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Abstract

Cardiosphere-derived cells (CDCs) are therapeutic candidates with disease-modifying bioactivity, 

but their variable potency has complicated their clinical translation. Transcriptomic analyses of 

CDCs from human donors have revealed that the therapeutic potency of these cells correlates with 

Wnt/β-catenin signalling and with β-catenin protein levels. Here, we show that skin fibroblasts 

engineered to overexpress β-catenin and the transcription factor Gata4 become immortal and 

therapeutically potent. Transplantation of the engineered fibroblasts into a mouse model of acute 

myocardial infarction led to improved cardiac function and mouse survival. And in the mdx mouse 

model of Duchenne muscular dystrophy, exosomes secreted by the engineered fibroblasts 

improved exercise capacity and reduced skeletal-muscle fibrosis. We also demonstrate that 

exosomes from high-potency CDCs exhibit enhanced levels of miR-92a (a known potentiator of 

the Wnt/β-catenin pathway), and that they activate cardioprotective bone-morphogenetic-protein 
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signalling in cardiomyocytes. Our findings show that the modulation of canonical Wnt signalling 

can turn therapeutically inert mammalian cells into immortal exosome factories for cell-free 

therapies.

EDITORIAL SUMMARY

Overexpression of β-catenin and the transcription factor Gata4 in skin fibroblasts converts them 

into therapeutically active cells that secrete reparative exosomes as shown in mice models of 

myocardial infarction and Duchenne muscular dystrophy.

Cardiosphere-derived cells (CDCs) trigger repair and functional improvement after injury to 

heart1, 2 and skeletal3 muscle. Several early-stage clinical trials of CDCs have shown 

benefits on surrogate markers of disease progression in acquired4 or congenital5 forms of 

heart failure. Mechanistic preclinical studies reveal that CDCs exert their benefits indirectly, 

by secreting exosomes and other extracellular vesicles (EVs) that stimulate anti-

inflammatory, antifibrotic, angiogenic, and cardiomyogenic pathways6. Nevertheless, 

therapeutic potency remains inconsistent: CDCs and other primary cell types7, 8 exhibit 

variable potency across donors9, and process improvement efforts can also inadvertently 

undermine potency10. Mechanistically-based strategies to increase potency are lacking, but 

highly desirable11.

For cardiac applications of cell therapy, the gold standard potency assay measures functional 

and/or structural recovery in vivo after myocardial infarction (MI) in rodents9. The 

continuing reliance on this costly, low-throughput model reflects a poor mechanistic 

understanding of the molecular determinants of potency. Here we systematically compared 

high- and low-potency human CDCs at transcriptomic, translational, and functional levels. 

The emergent insights not only include previously-unrecognized markers of CDC potency, 

but also strategies to enhance the therapeutic efficacy of CDCs, of other cell types, and of 

secreted exosomes.

Results

Implication of Wnt/β-catenin signaling in CDC potency

Variable therapeutic efficacy is evident among various human CDC lines subjected to in vivo 
testing post-MI. Fig. 1a shows the changes in global heart function, quantified 

echocardiographically as ejection fraction (EF), from mice injected with each of four high-

potency (HP) human CDC lines, four low-potency (LP) lines (selected for sequencing), or 

vehicle only (saline). Transcriptomic comparison of HP and LP CDCs revealed 

differentially-expressed Wnt signaling mediators, with activation of β-catenin signaling in 

HP CDCs (Fig. 1b). In contrast, non-canonical Wnt pathway members ror2, nfatc2, axin2, 

rac2, and apcdd1 were enriched in LP CDCs (Fig. 1c), while little difference was evident in 

several molecules that are shared by canonical and non-canonical Wnt signaling pathways 

(Frizzled receptors (Fig. 1d), Dishevelled, (Fig. 1e) and Wnt ligands (Fig. 1f)).

