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Twist transcription factors function as ancestral regulators of
mesodermal cell fates in organisms ranging from Drosophila to
mammals. Through lineage tracing of Twist2 (Twz2)-expressing
cells with tamoxifen-inducible Tw2-CreERT2 and tdTomato (tdTO)
reporter mice, we discovered a unique cell population that pro-
gressively contributes to cardiomyocytes (CMs), endothelial cells,
and fibroblasts in the adult heart. Clonal analysis confirmed the
ability of Tw2-derived tdTO* (Tw2-tdTO") cells to form CMs in
vitro. Within the adult heart, Tw2-tdTO* CMs accounted for
~13% of total CMs, the majority of which resulted from fusion
of Tw2-tdTO* cells with existing CMs. Tw2-tdTO" cells also con-
tribute to cardiac remodeling after injury. We conclude that Tw2-
tdTO™ cells participate in lifelong maintenance of cardiac function,
at least in part through de novo formation of CMs and fusion with
preexisting CMs, as well as in the genesis of other cellular compo-
nents of the adult heart.
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dult mammalian hearts have limited capacity for self-

renewal. In the adult mouse, new cardiomyocytes (CMs)
are produced at a rate of 1.3-4% per year (1). In humans, only
~1% of CMs renew each year before age 20 y, declining later in
life to 0.4%/y (2). Upon myocardial injury, such as myocardial
infarction (MI), the rate of CM turnover increases but is in-
sufficient to offset CM loss, resulting in contractile demise and
eventual heart failure (3-6).

Studies combining genetic lineage tracing and radioactive
isotope labeling revealed that the few myocytes that are gener-
ated after birth arise largely from the proliferation of existing
CMs (2, 5, 7, 8), whereas resident c-kit" cardiac progenitor cells
(CPCs) were originally reported to contribute significantly to
CM renewal (9). Recent genetic lineage-tracing studies question
these conclusions by showing only a minimal contribution of c-
kit" CPCs to CM renewal in the adult heart both during ho-
meostasis and after injury (10-12). Although the contribution of
c-kit™ cells to adult CMs appears minimal, a low level of renewal
activity from CPCs is detectable, especially during cardiac
remodeling after injury (3). In this regard, other types of CPCs
have been identified in mice and humans based on the expres-
sion of specific cell-surface markers or cellular phenotypes; these
include resident Scal™ CPCs, cardiac side population (SP) cells,
WT1" epicardial-derived cells, Isletl (Isl1)* CPCs, endothelial-
derived CPCs, and W8B2* CPCs (9, 13-23). Although most of
these CPCs have been reported to contribute to CM self-renewal
to various extents, there is no consensus as to the set of markers
that specifically identify CPCs, nor is there an understanding of
the potential lineage relationships among the CPC populations.

Members of the Twist family of basic helix-loop-helix tran-
scription factors function as ancestral regulators of mesodermal
cell fates in organisms ranging from Drosophila to mammals (24—
27). In adult Drosophila, Twist expression is restricted to muscle
precursors, which are similar to muscle stem cells in vertebrates
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(28) and are required for the formation of the adult musculature
(29). There are two Twist genes in vertebrates, Twist! (Twl) and
Twist2 (Tw2), which are highly homologous and evolutionarily
conserved (30). It has been shown that Twist overexpression can
revert the terminal differentiation status of skeletal myotubes to
undifferentiated myoblasts (31). Tw2 global-knockout mice failed
to thrive and died by postnatal day (P) 15. Before death, homo-
zygous mutant mice were underweight and frail and showed signs
of impaired movement and wasting. The mutant mice also showed
notable skin abnormalities and severe fat deficiency. A cardiac
phenotype was not observed in 7w2 global-knockout mice by P15,
possibly due to redundancy with its close family member Tw1 (32).
Recently, we discovered an interstitial myogenic progenitor,
marked by the expression of Tw2, which gives rise to type IIb/x
skeletal muscle fibers (33). Twl has also been shown to promote
epithelial-mesenchymal transition (EMT), metastasis, and tumor
stemness in many cancer models (34-36). Collectively, these
studies support the premise that Twist expression influences the
stem cell state as well as cell-fate determination.

Within the developing heart, Twl controls proliferation, mi-
gration, and differentiation of the cardiac cushions (37, 38), but
the potential involvement of Twist genes in the adult mouse
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heart has not been explored. Here, by lineage tracing using in-
ducible Tw2-CreERT?2 and tdTomato (tdTO) reporter mice, we
discovered a Tw2-tdTO™ cell population that contributes to a
subset of CMs as well as endothelial cells (ECs) and fibroblasts.
Intriguingly, this cell population fuses with preexisting CMs and,
to a lesser extent, gives rise to new CMs de novo. Our findings
reveal a unique population of interstitial heart cells that con-
tributes to cardiac homeostasis and regeneration.

Results

Tw2-tdTO* Cells Contribute to CMs in the Adult Heart. To explore
the role of Tw2 in the adult heart, we first examined its ex-
pression in the adult mouse myocardium by immunostaining.
Tw2 protein was detected in interstitial cells throughout the
adult heart but not in CMs at 2-17 mo of age (Fig. 14 and SI
Appendix, Fig. S14). Consistent with these findings, Twl and
Tw2 mRNA transcripts were readily detected in non-CM pop-
ulations but not in CM populations separated by Langendorff
perfusion of the adult ventricles (Fig. 1B).

To further assess the potential contribution of Tw2-expressing
cells to adult tissues, we generated tamoxifen (TMX)-inducible
Tw2-CreERT2; R26-tdTO reporter mice (33) in which Tw2-
expressing cells and their derivatives were terminally labeled
with tdTO. Following treatment of 8-wk-old Tw2-CreERT2;
R26-tdTO mice with TMX on three alternative days, we moni-
tored tdTO labeling as a marker for Tw2-expressing cells in the
heart at various time points (Fig. 1C). At 10 d post-TMX
treatment we observed tdTO labeling of interstitial cells but
rarely of CMs in the adult heart ventricles (Fig. 1D). Colocali-
zation of tdTO labeling and Tw2 protein was also observed in
interstitial cells at 10 d post-TMX treatment (SI Appendix, Fig.
S1B). In addition, tdTO-labeled CMs were significantly more
abundant in atria than in ventricles at 10 d post-TMX treatment
(SI Appendix, Fig. S1 C-E).

