATPase (Serca2 or Atp2a2)
whose activity is modulated by phospholamban (Plb).27 These
proteins were downregulated 1.6-fold and 1.8-fold, respectively,
further demonstrating loss of chamber cardiomyocyte pheno-
type.

The emerging Tbx18-iPM ion channel profile was charac-
terized by 1.7-fold upregulation of HCN4 (Figure 5B), the
molecular correlate of the funny current, If,

28 sarco/endoplasmic
reticulum Ca2+ channels, and the inositol trisphosphate
receptors have been reported to positively regulate the
spontaneous firing rate of the SAN pacemaker cells29,30 and
interstitial cells of Cajal.31 Indeed, Itpr1, Itpr2, and Itpr3 were
highly upregulated (1.6-, 1.6-, and 2.4-fold, respectively) in
Tbx18-iPMs compared to control myocytes. Other notably
upregulated channels fall within the class of mechanosensitive
cation channels, including Piezo1 (1.7-fold), Pkd2 (aka Trpp2,
1.8-fold), and TrpM7 (1.3-fold). Intracellular voltage-gated Cl−
channels involved in endosomal/lysosomal acidification were
also among the upregulated electrogenic proteins (Figure 5B).
Together, this proteomic data validates our previous findings
that Tbx18 expression is sufficient to set the pacemaker electrical
program.
Hallmark of Tbx18-iPMs #2−Transdifferentiation
Recapitulates Features of the Epithelial−Mesenchymal
Transition

Pathway analysis of clusters 4−6 showed inferred activation of
several signaling pathways, including the Integrin, Wnt, Notch,
and Acute Phase Response (e.g., IL1, IL6, TNFa). These four
pathways drew our attention as they are known to be key
modulators of another well-studied pathway of cellular plasticity,
namely, the epithelial−mesenchymal transition (EMT). Other
signaling pathways known to modulate the EMT are TGFβ/p38
and receptor tyrosine kinases. p38 pathway activation was
inferred from cluster 4, while TGFβ2 was upregulated
substantially in the iPMs’ proteome (Figure 5E). Receptor
tyrosine kinases such as EGF receptor (Egfr) and PDGF
receptors A and B (Pdgfra, Pdgfrb) are highly upregulated in
Tbx18-iPMS.

We also saw that many of the matrix, cell surface, and
cytostructural proteins, considered to be biomarkers of EMT,
were upregulated in Tbx18-iPMs, including collagens a1 and a3
(Col1a1 and Col3a1), fibronectin (Fn1), and OB-cadherin
(Cdh11). A broader molecular signature of the EMT consisting
of 200 genes has been compiled from prior transcriptomic
studies (Gene Set: Hallmark_Epithelial_Mesenchymal_Transi-
tion), of which 114 were quantified in the Tbx18-iPM proteome
(Figure 5F). Of these, 96 were differentially regulated at p < 0.05
(q < 0.011), while 73 met the more stringent threshold of q <
0.0001.

An EMT is typically associated with activation of specific
transcription factors, including Snai1 (snail), Snai2 (slug), Zeb1,
Zeb2, Twist1, Twist2, Ets1, and Foxc2. In our proteome, Zeb2
was upregulated 1.49-fold (p = 9.38 × 10−5) while Zeb1 was

unchanged (1.03-fold, NS; Online Supplement S1). To extend
our coverage of transcription factors that are often under-
represented in proteomic data sets, we turned to RNAseq
analysis (Online Supplement S2). Notwithstanding that this
constituted an independent data set, the overall correlation
between protein fold change and RNA fold changes was high
(Pearson’s r = 0.62; Figure S1). For factors unrepresented in the
proteome, the mRNA changes represent a reasonable indication
of the likely direction of protein changes, though, for several
reasons, inferences about the likely magnitude should be
tempered. Nevertheless, examining the other EMT transcription
factors, we found upregulation of Snai1 (2.2-fold), Snai2 (3.1-
fold), Twist1 (1.9-fold), Twist2 (1.8-fold), and Foxc2 (1.35-
fold). Ets1 was not significantly regulated. Taken together, the
broad remodeling of matrix and cytoskeletal EMT hallmarks, as
well as the upregulation of EMT-associated transcription factors
suggest that Tbx18 induces morphologic transdifferentiation of
ventricular myocyte to pacemaker cells by recruiting the EMT
program.
Gene Regulatory Modules Observed in and Inferred From
Proteomic and RNAseq Data