The RNA sequencing results motivated us to examine the relationship between Wnt/β-

catenin signaling and CDC potency. Pooled data for donor-specific total β-catenin protein 
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levels in CDCs revealed a strong correlation with therapeutic efficacy of the same cells in 
vivo (Fig. 2a). All CDCs were from putatively healthy donor hearts which had passed 

standard minimal criteria for human transplantation (including screening for infectious 

diseases) but had not been used for a technical reason (e.g., heart size, blood type) and thus 

were donated for research. No discernible correlation was found between clinical 

characteristics of donors (i.e. age, sex, ethnicity, or cause of death) and the observed potency 

of CDCs. HP CDCs exhibited ~2-fold higher β-catenin levels, on average, compared with 

LP CDCs. Wnt receptor expression, including low-density lipoprotein receptor 5/6 

(LRP5/6), promotes stabilization of cytoplasmic β-catenin and prevents its ubiquitination12. 

Wnt receptors LRP5/6 were elevated in HP CDCs (Fig 2b). Furthermore, the sphere-forming 

transition, central to the preparation of CDCs, involves a dramatic decrease then sharp rise of 

β-catenin levels in the CDCs thereafter (though variability among donors was observed) 

(Supplementary Fig. 1a).

Boosting β-catenin enhances potency

To test whether boosting β-catenin levels would improve therapeutic efficacy in LP CDCs, 

we used 6-bromoindirubin-3’-oxime (BIO), a reversible inhibitor of glycogen synthase 

kinase-3 beta (GSK3β) which is maximally effective in CDCs at 5 μM (Supplementary Fig. 

1b). By releasing GSK3β’s suppressive effect, BIO can increase β-catenin levels, which was 

indeed what we observed in a LP line exposed to BIO (LP-BIO, Fig. 2c). BIO decreased the 

expression of CD90, an antigen which correlates inversely with potency9, 13, without 

affecting the positive CDC identity marker CD105 or the negative identity marker DDR2 

(Supplementary Fig. 1c). Tideglusib, an irreversible inhibitor of GSK3β, had directionally 

similar but longer-lasting effects (Supplementary Fig. 1d, e). LP-BIO CDCs showed 

enhanced functional and structural benefits compared to unexposed LP CDCs (LP-Vehicle) 

(Fig. 2d–g). Enhancement of β-catenin did not affect the persistence of transplanted CDCs 

in host cardiac tissue (Supplementary fig. 2a).

Although donor-to-donor variability in potency is most common, we occasionally find that, 

for unclear reasons, different lots from the same master cell bank can differ in potency. Fig. 

2h shows that β-catenin levels increase when LP lots (LPL) are exposed to BIO (LPL-

BIO),and do so to levels comparable to HP lots (HPL) from the same donor. Such 

“corrected” lots also regain therapeutic efficacy in vivo (Fig. 2i). Finally, we have found that 

CDCs immortalized using simian virus 40 large and small T antigen (SV40 T+t) are not 

potent and exhibit low levels of β-catenin, but regain potency following β-catenin 

augmentation by exposure to BIO (Fig. 2j, k). Thus, in three different scenarios—donor-to-

donor variability, lot-to-lot variability, and immortalization—boosting CDC β-catenin levels 

increases cell potency.

Mest inhibits β-catenin through inhibition of LRP5/6 receptor expression

To understand how β-catenin drives potency, we compared the transcriptomes of LP CDCs 

to those of the same cell batches after exposure to BIO. As stated above, we have identified 

three scenarios associated with low potency: donor-related, in which all lots from a given 

donor lack potency; lot-dependent, in which some lots are potent and others are not; and 

immortalized CDCs (imCDCs). Using RNA sequencing, LP cells from each scenario were 
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compared after exposure to BIO versus vehicle alone. Fold changes were then pooled to 

identify genes up- or down-regulated by BIO (Fig. 3a). In addition to the many promoters of 

canonical Wnt signaling which were up-regulated, one basal negative regulator of Wnt 

signaling, mesoderm-specific transcript (mest), was strikingly downregulated (~30-fold; Fig. 