By 8 wk post-TMX treatment strong tdTO labeling was ob-
served in the CM population in both ventricles and atria as well
as in the interventricular septum (Fig. 1D and SI Appendix, Fig.
S1E). The number of tdTO* CMs continued to increase for up to
4 mo (Fig. 1D), when ~13% of CMs in the ventricles were la-
beled by tdTO (Fig. 1E). No tdTO™ labeling was detected in the
hearts of Tw2-CreERT2; R26-tdTO mice without TMX treat-
ment even at 9 mo of age, indicating that there was no leakiness
of the reporter (SI Appendix, Fig. S1F).

To determine whether the contribution of Tw2-tdTO" cells to
CMs is age dependent, we performed TMX treatment on 7-mo-
old Tw2-CreERT2; R26-tdTO mice (Fig. 1F). At 3 and 9 mo
post-TMX treatment, only non-CMs were labeled by Tw2-tdTO
in these mice (Fig. 1G). This is in contrast to the observation that
in young adult (8-wk-old) mice both CMs and non-CMs were
labeled by Tw2-tdTO (Fig. 1D). These findings suggest that Tw2-
tdTO™ cells contribute to ventricular CMs in young adult mice at
2 mo of age but lose this ability by 7 mo of age. Furthermore, in
comparison with the Tw2-tdTO labeling in CMs of young adult
mice (Fig. 1 C and D), our observations in older mice (Fig. 1 F
and G) indicate that tdTO labeling in CMs at 4 mo post-TMX
treatment is not due to Tw2 expression in adult CMs.

In addition to labeling CMs, ~7.5% of non-CMs were Tw2-
tdTO" in adult ventricles at 10 d post-TMX treatment and by
4 mo post-TMX treatment ~20.3% of total non-CMs were
Tw2-tdTO™ (SI Appendix, Fig. S1G), indicating a substantial
contribution of Tw2-tdTO™ cells to lineages other than CMs. Spe-
cifically, Tw2-tdTO-labeled ECs and fibroblasts but not smooth
muscle cells, as evidenced by costaining with cell-specific markers
at 10 d post-TMX treatment (Fig. 24). At 8 wk post-TMX treatment,
tdTO labeling continued to be observed in ECs and fibroblasts,
suggesting that Tw2 tdTO™ cells gradually contribute to these
cell lineages.
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Differentiation Potential of Tw2-tdTO* Cells in Vitro. To study their
differentiation potential in vitro, Tw2-tdTO" cells were isolated
together with other non-CMs from ventricles of adult Tw2-
CreERT2; R26-tdTO/* mice at 10 d post-TMX treatment.
Tw2-tdTO™ cells in regular culture medium spontaneously dif-
ferentiated into fibroblasts, as indicated by the expression of
DDR2, a fibroblast marker (Fig. 2B). Under culture conditions
that favor EC formation, Tw2-tdTO™ cells differentiated into
ECs and expressed the EC marker CD31 (Fig. 2B). Tw2-tdTO™*
cells differentiated into CMs when maintained in CM induction
medium, as identified by the expression of the CM marker car-
diac troponin T (cTnT) (Fig. 2B). Some of the differentiated
CMs began beating after 2 wk of culture (SI Appendix, Fig. S2
and Movie S1). These results are consistent with the cardiogenic
potential of Tw2-tdTO™ cells in vivo.

Given our prior findings that Tw2-tdTO™ cells within the in-
terstitial region of skeletal muscle can form skeletal muscle and
bone cells under appropriate conditions (32), we also exposed
Tw2-tdTO* cells isolated from the heart to culture conditions
that favor the formation of myotubes and osteoblasts. However,
we observed no myotube or osteoblast formation, suggesting that
the potential fates of Tw2-tdTO™ cells differ depending on the
tissue niche and/or lineage of origin.

Tw2-tdTO* Cells Contribute to CMs by both Fusion and de Novo
Differentiation. The progressive labeling of CMs in the young
adult heart (Fig. 1D) could result from either de novo generation
of CMs from Tw2-tdTO™ cells or fusion of Tw2-tdTO" cells with
existing CMs. To distinguish between these possibilities, we gen-
erated Tw2-CreERT2; ROSA26-mT/mG/* reporter mice by
breeding the Tw2-CreERT2 mice with Rosa26-mT/mG mice. The
R26-mT/mG mice harbor a membrane Tomato (mT) cassette and
a polyA signal flanked by two loxP sites at the Rosa26 locus,
followed by a membrane eGFP (mG) cassette (39). In the absence
of Cre activity, every cell in the Tw2-CreERT2; R26-mT/mG re-
porter mice expresses mT but not mG. Upon Cre activation by
TMX, the mT cassette is excised, resulting in mG expression and
loss of mT expression. Therefore, if a Tw2-expressing interstitial
cell fuses with an existing CM, both the mT and mG signal will be
present (SI Appendix, Fig. S3). In contrast, if a Tw2-expressing cell
differentiates de novo into a CM, that CM would be mG* and
mT~ (SI Appendix, Fig. S3).

To activate Cre expression, Tw2-CreERT2; R26-mTmG mice
were treated with three doses of TMX at 8 wk of age and were
kept on a TMX-containing diet for 14 wk. Two weeks before the
hearts were harvested, the TMX diet was removed (Fig. 34). As
shown in Fig. 3B, the majority of mG*™ CMs retained mT ex-
pression, indicating fusion of Tw2-mG" interstitial cells with
existing mT* CMs. To a lesser extent, we observed mG* CMs
without mT expression, indicating de novo formation of CMs from
a Tw2-mG" interstitial cell (Fig. 3B). All mG* non-CMs were
mT", validating the fidelity of the labeling strategy (Fig. 3B).