To investigate how Tbx18 might orchestrate the global changes
in electrogenic, structural, and signaling protein levels, we
compiled a STRING functional association network of tran-
scription factors from the proteome and RNAseq data sets
(Figure 6A, seemethods).Markov clustering parsed the network
into 14 distinct modules, which are ordered according to the
number of module members that were down (blue) or
upregulated (red). The top 6 modules contain downregulated
members, which suggests inhibition of the module. Down-
regulation of Module 1 (Gata4, NKx2.5, and MyoD) is
consistent with trends identified in the pathway analysis (Figure
2) in that ventricular ion channels are transcriptionally regulated
by Gata4, Nkx2.5, and MyoD. Downregulation of glucose and
fatty acid metabolism, as well as mitochondrial biogenesis, is
consistent with downregulation of modules 5 and 6, which
include Pgc1α and Esrra and Esrrg. Modules 9−14 are
composed primarily of upregulated transcription factors.
Tbx18 expression has been shown to correlate with Shox2, a
transcriptional regulator of the pacemaker channel, Hcn4.
Upregulation of modules 8, 10, and 11 are consistent with
upregulated pathways identified in Figure 3, including Notch,
TGFβ, and acute phase response signaling. The association
network also clusters functionally similar molecules exemplified
by module 2, composed of downregulated ubiquitin ligases of
the transcriptional machinery, whereas module 12 highlights the
broad upregulation of proteins with DNA-binding TEA
domains.

Noting that the expression of transcription factors is not
equivalent to their activity and that some factors may be
regulated via post-translational modification, we compiled a
functional association network of transcription factors from
Ingenuity’s upstream regulator analysis (URA), inferred from
coordinate changes in protein levels (q < 0.0001; Figure 6B).
Modules are ordered by likelihood of inhibition (top, blue-
coded) to the likelihood of activation (bottom, orange-coded).
The major modules largely fit with many of the modules in
Figure 6A. A new module involves Ctnnb1 (module 8), whose
activation is inferred despite the fact that the protein itself was
not differentially regulated. The activity of Ctnnb1, which
encodes β-catenin downstream in the Wnt pathway, is governed
by phosphorylation-dependent nucleus-cytosol shuttling. It is
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possible that membrane-bound β-catenin translocates into the
nucleus, thus activating canonical Wnt signaling in Tbx18-iPMs,
a notion that warrants further investigation.
Candidate Links between Tbx18 and EMT Program
Prioritized by Network Mapping

To clarify how Tbx18 expression might elicit an EMT-like gene
expression program, a “heat-diffusion” algorithm was used to
map information flow through the transcriptional network
(Figure 6A,6B). Orange nodes are proximal (fewer edges back)
to Tbx18, while yellow nodes and modules are more distal
(Figure 7A). Under this heat map, modules 1−5 are proximal to
Tbx18, while modules 6−11 are distal. This indicates that key

EMT transcription factors in module 2 are closer to Tbx18 than
the proteins of the PGC1α, NFκB, Fos/Jun, or STAT modules
in the network, whose perturbation would likely be a
consequence of EMT activation rather than its proximal cause.

Figure 7B further illustrates the flow of network information
among the topmost proximal modules based on currently known
associations. Among the top 10 closest network associations
with Tbx18 are proteins Shox2, Tcf21, and Scx, whose
expression correlate with it, albeit by unknown mechanisms.
Tbx18 is known to interact with the proteins of module 1a
(GMTH). The influence of Tbx18 on module 1b is supported
by the mutually exclusive expression patterns of Tbx18 and
Pitx2.32 Among the 20 closest neighbors to Tbx18, the heat map