3b, c; Supplementary Fig. 2b, c). Differential expression of microRNAs (miRs) between the 

two groups further identified a cognate miR coregulated with mest (miR-335; Fig. 3c, 

Supplementary Fig. 2d, e). Overexpressing β-catenin in fibroblasts increased mest 

expression, suggesting that β-catenin-mediated mest inhibition is cell autonomous 

(Supplementary Fig. 2f). Mest modulates Wnt/β-catenin signaling indirectly through 

glucosyltransferases that prevent LRP5/6 receptor maturation14. Mutations in members of 

the exostosin (EXT) family of glucosyltransferases affect Wnt receptor pattern expression 

during development15. Here, LRP5/6 transcripts were unchanged with downregulation of the 

exostosin glycosyltransferase EXTL1, confirming that mest and EXTL1 inhibit LRP5/6 

post-transcriptionally14 (Fig. 3f–h). In further support of a mechanistic link, CDC exposure 

to BIO decreased EXTL1 protein levels (Fig. 3i; Supplementary Figure 10a, b) and 

upregulated its glycosylation target LRP5/6 (although that difference was not statistically 

significant; Fig. 3j).

Given the importance of exosomes, and possibly other EVs, as mediators of the therapeutic 

benefits of CDCs, we investigated EV properties and effects. Despite similar levels of 

previously-identified positive and negative therapeutic miRs (146a16, 17 and 199b17 

respectively), and similar size distribution profiles, of EVs produced by plus/minus BIO cell 

pairs (Supplementary Fig. 3a, b), EV levels of miR-335 decreased significantly, 

demonstrating modulation of noncoding RNA payload by β-catenin activation (Fig. 3d). 

Fibroblasts exposed to HP CDC EVs exhibited downregulated mest levels compared to those 

exposed to fibroblast EVs or LP CDC EVs (Fig. 3e). Therefore, β-catenin activation leads to 

mest/miR-335 repression in potent CDCs and decreases miR-335 in their secreted EVs.

Genetic suppression of mest in immortalized CDCs

Initial attempts at immortalizing CDCs relied on simian virus 40 large and small T antigen 

transduction. As expected, using SV40 large and small (T+t) antigen led to a change in 

morphology towards a spindle-like morphology18, 19, and robust growth17 past the expected 

~8 passages post sphere formation (Supplementary Fig. 4a)9. Surface marker expression 

remained largely similar except for a sharp rise in CD90, a previously-identified negative 

marker of potency in CDCs (Supplementary Fig. 4b)13. EV size was similar (Supplementary 

Fig. 4c) but EV output was increased; this is a common consequence of primary cell 

immortalization20 (Supplementary Fig. 4d). Finally, levels of known therapeutic CDC EV 

cargo components, notably miR-146a and miR-210 (see refs17 and16), fell in comparison to 

primary CDC EVs (Supplementary Fig. 4e). Therefore, while this strategy succeeded in 

immortalizing CDCs, it led to a loss of potency (Fig. 2j, k) and attenuation of β-catenin 

levels (Fig. 4a). Although BIO restored potency in immortalized CDCs (Fig. 2j, k), cell 

growth and viability were undermined (Supplementary Fig. 4f). In another attempt to restore 

potency to immortalized CDCs, knockdown of GSK3β led to transcriptional repression 

(Supplementary Fig. 5a) and paradoxical downregulation of β-catenin (Supplementary Fig. 

5b). As observed with pharmacological inhibition of GSK3β, transcriptional repression of 
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GSK3β also led to mest downregulation (Supplementary Fig. 5b). Repression of β-catenin 

expression is not surprising given known homeostatic mechanisms. Gsk3a and gsk3b have 

functional redundancies, such that blocking gsk3b leads to inhibition of gsk3b-mediated 

effects; genetic deletion of gsk3b abrogated those effects due to compensatory activation of 

gsk3α21. Genetic suppression of mest using a short hairpin (sh) RNA yielded better results: 

EXTL1 protein levels decreased, and surface expression of LRP5/6 increased (Fig. 4b, c; 

Supplementary Figure 11a–c), such that imCDCsh-mest cells maintained high β-catenin levels 

(comparable to those of potent CDCs) for at least 20 passages (Fig. 4d). While potent 

therapeutically, imCDCsh-mest differed from primary CDCs in morphology and identity 

markers (Supplementary Fig. 5c–d). EVs were produced by imCDCsh-mest (Supplementary 

Fig. 6a, b), and those EVs contained higher miR-146a and lower miR-199b levels than 

primary CDC EVs (Fig. 4e). Finally, imCDCsh-mest exhibited high potency both structurally 

(by reductions in histological scar size; Fig. 4f–h) and functionally in vivo (Fig. 4i).