To quantify the frequency of differentiation versus fusion
events, hearts from Tw2-CreERT2; R26-mT/mG mice were dis-
sociated by Langendorff perfusion, and CMs of ventricles were
plated in culture. mG*/mT~ and mG*/mT* CMs were imaged and
quantified (Fig. 3C). Among the mG* CMs, 11% had lost mT
expression, indicating that they were derived from de novo dif-
ferentiation, whereas 89% of mG* CMs were derived from fusion,
as they retained mT expression. We further quantified the number
of nuclei in the fusion-derived mG*/mT* CMs and found that
99.3% of mT and mG double-positive cells had more than one
nucleus, with 69.2% having two nuclei and 30.1% having three or
more nuclei per cell (Fig. 3D). The percentage of cells with three
or more nuclei was 6.9-fold higher in mG*/mT" CMs than in mG™/
mT* cells. These results suggest that the majority of Tw2-mG*
cells fuse with CMs in young adult mice and that a small subset of
these Tw2-mG™ can differentiate into CMs.
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Fig. 1. Progressive contribution of Tw2-tdTO* cells to adult CMs. (A) Immunostaining of Tw2 (green) and a-actinin (violet) proteins on heart sections of 2-, 4-,
and 9-mo-old wild-type mice. (Scale bars: 100 pm.) (B) Expression of Tw1 and Tw2 transcripts in CM-enriched and non-CM-enriched populations in adult
mouse heart as detected by real-time RT-PCR (n = 3). (C) Schematic of TMX treatment. Tw2-CreERT2; R26-tdTO mice were injected with 1 mg of TMX on three
alternative days at 8 wk of age. Mice were analyzed at 10 d, 8 wk, and 4 mo following the first TMX injection. (D) Progressive tdTO labeling of CMs at the
indicated time points following TMX treatment. Sections were costained with cTnT (green) to detect CMs. (Scale bar: 100 pm.) (E) The percentage of Tw2-
tdTO* CMs in ventricles was quantified and averaged at the indicated time points. n = 3 mice for each time point. (F) Schematic of TMX treatment of aged
Tw2-CreERT2; R26-tdTO mice. (G) Hearts from aged Tw2-CreERT2; R26-tdTO mice at the indicated times post-TMX treatment were costained with cTnT
(green). (Scale bar: 100 pm.) Data in B and E are expressed as mean + SEM.
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Fig. 2. Tw2-tdTO™ cells express markers of fibroblasts and ECs but not
smooth muscle cells. (A) Ventricles from 10 d (Upper) and 8 wk (Lower) post-
TMX treatment were immunostained with antibodies against CD31,
vimentin, or smooth muscle a-actin (x-SMA). White arrowheads indicate
colocalization with tdTO signals. (Scale bar: 100 pm.) (B) Ventricles from 10 d
post-TMX treatment were dissociated, and the non-CM-enriched population
was cultured for a week and immunostained with antibodies against DDR2
(Upper), CD31 (Middle), or cTnT (Lower). (Scale bar: 100 pm.)

Cardiogenic Potential of Single Tw2-tdTO™ Cells. The finding that a
small but significant number of CMs were derived de novo from
Tw2-tdTO™ cells suggests that Tw2-tdTO* cells in the adult
heart include a potential cardiogenic population. To determine
whether single Tw2-tdTO™" cells can differentiate into CMs, we
performed clonal analysis of Tw2-tdTO" cells. Briefly, Tw2-
CreERT2; R26-tdTO/* mice were treated with TMX at 8 wk
of age as described in Fig. 1C. Ten days after the first dose of
TMX, cells from the heart ventricle were dissociated, and Tw2-
tdTO™ interstitial cells were isolated by FACS (Fig. 44). To
avoid contamination of CMs in the isolation, we stained cells
with the mitochondrial dye Mitoview 633, which preferentially
labels CMs because of their high mitochondria content. Single
clones of Tw2-tdTO™ interstitial cells, identified as tdTO* and
Mitoview 633'°Y, were sorted into individual wells on 96-well
plates and were cocultured with murine embryonic fibroblasts
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Fig. 3. Tw2-tdTO" cells fuse with CMs in adult hearts. (A) Schematic of TMX
treatment of Tw2-CreERT2; R26-mT/mG mice. (B) Representative images of
differentiation and fusion events detected in the hearts of Tw2-CreERT2;
R26-mT/mG mice. (Left) The mG* CMs no longer express the mT signal, in-
dicating de novo CM formation (white arrowhead). (Center) The Tw2-mG*
CMs are mT~ (white asterisks). (Right) The Tw2-mG* CMs retain mT expres-
sion, indicating that Tw2-mG* non-CMs fused with existing CMs (white
arrow). Nuclei were stained with DAPI (blue). (Scale bar: 100 pm.) (C) CMs
from ventricles of the Tw2-CreERT2; R26-mT/mG mice were dissociated and
plated in culture. (Upper) A de novo CM that is mG* but mT~. (Lower) Evi-
dence of a fusion event in which the CM is mG*™ and mT* double positive.
(Scale bar: 100 um.) (D) Percent of cells that contain 1, 2, or >3 nuclei among
all mT* and mG~ CMs or mT* and mG* CMs. n = 3 mice. Data in D are
expressed as mean + SEM.
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Fig. 4. Clonal and marker analysis of Tw2-tdTO* cells. (A) Schematic of the
analysis of Tw2-tdTO™" cells in vitro. Following Langendorff perfusion and FACS
isolation, Tw2-tdTO™ cells from ventricles were subjected to cell-surface marker
analysis and RNA-seq. In addition, single Tw2-tdTO™ clones were plated on 96-well
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(Scale bars: 100 pm.) (C) Summary of cell marker expression of Tw2-tdTO* cells by
FACS analysis. Hematopoietic stem cell (HSC), multipotent progenitor (MPP), and
common myeloid progenitor (CMP). (D) Quantification of Tw2-tdTO* ECs as a
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(MEFs) (Fig. 4 A and B and SI Appendix, Fig. S44). Tw2-tdTO™"
clones were then cultured for 3 wk in growth medium before
being switched to differentiation medium to induce cardio-
genesis (Fig. 4B). CMs derived from individual Tw2-tdTO™
clones were identified by immunostaining for ¢cTnT and were
captured by high-throughput confocal microscopy. Of 4,512
Tw2-tdTO™" clones, 43 were positive for ¢TnT staining (Fig. 4B),
while other clones were negative for cTnT (SI Appendix, Fig.
S4B), demonstrating that 0.95% of the Tw2-tdTO" single clones
differentiate into CMs in vitro. Taken together with the in vivo
observations, these findings suggest that a subset of Tw2-tdTO*
cells has the potential to differentiate into CMs.