Figure 7. Proximity of the EMT program to Tbx18 in the transcription factor network. The nodes from the networks in Figure 6A,6B were merged and
re-clustered. Module 1 corresponds to what the PathCards pathway unification database (https://pathcards.genecards.org/) calls the “heart
development superpathway,” which is divided into submodules (a) GMTH, (b) Ctnnb1, and (c) Notch, for clarity. (A) 250 nodes were ranked by
proximity to Tbx18 (see Online Supplement S1), of which the top 125 are depicted. Orange nodes are closer within the network (fewer edges back) to
Tbx18, while yellow nodes and modules are more distal. (B) Top-ranked Tbx18-proximal nodes (Top 10, 20, 40, and 60; Online Supplement S1) are
highlighted, in turn, across network modules 1−5 to illustrate candidate routes of information flow between Tbx18 and key EMT factors in module 2.
(C) Nodes from modules 1−5 in panel (A) were recolored to integrate expression log2(Tbx18/GFP) (node color; blue, white, red) and inferred
activity (border color; turquoise, white, orange). Tbx18 acts directly on module 1, likely inhibiting the action of the GMTH submodule.
Communication between Tbx18 and Snai2 of the EMT module may be direct or indirect.
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extends to Hey2 in the module 1c and to a key EMT
transcription factor, Snai2, in module 2 (EMT and p53). This
is supported by evidence for direct binding of Tbx18 to the
promoter of Snai2 in murine primary epicardial cells.33 Other
EMT transcription factors, including Zeb2, Snai1, Twist1, and
Twist2 are among the top 40 nodes closest to Tbx18 in module
3. The nodes of modules 4 (activators/repressors) and 5 (Smad)
round out the top 60 closest factors to Tbx18 in the network but
are downstream of the EMT module (module 2) based on
currently known associations.

Expression and inferred activity are superimposed onmodules
1−5 in Figure 7C. Specifically, Tbx18 acts as a suppressor of
GATA4/Tbx5, which would have an immediate impact on most
nodes in module 1a, including Nkx2.5, myocardin (Myocd), and
Tbx20, among others. Inhibited factors in module 1a are
complemented by coincident activation of module 1b, the EMT
factors in module 2, and activation of Notch programs. Thus, the
networks of Figure 7 and the network proximity rankings in
Online Supplement S1 provide a model of prioritized targets to
validate the gene regulatory program underlying Tbx18-induced
reprogramming of ventricular cardiomyocytes to pacemaker
cells.

■ DISCUSSION
Ectopic expression of Tbx18 in the ventricular myocytes causes
vast and profound protein remodeling consistent with changing
cellular identity, specifically, the emergence of pacemaker cells.
Key observations from our study include (1) significant
metabolic remodeling in the induced pacemaker cells, (2)
upregulation of mechanically gated ion channels in Tbx18-iPMs
that may contribute to the Bainbridge reflex (atrial reflex) and,
(3) upregulation of proteins and transcripts which point to the
recruitment of the EMT program to effect changes in the cell
morphology in the induced pacemaker cells. We present a
transcriptional network model to help evaluate and prioritize
mechanisms underlying the Tbx18-mediated reprogramming of
ventricular myocytes to pacemaker cells.
Diminution of Cardiomyocyte Identity by Tbx18

Cardiac myocytes are characterized by a protein biosignature
that includes expression of specific sarcolemmal and sarcoplas-
mic reticulum ion channels and pumps that participate in
excitation−contraction (EC), sarcomeric contractile proteins,
and a robust metabolic program to meet the energetic demands
of contraction. In this study, we demonstrate that ectopic Tbx18
expression in myocytes has the most profound impact on EC
proteins and the metabolic program. The transcriptional
programs that underlie these two facets of the cardiomyocyte
function may be regarded as distinct but communicating
modules: (1) a minimal myocyte identity module similar to
module 1a in Figure 7A/C and (2) A metabolic/bioenergetic
hub similar to module 5 in Figure 6A.