Engineering therapeutic potency into a non-potent, non-cardiac cell type

Having shown that β-catenin underlies CDC potency, we questioned whether β-catenin 

overexpression could induce potency in a therapeutically-ineffective cell type, normal 

human dermal fibroblasts (NHDFs). We studied β-catenin enhancement with and without 

co-expression of gata4 (Fig. 5a), a transcription factor which signals downstream of Wnt/β-

catenin during cardiac development22 and enhances the cardioprotective potential of 

mesenchymal stem cells23. Comparison of NHDFs, NHDFs transduced with β-catenin only 

(NHDFβcat), and NHDFs transduced with both β-catenin and gata4 (NHDFβcat/gata4) 

revealed clear morphological differences, with NHDFβcat and NHDFβcat/gata4 cells having 

endothelial- and epithelial-like morphologies, respectively (Fig. 5b). In NHDFβcat/gata4, we 

further observed a lack of senescence akin to immortalization. Indeed, telomerase expression 

was markedly increased in these cells, pointing to a possible synergy between β-catenin and 

gata4 in cell growth (Supplementary Fig. 7a). Among transcription factors, gata4 is at least 

somewhat specific in its effects: substituting gata4 with the endothelial cell-fate transcription 

factor, etv224, did not recapitulate the immortalized phenotype (Supplementary Fig. 7b). 

Relative to unmodified NHDFs, antigenic profiling revealed decreases in CD90 and CD105 

in NHDFβcat, and almost complete loss of these markers in NHDFβcat/gata4 (Fig. 5c). β-

catenin levels were increased in both NHDFβcat and NHDFβcat/gata4 relative to unmodified 

NHDFs (Fig. 5d) likely due to silencing of β-catenin during cell-fate specification25, 26. EVs 

derived from NHDFβcat and NHDFβcat/gata4 expressed increased levels of miR-146a; 

however, only NHDFβcat/gata4 showed reduced miR-199b (Supplementary Fig. 7c; Fig. 5e). 

To assess therapeutic efficacy, we quantified mortality and heart function post-MI. Fig. 5f 

shows that NHDFs are actually deleterious, not just inert, after transplantation; they hinder 

survival, insofar as >50% of NHDF-injected animals died by the third week post-MI. Lower 

mortality was observed in mice injected with NHDFβcat or NHDFβcat/gata4; indeed, all 

animals survived in the latter group, and also in a group injected with EVs from 

NHDFβcat/gata4 (Fig. 5f). Similar patterns characterized the cells’ capacity to improve EF 

post-MI (Fig. 5g–i). Given these findings, we dubbed the engineered cells and their EVs/

exosomes Activated-Specialized Tissue Effector Cells (ASTECs) or ASTEX, respectively.
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Engineered fibroblasts (or their EVs), ASTECs (or ASTEX), may have therapeutic utility 

beyond the heart. To probe the bioactivity more generally, we tested ASTEX in a murine 

model of Duchenne muscular dystrophy by injecting mdx mice with 3 × 109 particles (or 

vehicle only) intravenously (Fig. 6a). Three weeks later, ASTEX-injected mice (but not 

controls) ran significantly further than at baseline (Fig. 6b). Histological examination of the 

mdx mouse tibialis anterior, a prototypical fast-twitch skeletal muscle, revealed greatly 

reduced muscle fibrosis in ASTEX relative to control (Fig. 6c, d). Meanwhile, ASTEX 

shifted myofiber size distribution to larger diameters (Fig. 6e), mimicking the effects of 

CDC-derived exosomes in this model3. Together, these data indicate that ASTEX are 

bioactive not only in ischemic heart failure (Fig. 5g) but also on dystrophic skeletal muscle.