Molecular Signature of Tw2-tdTO* Cells. To further define the
molecular identity of Tw2-tdTO™ cells, we examined by FACS
analysis the expression of cell-surface markers on Tw2-tdTO™
cells freshly isolated from 8-wk-old Tw2-CreERT2; R26-tdTO/*
mice at 10 d post-TMX treatment (Fig. 44). Tw2-tdTO™ cells
were identified as tdTO™ and Mitoview 633'°Y cells (ST Appendix,
Fig. S44). FACS analysis revealed that the CPC marker c-kit
was expressed in 10.2% of Tw2-tdTO™ cells, while Scal was
expressed in 2.3% of the cells. In addition, consistent with the in
vivo findings, 10.4% of the Tw2-tdTO™ cells expressed the EC
marker CD31, and 39.1% of them were identified as fibroblasts
by CD90" and CD31" surface maker staining (Fig. 4C).

To confirm the fidelity of the FACS analysis, we immunos-
tained Tw2-tdTO" cells for ¢TnT and Twist at 10 d post-TMX
treatment and found that 97.8% of the Tw2-tdTO™ cells were
Twist™ and 99.93% were c¢TnT~ (SI Appendix, Fig. S4C). Fur-
thermore, 93.8% of the Tw2-tdTO™ cells expressed the mesen-
chymal stem cell (MSC) marker CD105, while other MSC
markers, such as CD73, CD44, and CD29, were expressed at
varying levels in Tw2-tdTO" cells (Fig. 4C and SI Appendix, Fig.
S4D). Multicolor FACS analysis using an MSC antibody panel
revealed that 1.2% of the Tw2-tdTO™ cells expressed the con-
sensus MSC markers CD105, CD29, and Sca-1 but not CD45 (SI
Appendix, Fig. S4E). MSCs have the potential to differentiate
into CMs both in vitro and in vivo (40, 41). Therefore, it is
possible that the cardiogenic population of Tw2-tdTO™" cells
represents a subset of resident MSCs.

We also quantified the contribution of Tw2-tdTO™ cells to
ECs and fibroblasts over time by FACS analysis. At 10 d post-
TMX treatment, 3.1% of the Tw2-tdTO™ cells were identified as
ECs, and the number increased to 33.4% at 4 mo post-TMX
treatment (Fig. 4D). In addition, Tw2-tdTO™ cells accounted
for 6.4% of all cardiac fibroblasts at 10 d, and the population
increased to 38.1% at 4 mo post-TMX treatment (Fig. 4F). We
conclude that Tw2-tdTO" cells contribute to a substantial pro-
portion of ECs and fibroblasts in the heart. However, since 3.1%
of ECs and 6.4% of cardiac fibroblasts are labeled by tdTO at
10 d post-TMX treatment, we cannot exclude the possibility that
Tw2 is expressed in a small population of ECs and fibroblasts
which give rise to more ECs and fibroblasts over time.

Single-Cell RNA Sequencing of Tw2* Cells. To determine whether
Tw2-tdTO" cells are a homogenous or heterogeneous cell pop-
ulation, we performed single-cell RNA-sequencing (scRNA-seq)
on the Tw2-tdTO" cells. Tw2-tdTO" cells were isolated by
FACS based on the expression of tdTO from ventricles of Tw2-
CreERT2; R26-tdTO/* mice at 10 d post-TMX treatment.
Graphic clustering based on transcriptional similarities revealed

percentage of total cardiac ECs at 10 d and 4 mo post-TMX treatment as
determined by FACS analysis. n = 3 mice for each time point. (E) Quantifi-
cation of Tw2-tdTO" fibroblasts as a percentage of total cardiac fibroblasts
at 10 d and 4 mo post-TMX treatment as determined by FACS analysis. n =
3 mice for each time point. Data in D and E are expressed as mean + SEM.
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four main clusters of 232 Tw2-tdTO™ cells, indicating that they
are a heterogeneous population (SI Appendix, Fig. S54). Each
cluster exhibited distinct gene-expression patterns (SI Appendix,
Fig. S5B), which could be categorized as ECs, fibroblasts, im-
mune cells, and smooth muscle cells based on the top 10 marker
genes. Further clustering using MSC cell markers revealed that a
small population of Tw2-tdTO" cells expresses MSC marker
genes, correlating with the results of FACS analysis (Fig. 4C and
SI Appendix, Figs. S4 D and E and S5C).

To determine the molecular signature of Tw2-tdTO™ cells, we
performed unbiased transcriptome profile analysis by RNA-seq.
Tw2-tdTO" and Tw2-tdTO™ cells were isolated by FACS based on
the expression of tdTO from ventricles of Tw2-CreERT2; R26-
tdTO/* mice at 10 d post-TMX treatment (SI Appendix, Fig. S6A).
Transcriptome analysis revealed that Tw2-tdTO™ cells and Tw2-
tdTO™ cells displayed highly distinct gene-expression patterns
(Fig. 54). Bioinformatics analysis identified 3,365 genes that were
differentially expressed between the two populations, with 1,502
genes being enriched in Tw2-tdTO™ cells and 1,863 genes being
down-regulated (Fig. 54). A list of the top 20 enriched genes in
Tw2-tdTO" cells is shown in Fig. 5B, including the known Tw2
target genes Ctgf, Htr2b, and Sox9, the EMT regulators Foxcl,
Foxc2, and Tgfb2, and Fgf2, an upstream regulator of Tw2 (Fig.
5B). Sixteen gene-expression clusters were assigned according to
the hierarchy correlations of the differentially expressed genes
(Fig. 5A4). These clusters were functionally annotated using Gene
Ontology (GO) analysis and compared using clusterProfiler (Fig.
5C). Clusters 2-7 represent the enriched genes in the Tw2-tdTO™
cells, and clusters 9-15 represent the enriched genes in the Tw2-
tdTO™ cells. Clusters for enriched genes in Tw2-tdTO" cells were
grouped into several GO biological functions (Fig. 5C). Angio-
genesis-, mesenchymal tissue development-, and epithelial cell
proliferation-related genes were enriched in clusters 2 and 4. In
addition, cluster 4 includes genes involved in epithelial cell mi-
gration. These results are consistent with the known functions of
Tw2 in these pathways. Cluster 3 represents kidney morphogen-
esis- and renal developmental-related genes, which is consistent
with reports showing that Tw1 activation is a common mechanism
in the pathophysiology of a wide range of chronic renal diseases
(42, 43). Ribosomal RNA processing- and ribosome biogenesis-
related genes were represented in clusters 4 and 7. Enriched genes
in the Tw2-tdTO™ cells correlated with immune cell activation,
migration, and proliferation pathways, as depicted in clusters 9, 10,
12, and 14 (Fig. 5C).