The minimum myocyte identity program has emerged from
studies showing that the transcription factors Gata4, Mef2c, and
Tbx5 alone (GMT) or with Hand2 (GMTH) suffice to convert
cardiac fibroblasts into cardiac myocytes.34,35 These factors
constitute the core of negatively regulated ones in module 1a
(Figure 7A,C), which also includes Nkx2.5 and Tbx20.
Inhibition of a transcriptional module involving the GMTH
factors is consistent with the robust and significant down-
regulation of proteins that affect electrical excitation and
mechanical contraction of ventricular cardiomyocytes, including
Scn5A, Kcnj2, and Ryr2 (Figure S2). The network in Figure 7A/

C shows that they are among the proximal targets of Tbx18.
Specifically, Tbx5 and Tbx20 act with Gata4 and Nkx2.5 to drive
myocyte gene expressions such as atrial natriuretic peptide and
Scn5a.36−38 Tbx18, as in other T-box proteins, Tbx2, and Tbx3,
suppresses the program by competing with Tbx5 for Nkx2.5 or
GATA4.39 While Gata4 and Hand2 expression levels do not
change in response to Tbx18, the activity of these factors from
URA was inferred to be inhibited nonetheless. Repression of
Tbx5, in turn, would downregulate Mef2c expression,40

consistent with model prediction in Figure 6B (z-score:
−3.02). Mef2a and Mef2d were detected in the proteome and
were down −1.49 and −1.47-fold, respectively.

Downregulation of metabolism and bioenergetics genes is the
dominant theme across clusters 1−3 in Figure 3. Glycolysis,
glycogen metabolism, fatty acid oxidation, TCA cycle, and
oxidative phosphorylation were nearly universally downregu-
lated. The core components of the underlying transcriptional
program include many of the proteins and transcripts in module
5 of Figure 6A, including Pgc1a, Ppara, Pparg, Esrra, and Esrrg,
among others. There is currently no evidence that Tbx18 is
directly associated with these factors. Based on heat diffusion
through the transcription factor network (Figure 7A), the
members of the bioenergetic transcriptional hub are further
away from Tbx18 than the inhibited GMTH module and the
activated EMT factors. Since the GMTH module controls the
expression of energetically expensive ATPases such as myosin,
Serca2a, and the Na+-K+ ATPase, this suggests that down-
regulation of metabolism is a secondary or adaptive, response to
lower energetic demands of the pacemaker cell.
Emergent Electrogenic Identity Conferred by Tbx18

The emergence of pacemaker identity was associated with two
prominent features at the protein level: (1) upregulation of a
distinct pacemaker ion channel and Ca2+-handling profile and
(2) substantial remodeling of the cytoskeleton, matrix, and
signaling pathways consistent with activation of a canonical
EMT. Expectedly, Tbx18 caused upregulation (1.7-fold) of
Hcn4, the molecular correlate of If that destabilizes the diastolic
sarcolemmal membrane potential and confers the early (linear)
rise of phase-4 diastolic depolarization.41 Inspection of cluster 1
pathways (Figure 3A and Online Supplement S1) shows that
IP3-catabolic pathways are downregulated, which would favor
accumulation of intracellular IP3. This would, in turn, activate
IP3 receptors (Itpr), which are also substantially upregulated in
Tbx18-iPMs. This is in line with the recent reports that the IP3-
mediated Ca2+ release mechanism regulates native SA nodal
pacemaker cells’ automaticity,30 though interestingly, Itpr1−3
were not differentially expressed in a proteomic study comparing
the sinoatrial node with atrial myocardium.42

The other significantly upregulated channels are classified as
mechanosensitive and may be pertinent to atrial mechano-
electric feedback, including the classic Bainbridge (atrial)
reflex.43 Briefly, increased stretching of the right atrium, in
response to elevated central venous pressure, increases heart
rate. The underlying mechanism is thought to have both
extrinsic (innervation-dependent) and intrinsic (innervation-
independent) components (reviewed in44). Evidence for the
latter comes from studies showing the reflex can be triggered in
denervated hearts, including in heart transplant patients,45

isolated mammalian heart models,46,47 isolated atrial tissues, and
even isolated pacemaker cells.48 Mechanically gated ion
channels (MGCs) are candidate mediators of the atrial reflex,
though the precise MGC complement whose expression
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correlates with pacemaker phenotype is not known.44,49 Our
data indicate that the stretch-activated nonselective cation
channel, Piezo1 (Fam38a),50,51 is higher in Tbx18-iPMs at both
protein (1.7-fold) and transcript levels (1.7-fold). Piezo1 can
sense both cell stretch and cell crowding.52 Piezo1 further
mediates flow-sensitive vasoconstriction in the endothelial cells
of mesenteric arteries53 and is elevated in cardiomyocytes in
response to Angiotensin II and in heart failure.54 Polycystin2
(Pkd2 or Trpp2) is implicated in Ca2+-dependent autophagy
and intracellular Ca2+ handling in cardiomyocytes, (because
there are several "and"s in the sentence that require some help55