MiR-92a-bmp2 signaling axis underlies β-catenin activation

One theoretical mechanism would posit that β-catenin-activated CDCs simply increased β-

catenin levels in the injured myocardium when injected. To test whether myocardial 

activation of β-catenin is cardioprotective, we administered drugs to alter global canonical 

Wnt signaling systemically in mice with MI, independent of CDCs. Neither BIO nor the 

canonical Wnt inhibitor JW67 significantly altered myocardial function relative to controls 

(Supplementary Fig. 8a), divorcing global myocardial alterations in Wnt signaling from the 

effects of CDCs. Instead, transcriptomic analysis in a reductionist in vitro model (using 

neonatal rat ventricular myocytes; Supplementary Fig. 8b, c) revealed major changes in the 

bone morphogenic peptide (BMP) family of genes after exposure to HP CDC EVs. BMP 

genes are central regulators of cardiac fibrosis; moreover, bmp2 is a target of β-catenin27–29 

and promotes myocyte contractility30, 31. Differentially-expressed BMP family members 

include anti-fibrotic bmp- 2, its receptor (2r), −6, and 8a, all of which were upregulated, 

while profibrotic members, including bmp −3, −4, GDF6, and 10, were suppressed (Fig. 7a, 

b). Furthermore, fibroblasts exposed to HP EVs upregulate bmp2 compared to fibroblasts 

exposed to their own EVs or LP-EVs (Fig. 7c). A microRNA coregulated with bmp2, 

miR-92a, promotes bmp2 signaling32, 33. Indeed miR-92a is enriched in HP EVs compared 

to LP EVs (Fig. 7d). Consistently, miR-92a is also enriched in the EVs of imCDCshmest as 

well as ASTEX (Fig. 7e, f).

Discussion

Wnt signalling comprises three highly evolutionarily-conserved pathways; one canonical, 

which regulates transcription, and two non-canonical, which regulate cell structure and 

calcium handling34. Here we have shown that canonical Wnt signalling is enriched in potent 

CDCs, whereas non-canonical Wnt signalling is enriched in non-potent CDCs. β-catenin, 

which is the nodal point of canonical Wnt signalling, is known to be involved in_ 

endometrial regeneration35. During the healing phase, β-catenin subsides and CD90 levels 

increase in stromal tissue35. β-catenin signalling figures prominently in a number of related 

pathophysiological pathways including pro-reparative macrophage polarity36–38, attenuation 

of fibrosis39–41, cardiomyogenesis22, 42–44, and angiogenesis45–47. Furthermore, cardiac 

preconditioning is associated with accumulation of β-catenin and its downstream cascade48. 

β-catenin overexpression reduces MI size through effects on cardiomyocytes and cardiac 

fibroblasts49. We find that β-catenin is not only a potency marker but also mechanistically 
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critical to therapeutic efficacy. Mest is a critical turning point to non-canonical Wnt 

signalling through regulation of LRP5/6 expression and activation of EXTL1 (Fig. 7g). β-

catenin transcriptionally inhibits mest and extl1, likely through the activity of downstream 

gene targets, though the exact mechanism remains unknown.

Our findings are consistent with the working hypothesis that activation of β-catenin in CDCs 

leads to enrichment of its coregulated miR, miR-92a, which in turn leads to improved 

contractility and attenuation of fibrosis in target tissue (Fig 7h). The present findings 

motivate further mechanistic dissection, including elucidation of precisely how β-catenin 

represses the mest-extl1 axis. In any case, the role of canonical Wnt signalling appears to be 

generalizable beyond CDCs, insofar as we have successfully converted deleterious 

fibroblasts into therapeutically-beneficial engineered novel cell entities (ASTECs) by 

manipulating β-catenin. The mechanistic findings on CDC potency informed our efforts to 

create ASTECs: immortal, defined cells engineered to have disease-modifying bioactivity. 