Ingenuity Pathway Analysis (IPA) also revealed that genes
with enriched expression in Tw2-tdTO" cells were involved in
EIF2 signaling, mTOR signaling, embryonic stem cell pluri-
potency, EMT, and cancer metastasis, consistent with the known
functions of Tw2 in these pathways (SI Appendix, Fig. S64). GO
analysis revealed similar pathways for genes with enriched ex-
pression in Tw2-tdTO™ cells (SI Appendix, Fig. S6B).

Comparison of Cardiac and Skeletal Muscle Tw2* Cells. Within adult
skeletal muscle, Tw2 marked an interstitial myogenic progenitor
population that contributes to type IIb/x myofibers (33). To de-
termine the similarity of Tw2-tdTO™ cells in heart and skeletal
muscle, we compared the transcriptome of these two cell pop-
ulations and found that they were significantly different by prin-
cipal component analysis (PCA) (Fig. 5D). Whereas 380 genes
were enriched in Tw2-tdTO™ cells from both heart and skeletal
muscle, 1,123 genes were enriched only in cardiac Tw2-tdTO™
cells, and 2,133 genes were expressed only in Tw2-tdTO™ cells
from skeletal muscle. These results are consistent with our in vitro
differentiation assays and indicate that Tw2-tdTO™ cells from the
heart and skeletal muscle are largely distinct populations derived
from different origins. Interestingly, IPA analysis of the 380 genes
that were coexpressed in the two Tw2-tdTO™ populations revealed
that they are involved in pathways associated with stemness, such
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Fig. 5. Transcriptome analysis of Tw2-tdTO™ cells in adult heart. (4) Heat map
of 3,365 genes in freshly sorted Tw2-tdTO™ and Tw2-tdTO™ cells in the heart as
identified by RNA-seq. Cells were isolated by FACS from ventricles of Tw2-
CreERT2; R26-tdTO mice at 10 d post-TMX treatment. n = 3 for each sample.
Sixteen clusters of genes were identified and are indicated on the left. (B) The
top 20 most enriched genes in Tw2-tdTO™" cells, as identified by RNA-seq. (C) The
GO enrichment by differentially expressed genes in Tw2-tdTO* and Tw2-tdTO~
cells analyzed using the clusterProfiler R package. The size of the circle corre-
sponds to the number of genes enriched for a particular GO term (gene ratio).
The enrichment term is represented by colored dots (red indicates high enrich-
ment, and blue indicates low enrichment). (D) PCA of Tw2-tdTO* and Tw2-tdTO™
cells in skeletal muscle (SKM) and hearts from Tw2-CreERT2; R26-tdTO mice
identified by RNA-seq. (E) The Venn diagram indicates overlapping genes and
genes that are differentially in Tw2-tdTO™" cells in heart and skeletal muscle.
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as cancer metastasis, embryonic stem cell pluripotency, and car-
diogenesis (SI Appendix, Fig. S6C). Since Tw2-tdTO™ cells have
fusogenic potential, we looked for known muscle cell fusion-
related genes, such as myomaker and myomixer in the Tw2-
tdTO™ and Tw2-tdTO" populations. No significant differences
in expression of myomaker and myomixer were detected between
the two populations (S Appendix, Fig. S6D).

Tw2-tdTO* Cells Contribute to Cardiac Remodeling After Myocardial
Infarction. Our results showed that Tw2-tdTO" cells give rise to
CMs in the young adult heart. To determine whether Tw2-
tdTO™ cells contribute to cardiac remodeling after injury, we
performed permanent ligation of the left anterior descending
(LAD) artery to induce MI in 9-wk-old Tw2-CreERT2;R26-
tdTO mice that had been treated with TMX 1 wk before sur-
gery, as schematized in Fig. 64. One week post-MI, Tw2-tdTO™*
cells were strongly activated at the infarct and border zones of
infarcted hearts (Fig. 6B), and there were more Tw2-tdTO* CMs
in the remote zone following MI than in mice treated with sham
surgery (Fig. 6B and SI Appendix, Fig. S74). We also performed
transient LAD artery ligation followed by release of the ligation
to induce ischemia—-reperfusion (I/R) injury and observed similar
accumulation of Tw2-tdTO™ interstitial cells and CMs at 1 wk
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postinjury (Fig. 6B). Injury-induced Tw2-tdTO™ interstitial cells
expressed markers of ECs (CD31) or of fibroblasts (Vimentin) in
the infarct zone, border zone, and remote zone of MI or I/R
hearts (Fig. 6C and SI Appendix, Fig. S7B). More Tw2-tdTO™"
cells differentiated into ECs than into fibroblasts after injury
(Fig. 6 C and D). Tw2-tdTO™ ECs were more abundant in the
infarct and border zones than in the remote zone (Fig. 6 C and
D). Tw2-tdTO™ cells continued to accumulate in the infarct zone
of MI or I/R hearts at 2 wk postinjury (SI Appendix, Fig. S7C).
Together, these results indicate that Tw2-tdTO" cells participate
in cardiac remodeling during injury.