and mediates flow-induced extracellular Ca2+-influx in the
primary cilium of kidney cells. Our data indicate that Pkd2 was
significantly upregulated at the protein level (1.8-fold) while
Pkd1 transcripts were up 1.9-fold. TrpM7 protein, which has
been reported to be important for pacemaker cells’ automa-
ticity,56 was upregulated (1.3-fold). Other Trp channels such as
TrpC3, TrpC6, and TrpV2, all of which have documented roles
modulating sarcolemmal Ca2+-flux, were significantly upregu-
lated at the transcript level. The fact that Piezo1, Pkd2, and
TrpM7 are upregulated in cardiac fibroblasts relative to
myocytes57 provides further impetus to examine the roles of
these channels in the mechano-sensitivity of the sinus rhythm.

Transcriptional regulators of Hcn4 are implicated in module
1a of Figure 7A−7C. Evidence from knockout mouse studies
indicates that Nkx2.5 is a transcriptional repressor of Hcn4.58

Tbx18 may inhibit Nkx2.5 directly or indirectly through
increased expression of Shox2, which has been shown to
suppress the expression of Nkx2.5.58,59 Alternatively, Notch
signaling may also play a role, as overexpression of Notch is
sufficient to increase Hcn4 expression and subsequently If
density in NRVMs.60 In this regard, Notch2 and Notch3 are
upregulated by 1.8- and 2-fold, respectively, in the Tbx18-iPM
proteome. These mechanisms need not be mutually exclusive
and may all contribute to the pacemaker electrogenic profile in
Tbx18-iPMs.
Transdifferentiation into Pacemaker Cell Morphology by
Tbx18

EMT figures prominently in the morphological plasticity of
many cell types, including epicardial cells, and is integral to
cardiac development.61 Briefly, epithelial cells undergoing EMT
are characterized by structural polarity and tight cell coupling.
They undergo a transformation to a mesenchymal fate whose
morphology is well suited for motility and migration, all without
dedifferentiating to a pluripotent state.61,62 Tbx18 is expressed
in both epicardial progenitors and SA nodal cells. Interestingly,
Tbx18 expression is required to mediate TGFβ-initiated
epicardial transition in vitro,33 yet knocking out Tbx18 in mice
did not prevent the epicardial EMT in vivo.63 Here, we show that
Tbx18 expression suffices to recruit the EMT transcriptional
program (upregulation of at least 6 EMT transcription factors)
and elicit differential regulation of 96 cytostructural EMT
hallmarks in ventricular myocytes (Figure 5D). The process is
orchestrated by specific transcription factors, including Snai1,
Snai2, Twist1, Twist2, Zeb1, and Zeb2. These factors bind and
redistribute epigenetic modulators, including histone acety-
lases/deacetylases and methyltransferase/demethylases, serving
as both transcriptional repressors and activators. We have shown
previously that conversion of ventricular myocytes to pacemaker
cells by Tbx18 involves durable epigenetic reprogramming,
increasing H3K27Me3-mediated repression of the promoters of

Kcnj2, Gja1, and Actn2 genes while increasing H3K4Me3-
mediated activation of Hcn4.3

The network models in Figure 7A−7C offer testable
hypotheses for how Tbx18 activates the EMT program in
myocytes. Heat diffusion indicates that EMT transcription
factors and minimal myocyte identity factors (GMTH) are
positioned close to each other in the network neighborhood,
suggesting that effects of Tbx18 are direct, or need only a few
intermediaries. Direct binding of Tbx18 on the promoter region
of Snai2 in epicardial cells33 is in line with our network model.
Recently reported Tbx18-binding partners in HEK293 cells64

have little overlap with the top candidates from our network
analysis. This is likely attributable to differences between
primary cardiomyocytes and the immortalized embryonic
kidney cells. Future ChIP-Seq and ChIP-MS studies in Tbx18-
treated iPMs will inform and help refine the Tbx18/EMT
model.
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