From a product development viewpoint, ASTECs are notable not only because such cells 

may, themselves, be viable therapeutic candidates, but also because they constitute a well-

defined, immortal source for manufacturing high-potency exosomes and other EVs. As 

reviewed11, 50, EVs offer the potential to overcome key limitations of cell therapy. Cells are 

sensitive and labile living entities, vulnerable to even to minor changes in manufacturing 

conditions. This renders their manufacturing and scalability costly and logistically 

burdensome51. EVs are non-living, stable, and hardy. As small bilayer vesicles, they can 

tolerate lyophilization, repeated freeze-thaw cycles, and other harsh handling methods whilst 

remaining bioactive52. Another advantage of their size is the safety of higher dose thresholds 

and broader penetration into tissue (e.g., crossing the blood-brain barrier) without the 

concern of microvascular occlusion or viability loss53. Furthermore, EVs, unlike their parent 

cells, exhibit immune versatility, exerting their therapeutic effects even in xenogeneic 

contexts. Human exosomes have been shown to induce therapeutic benefits in mice3, 

rats54, 55, and pigs56. ASTEX have all these theoretical advantages. Unlike previous efforts 

to derive EVs from immortalized cells20, ASTEX further have the distinction of having been 

created by mechanistically-informed genetic engineering of the parent cells to enhance their 

therapeutic efficacy.

Methods

Cells and reagents.

Endomyocardial biopsies from the right ventricular aspect of the interventricular septum 

were obtained from the healthy hearts of deceased tissue donors. CDCs were derived as 

described previously2. Briefly, heart biopsies were minced into small 1 mm2 fragments and 

digested briefly with collagenase. Explants were then cultured on 20 μg/ml fibronectin 

(VWR)-coated flasks. Stromal-like, flat cells, and phase-bright round cells grew 

spontaneously from the tissue fragments and reached confluence by two to three weeks. 

These cells were then harvested using 0.25% trypsin (GIBCO) and cultured in suspension on 

20 μg/ml poly-D-lysine (BD Biosciences) to form self-aggregating cardiospheres. CDCs 

were obtained by seeding cardiospheres onto fibronectin-coated dishes and passaged. All 

cultures were maintained at 5% O2/CO2 at 37°C, using IMDM basic media (GIBCO) 
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supplemented with 10% FBS (Hyclone), 1% Gentamicin, and 0.1 ml 2-mercaptoethanol. 

Human heart biopsy specimens, from which CDCs were grown, were obtained under a 

protocol approved by the institutional review board for human subjects research.

Extracellular Vesicle preparation and isolation.

Extracellular Vesicles were harvested from primary CDCs at passage 5 or older passages 

from transduced cells using a hypoxic cycling method used previously by our group3. 

Briefly, cells were grown to confluence at 20% O2/5% CO2 at 37°C, and then cells were 

serum-free at 2% O2/5% CO2 at 37°C overnight after one wash. Conditioned media was 

collected and filtered through 0.45 μm filter to remove apoptotic bodies and cellular debris 

and frozen for later use at −80°C. EVs were purified using centrifugal ultrafiltration with a 

1000 KDa molecular weight cutoff filter (Sartorius). EV preparations were analyzed through 

Malvern Nanosight NS300 Instrument (Malvern Instruments) with the following acquisition 

parameters: camera levels of 15, detection level less than or equal to 5, number of videos 

taken 4, and video length of 30 s.

Lentiviral transduction.

CDCs or NHDFs were plated in T25 flasks and transduced with lentiviral particles (MOI: 

20) in complete media. After 24 hrs transduction, virus was removed, and fresh complete 

media was added for cell recovery for a further 24 hrs. Cells were then subjected to selection 

media for approximately one week. Following selection complete media was replaced.

RNA isolation and qRT-PCR.