Discussion

Using genetic lineage tracing, we identified a previously un-
recognized population of cardiogenic cells in the adult heart
marked by the expression of Tw2. Tw2-tdTO" cells can con-
tribute to CMs, ECs, and fibroblasts in vivo and in vitro (Fig. 7).
We did not exclude the possibility that the population of Tw2-
tdTO™ cells contains a subset of ECs and fibroblasts before 10 d
post-TMX treatment, thus continuously giving rise to subsequent
EC and fibroblast populations. Although the majority of Tw2-
tdTO™ cells contribute to CMs via fusion, a small subset of Tw2-
tdTO" cells can differentiate into CMs in vivo and in vitro,
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Fig. 6. Tw2-tdTO" cells contribute to cardiac remodeling after MI. (A) Schematic of TMX treatment and LAD artery ligation to induce Ml or I/R in Tw2-
CreERT2; R26-tdTO mice. (B) Different areas of the heart after Ml and I/lR were immunostained with ¢cTnT (green). Shown are the infarct zone (Left), border
zone (Center), and remote zone (Right) 1 wk after MI. (Scale bar: 100 pm.) (C) One week after Ml different areas of the heart were costained with vimentin
(gray) and CD31 (green). White arrowheads indicate colocalization with tdTO signals. Shown are the infarct zone (Left), border zone (Center), and remote
zone (Right) after 1 wk of ML. (Scale bar: 100 um.) (D) Quantification of tdTO* ECs, fibroblasts, and CMs as a percentage of total of total tdTO" cells in the
infarct zone (1Z), boarder zone (BZ), and remote zone (RZ) of the heart 1 wk after MI. n = 3. Data are expressed as mean + SEM. (D) Quantification of Tw2-
tdTO™ ECs, fibroblasts, and CMs as a percentage of total tdTO" cells 1 wk after Ml in Tw2-CreERT2; R26-tdTO mice. n = 3. Data are expressed as mean + SEM.
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Fig. 7. Model for the role of Tw2-tdTO™ cells in heart maintenance. In the
adult heart, Tw2-tdTO" cells can give rise to CMs and maintain a group of
fibroblasts and ECs. Tw2-tdTO™ cells contribute to CMs mainly by fusion.

confirming their cardiogenic potential. Tw2-tdTO™ cells are ac-
tivated in response to MI and I/R injury. Tw2-tdTO™ cells appear
to represent a subset of MSCs and are distinct from other CPCs
that have been reported to give rise to CMs, including Scal™,
c-kit*, SPs, and endothelial-derived CPCs.

Comparison with Other CPCs. There is intense debate in the field as
to whether adult CPCs exist and make functional contributions
to the adult heart (10, 11, 44). Scal-derived cells have been
reported to make a substantial and lasting contribution to CMs
during normal aging (17). These cells are a source for CM re-
newal rather than fusion. Scal* cells were further subdivided
based on marker gene expression, among which the PDGFRa*/
Scal™ subgroup displayed both cardiogenic potential and clo-
nogenicity (18). In addition, ECs retain cardiogenic potential in
specific areas of the adult heart (23). Endothelial-derived CPCs
express GATA4 and Scal, and the majority of Scal* CPCs are
derived from cells with endothelial characteristics, indicating
substantial overlap between these CPC populations (23). Tw2-
tdTO" cells from the adult heart share similarities with these
cells in terms of cardiogenic potential and clonogenicity. How-
ever, based on FACS analysis, less than 3% of Tw2-tdTO™ cells
express Scal and Scal/PDGFRa, and only 10% are CD31*. In
addition, our study shows that Tw2-tdTO" cells contribute to
13% of CMs after 4 mo of lineage tracing, which is a higher level
than reported by lineage tracing with other CPC markers (10,
17). These results indicate that Tw2-tdTO" cells are distinct
from Scal™, c-kit™, and EC-derived CPCs. Our study also showed
that Tw2-tdTO* cells are a heterogeneous population, as
assessed by FACS analysis and scRNA-seq. These results in-
dicated that there is a potential subpopulation within the Tw2-
tdTO" population that contributes to specific cell types. MSCs
have been shown to differentiate into CMs both in vitro (40) and
in vivo (41). In humans, a novel population of MSCs marked by
expression of W8B2 has been found in adult atrial appendages
(22). These W8B2* CPCs are clonogenic, are capable of self-
renewal in culture, and can give rise to several cell lineages
within the heart, including CMs, ECs, and smooth muscle cells
(22). It will be interesting to examine whether Tw2-tdTO" cells
also exist in humans and whether there is overlap between Tw2-
tdTO™ cells and W8B2" CPCs.

Fusion and Ploidy. While adult CMs are generally multinucleated,
the potential contributions of fusion versus nuclear division
without cytokinesis to this phenomenon are not fully understood.
A recent study reported transient membrane fusion events in the
zebrafish heart (45). Fusion between CMs and resident cells or
CMs within the adult heart has not been characterized in mice,
possibly due to the lack of knowledge of the cell types and/or
markers for this event. Our findings show that resident Tw2-tdTO™
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cells can fuse with existing CMs during normal aging in mice.
Interestingly, fusion of Tw2-tdTO" cells with CMs occurs only in
young adult but not in aged mice. Cell fusion can provide specific
proteins or change gene expression of CMs during aging. It would
be interesting to understand the downstream gene-expression
differences between the Tw2-tdTO™ cells in 2-mo-old and 7-mo-
old mouse hearts, which may provide insights into the potential
mechanism for CM maintenance under homeostasis in young and
old adult hearts. Cell fusion can offer substantial beneficial effects
in the setting of heart disease. For example, transplanted bone
marrow cells have been shown to fuse with CMs to rescue them
from apoptosis and restore cardiac function following ischemic
injury (46-48). Thus, enhancing cell fusion may provide a means
of preserving CMs following ML Since Tw2 tdTO™ cells are ac-
tivated following MI, they might play a role in maintaining CM
survival and/or function after injury.

Twisting Cell Fate. Twist proteins can influence cell-fate decisions
by inhibiting lineage-specific transcription factors, such as MyoD
in the muscle lineage (49). Twist proteins can also reverse the
terminal differentiation of myotubes and promote their pro-
liferation to become undifferentiated myoblasts (33, 50). RNA-seq
analysis confirmed that Tw2 overexpression inhibits myogenesis
and activates genes involved in cell-cycle regulation, cancer me-
tastasis, many signaling pathways, and EMT (33). Generating
heart-specific Tw2 and/or Twl conditional-knockout mice would
reveal the cardiac lineage contribution of Twist proteins. In ad-
dition, Twist has been reported to inhibit chondrogenesis (51) and
osteogenesis (52) but to promote adipogenesis (53). Similar results
were observed when Twist proteins were overexpressed in human
bone marrow MSCs. MSCs overexpressing Twl and Tw2 showed a
higher proliferation rate and extended life span and maintained an
immature mesenchymal precursor phenotype (53). In this study,
Tw2 was used as a marker for lineage tracing in the heart. How-
ever, given the involvement of Twist proteins in differentiation of
several MSC lineages, it is conceivable that Tw2 plays a role in
regulating cardiac lineage and CM homeostasis in adult mice.