Cell RNA was isolated using miRNeasy Mini Kit (Qiagen). Exosome RNA was isolated 

using the Urine Exosome RNA Isolation Kit (Norgen Biotek Corp.). Reverse transcription 

was performed using High Capacity RNA to cDNA (Thermo Fisher Scientific) or TaqMan® 

microRNA Reverse Transcription Kit (Applied Biosystems) for RNA and micro RNA 

respectively. Real-time PCR was performed using TaqMan Fast Advanced Master Mix and 

the appropriate TaqMan® Gene Expression Assay (Thermo Fisher Scientific). Samples were 

processed and analyzed using a QuantStudio™ 12K Flex Real-Time PCR system and each 

reaction was performed in triplicate samples (with housekeeping genes hprt1 for mRNA and 

miR23a for microRNA). The gene expression assays/microRNAs used in this study are 

summarized in Supplementary Table 1.

RNA sequencing.

Cell and exosome RNA samples were sequenced at the Cedars Sinai Genomics Core. total 

RNA and Small RNA were analyzed using an Illumina NextSeq 500 platform for cell and 

exosome samples respectively.

Western blot.

Membrane transfer was performed using the Turbo® Transfer System (BIO-RAD) after gel 

electrophoresis. The following antibody staining was then applied and detected by 

SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific). 

Antibodies used in this study are summarized in Supplementary Table 2.
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Cell lysate and protein assay.

Cell lysates were collected for ELISA and western blot. For ELISA, 4×105 cells were 

collected and pelleted at 1,000 rpm for 5 min at 4°C. Cell pellets were lysed in 1x lysis 

buffer (Affymetrix eBioscience InstantOne ELISA kit) and incubated for 10 min at room 

temperature with regular agitation. For western blot, cells of were pelleted and resuspended 

in 1x RIPA buffer (Alfa Aesar) with protease inhibitor on ice for 30 min. Protein lysates 

were isolated by centrifugation at 14,000 rpm for 15 min at 4°C. Protein concentration was 

measured using a DC™ Protein Assay kit (Bio-Rad).

Drug exposure of cells.

Cells were exposed to 5 μM of 6-bromoindirubin-3’-oxime (BIO, Sigma-Aldrich) or 4-

Benzyl-2-(naphthalen-1-yl)- [1,2,4] thiadiazolidine-3,5-dione (Tideglusib, Sigma-Aldrich) 

for 48 or 72 hours in complete media.

ELISA.

Total β-catenin ELISA was performed according the protocol described with a final sample 

concentration of 0.01 mg/ml and positive control of 0.1 mg/ml (Affymetrix eBioscience 

InstantOne™ ELISA).

Flow cytometry.

Cells were harvested and counted (2×105 cells per condition). Cells were washed with 1% 

bovine serum albumin (BSA) in 1x phosphate-buffered saline (PBS) and stained with the 

appropriate antibody (BD Pharmingen) for 1 hr at 4°C. Cells were then washed again and 

resuspended in 1% BSA in 1x PBS. BD Cytofix/Cytoperm™ kit was used for cell 

permeabilization before staining. Flow analysis was done using a BD FACS Canto™ II 

instrument or Sony SA3800. Gating strategy is outlined in Supplementary Figure 9.

Animal Study.

All animal studies were conducted under approved protocols from the Institutional Animal 

Care and Use Committee protocols.

Mouse Acute MI model.

Acute myocardial infarction was induced in three-month-old male severe combined 

immunodeficient (SCID)/beige mice as described (n=5–7 animals per group)8. Within 10 

min of coronary ligation, 1×105 cells, EVs, drugs (or vehicle) were injected 

intramyocardially.

Echocardiography.

Echocardiography study was performed in the SCID/beige at 24 hr (baseline) and three 

weeks after surgery using Vevo 3100 or 770 Imaging System (Visual Sonics) as described8. 

The average of the left ventricular ejection fraction was analyzed from multiple left 

ventricular end-diastolic and left ventricular end-systolic measurements.
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CDC Engraftment.