Materials and Methods

Mouse Lines. Tw2-CreERT2 mice were previously described (33). R26-tdTO
[(ROSA)26Sortm#(cAG-tdTomato) ' stqck no. 007914], and ROSA26-mT/mG
[(ROSA)26Sortm#ACTB-tdTomato, £GFP)LUo ;- gtk no. 007576)] mice were
obtained from the Jackson Laboratory. Both male and female adult mice
were used in the studies. Mice were maintained on a mixed genetic back-
ground. Mice were maintained in 12-h light:dark cycles (light: 6:00 AM to
6:00 PM) at 22 °C. Animal work described in this paper was approved by and
conducted under the oversight of the University of Texas Southwestern In-
stitutional Animal Care and Use Committee.

Primary Cultures. Tw2-CreERT2;R26-tdTO mice were treated with TMX at 8 wk
of age. At 10 d after the first dose of TMX, a pool of cardiac cells from
ventricles (the atria were removed) was isolated using Langendorff perfusion.
Cells were then further separated by gravity and a BSA gradient into CM-
enriched and non-CM-enriched populations. Staining with Mitoview 633
(Biotium) was performed on the non-CM population, which was then sorted
on a BD Aria cell sorter based on tdTO and Mitoview633 signals. Tw2-TdTO*
cells and Tw2-TdTO™ cells were harvested for subsequent culturing, staining,
clonal analysis, or RNA-seq analysis.

Tw2-tdTO" cells were isolated by FACS sorting as the tdTO* and Mitoview
633'°" population. Cells were maintained in cardiac stem cell maintenance
medium (catalog no. SCM101; Millipore). For CM differentiation, cells were
switched to cardiomyocyte differentiation medium (catalog no. SCM102;
Millipore). For EC differentiation, cells were cultured in EGM-2 BulletKit EC
growth medium (catalog no. CC-3162; Lonza). For culturing fibroblasts, cell
were maintained in DMEM and 10% FBS.

TMX Treatment. Mice were randomly divided into treatment groups while
satisfying the criterion that the average body weight in each group would be
about the same. TMX (Sigma-Aldrich) was dissolved at 10 mg/mL in a mixture
of sesame oil and ethanol (9:1) and was administered by i.p. injection as
schematized in the figures. Tw2-CreERT2; R26-mTmG mice were placed on a
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TMX-containing diet (250 mg/kg) (Harlan Laboratories) immediately fol-
lowing TMX injection.

Histology and Imnmunohistochemistry. For immunohistochemistry, hearts were
harvested and fixed in 4% paraformaldehyde at 4 °C for 1 h. Tissues were
then switched to 10% sucrose/PBS overnight followed by 18% sucrose/PBS at
4 °C overnight before they were frozen, embedded, and sectioned. For
immunostaining, slides were rinsed three times in PBS and blocked in 10%
goat serum for 20 min followed by three rinses in PBS. This was followed by
overnight incubation with primary antibodies (see S/ Appendix, Table S1 for
antibody information). The following day, slides were washed three times in
PBS and incubated with anti-mouse and anti-rabbit secondary antibodies
conjugated to Alexa Fluor 488 or 555 (1:400 dilution; Invitrogen) for 1 h at
room temperature. Slides were washed three times in PBS and mounted in
VECTASHIELD containing DAPI (Vector Laboratories). For a list of primary
antibodies, please refer to S/ Appendix, Table S1.

FACS. Following isolation, mononuclear cells were resuspended in PBS/2%
BSA at 1 x 108 cells/50 pL, aliquoted into 100 pL per tube, and incubated on
ice for 1 h with Fc blocking agent and one of the following fluorophore-
conjugated antibodies: CD73-Alexa Fluor 488 rat IgG2A (1:50), CD44-APC rat
1gG2B (1:50), CD117-APC rat 1gG2B (1:50), CD31-APC rat 1gG2A (1:50),
CD90.2-APC rat IgG2A (1:50), Ly-6A/E-APC-Cy7 rat IgG2A (1:20) (all from BD
Biosciences-Pharmingen), CD105-APC rat IgG2A (1:50; BioLegend), pdgfra-
Alexa Fluor 488 goat IgG (1:50; R&D Systems), CD45-PerCP rat IgG2B (1:20;
R&D Systems), CD29-APC hamster 1gG (1:20; eBioscience), or CD105/Endoglin-
CFS rat 1gG2A (1:20; R&D Systems). Isotype-specific controls were also per-
formed on these cells. Unstained cells isolated from Cre* and Cre™ mice were
used as unstained controls. Cells were analyzed on a FACSCalibur (BD) flow
cytometer, and FACS data were analyzed using FlowlJo Software (Tree Star).
For a list of primary antibodies, please refer to SI Appendix, Table S1.

Immunostaining of Cultured Cells. Cells grown on plates or chamber slides
were fixed with 4% paraformaldehyde at room temperature for 15 min and
subsequently permeabilized with 0.3% Triton X-100/PBS. Cells were blocked
in 10% goat serum diluted in 0.1% Triton X-100/PBS at room temperature for
1 h. Primary antibodies were diluted in 1% goat serum/0.1% TritonX-100 and
were incubated at room temperature for 2 h (see S/ Appendix, Table S1 for
antibody information). Cells were washed, and secondary antibodies were
diluted in 1% goat serum/0.1%Triton X-100 and were incubated at room
temperature for 1 h. After washing with PBS, coverslips were mounted on glass
slides with VectoLab Mounting Medium (with DAPI) (Vector Laboratories).

Clonal Analysis. MEFs were used as feeder cells for clonal analysis. One day
before FACS sorting, confluent MEFs were treated with 8 pg/mL of mitomycin
Cfor 2.5 h at 37 °C to inhibit cell proliferation. Cells were then washed twice
with PBS followed by trypsinization. MEFs were then seeded into 96-well
plates at a density of 1.5 x 10° cells per plate in DMEM/10% FBS/penicillin
and streptomycin and were allowed to attach overnight at 37 °C. Two hours
before sorting, the medium was replaced with cardiac stem cell maintenance
medium (catalog no. SCM101; Millipore). Single clones of Tw2-tdTO™ cells
were sorted by FACS onto 96-well plates coated with MEFs, were cocultured
for 3 wk in cardiac stem cell maintenance medium, and then were switched
to CM differentiation medium (catalog no. SCM102; Millipore) to promote
CM differentiation. Cells were then stained with cTnT and Hoechst. High-
throughput imaging was performed using an IN Cell Analyzer 600 Cell Im-
aging System (GE Healthcare Life Sciences).

Adult MI and I/R. Mice (8-12 wk old) were anesthetized with 2.4% isoflurane
and placed in a supine position on a heating pad (37 °C). Animals were
intubated with a 19-gauge stump needle and were ventilated with room air
using a MiniVent mouse ventilator (Hugo Sachs Elektronik; stroke volume,
250 pL; respiratory rate, 210 breaths/min). Via left thoracotomy between the
fourth and fifth ribs, the LAD artery was visualized under a microscope and
ligated by using a 6-0 PROLENE suture. Regional ischemia was confirmed by
visual inspection under a dissecting microscope (Leica) by discoloration of
the occluded distal myocardium. For I/R, the ligation was released after
45 min of ischemia, and tissue was allowed to reperfuse as confirmed by
visual inspection. Sham-operated animals underwent the same procedure
without occlusion of the LAD artery.

Single-Cell RNA-Seq and Analysis. Tw2-tdTO* and Tw2-tdTO™ cells were iso-

lated from 8-wk-old mouse hearts 10 d after TMX treatment using the
protocol described in Primary Cultures section above. FACS-sorted cells were
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washed in PBS with 0.04% BSA and resuspended at a concentration of
~1,000 cells/pL. Library generation for 10x Genomics v2 chemistry was per-
formed following the Chromium Single Cell 3' Reagents Kit v2 User Guide:
CG00052 Rev B. Sequencing was performed on an lllumina NextSeq
500 sequencing platform using the 75-cycle kit. On average more than
500,000 reads per cell were sequenced.

Fastq files were generated using cellranger mkfastq and were mapped to the
mm10 genome using cellranger count with standard parameters. For cluster
identification, R package Seurat (https:/swww.nature.com/articles/nbt.3192) was
used. Briefly, the data matrices were imported into R and were processed with
the Seurat R package version 1.2.1. A minimum cutoff of 200 genes per cell and a
maximum cutoff of 5,000 genes per cell were used for this dataset. In addition,
cells in which >25% of total reads aligned to the mitochondrial genome were
removed. After data filtering, PCA was performed using highly variable genes.
The first eight principal components were used to find clusters with the reso-
lution parameter set to 1.0. Identified clusters were visualized with t-distributed
statistical neighbor embedding (tSNE) plots. Marker genes for each cluster were
identified using the FindMarkers function in Seurat. The scRNA-seq data have
been deposited in the Gene Expression Omnibus database under the ID code
GSE118411 (https:/Awww.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE118411).

RNA-Seq and Real-Time RT-PCR Analysis. Cells were resuspended in 1 mL of
TRIzol and homogenized using 20-gauge needles. Following chloroform
extraction, the supernatant was mixed with an equal volume of 75% ethanol
and loaded on RNeasy minicolumns (Qiagen). Total RNA was isolated
according to the manufacturer’s instructions (Qiagen). RNA quality was
verified by the Agilent 2100 Bioanalyzer, and RNA-seq was performed using
an Illumina HiSeq 2500 by the University of Texas Southwestern Genomics
and Microarray Core Facility.

For real-time RT-PCR analysis, total RNA was extracted from sorted cells
with TRIzol (Invitrogen) following the manufacturer’s instructions. cDNA
was synthesized using SuperScript Ill reverse transcriptase (Invitrogen), and
the expression of selected genes was analyzed by real-time RT-PCR using
Tagman probes.

Analysis of RNA-Seq Data. Quality assessment of the RNA-seq data was per-
formed using the NGS-QC-Toolkit (v2.3.3) (journals.plos.org/plosone/article?
id=10.1371/journal.pone.0030619). Reads with more than 30% nucleotides
with phred quality scores less than 20 were removed from further analysis.
Quality-filtered reads were then aligned to the mouse reference genome
GRCmM38 (mm10) using the Tophat2 (v 2.0.0) aligner using default settings
except for —library-type = fr-firststrand. Aligned reads were counted using
featurecount (v1.4.6) (https:/academic.oup.com/bioinformatics/article/30/7/
923/232889) per gene ID. Differential gene-expression analysis was done
using the R package DEseg2 (v 1.6.3). Cutoff values of absolute fold
change >1.5 and a false-discovery rate <0.05 were then used to select for
differentially expressed genes between sample group comparisons. Nor-
malized gene-count values were averaged within groups for heat map
generation and were clustered using the R package clusterProfiler (v3.6.0).

GO Analysis. The Database for Annotation, Visualization and Integrated Dis-
covery (DAVID) (v6.8) gene functional annotation and classification tool
[PubMed ID (PMID):19131956, PMID:19033363] was used to annotate the list of
differentially expressed genes with respective GO terms and to perform GO
enrichment analysis for biological function category. The enrichGO function in
clusterProfiler (v3.6.0) was used to perform GO enrichment analysis for each
cluster. GO groups were selected for significance by using a Pvalue cutoff of 1%.

Pathway Analysis. Significant pathway enrichment analysis was performed
using IPA (Ingenuity Systems). Statistically significant biological pathways
were then identified by using a P value cutoff of 0.05.

Statistical Analysis. All statistical analyses were performed using GraphPad
Prism 7 (GraphPad Software). Data are presented as mean + SEM. Differences
between groups were tested for statistical significance by using the un-
paired two-tailed Student’s t test. P < 0.05 was considered significant. For
analysis of multiple groups, we utilized the Holm-Sidak correction for
multiple comparisons with a false-discovery rate of 0.05. The number of
biological (nontechnical) replicates for each experiment is indicated.
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