To assess human CDC persistence, infarcted animals received LP CDCs pre-exposed to 5 

μM of BIO or an equivalent volume of DMSO 72 hours prior to injection. A standard curve 

was made using copy numbers of the human X-chromosome specific gene mage a1. DNA 

from known numbers of this CDC donor in DNA from 1 mg of mouse cardiac tissue was 

used to make the standard curve. Three weeks post-injection animals were sacrificed, and 

genomic DNA was extracted from ventricular tissue. QPCR of mage a1 copy number in 

genomic DNA was done using a Taqman Copy Number Assay (Thermo Fisher Scientific).

Histology.

Animals were sacrificed 3 weeks after MI induction. Hearts were harvested and a transverse 

cut was made slightly above the MI suture. The apical portion was then embedded in 

optimum cutting temperature solution in a base mold/embedding ring block (Tissue Tek). 

Blocks were immediately frozen by submersion in cold 2-methylbutane. Hearts were 

sectioned at a thickness of 5 μm.

Masson’s Trichrome Staining.

Two slides containing a total of four sections per heart were stained using Masson’s 

trichrome stain. In brief, sections were treated overnight in Bouin’s solution. Slides were 

then rinsed for 10 min under running water and stained with Weigert’s hematoxylin for 5 

min. Slides were then rinsed and stained with scarlet-acid fuchsin for 5 min and rinsed 

again. Slides were then stained with phosphotungstic/phosphomolybdic, aniline blue, and 

2% acetic acid for 5 min each. Slides were then rinsed, dried, and mounted using DPX 

mounting media.

Duchenne muscular dystrophy mouse model

Treadmill Exercise Testing: Ten-month-old female mdx mice were placed inside an 

Exer-3/6 rodent treadmill (Columbus Instruments) equipped with a shock grid elevated 5 

degrees. During the acclimatization period, mice were undisturbed for 30 min prior to 

engagement of the belt. After the belt engaged, mice were encouraged to familiarize 

themselves with walking on the treadmill at a pace of 10 m/min for an additional 20 min. 

After the acclimatization period, the exercise protocol engaged (shock grid activated at 0.15 

mA with a frequency of 1 shock/sec). This protocol is intended to induce volitional 

exhaustion by accelerating the belt speed by 1 m/min every minute. Mice that rest on the 

shock grid for >10 s with nudging were considered to have reached their maximal exercise 

capacity (their accumulated distance traveled is recorded) and the exercise test was 

terminated. Animals were tested at baseline then later in the day received 100 μl intravenous 

(femoral vein) infusions of exosomes or saline vehicle. Animals were tested one more time 

three weeks post infusion.

Histology: The mouse tibialis anterior (TA) muscles were dissected freely from anesthetized 

mice and embedded in OCT compound and frozen in 2-methylbutane pre-cooled in liquid 

nitrogen, then stored at −80°C until sectioning. Serial sections were cut at the mid-belly in 

the transverse plane. All sections were cut at 8 μm using a cryostat (Leica) and adhered to 
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Superfrost Plus™ microscope slides (Fisherbrand). Cryosections were fixed with 10% 

neutral buffered formalin for 10 min prior to Masson’s trichrome staining (Sigma-Aldrich). 

Histological slides were imaged using an Aperio AT Turbo slide scanner (Leica) at 40x 

magnification. Quantification of fibrosis was determined by the area of blue staining relative 

to red staining of the entire tissue section using Tissue IA (Leica Biosystems). Feret 

diameter was measured on 1,000 myofibers per section using QuPath software integrated 

with ImageJ.

Statistical Analysis: Statistical Comparisons were made using an independent one-tailed or 

two-tailed independent Student’s T-test with a 95% CI. A univariate regression analysis was 

used in Figure 2a.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. Sequencing summary of high- and low-potency donors
(a) Potency was determined based on the ability of CDCs to improve global heart function in 

a mouse model of myocardial infarction (n=7 animals/group; error bars represent SD). (b) 

Ingenuity pathway analysis showing predicted activation of the canonical Wnt/β-catenin 

pathway. Shapes indicate the type of molecule (e.g. transcription factor, cytoplasmic protein, 

cytokine). Red indicates upregulation by sequencing while green signifies downregulation. 

Gray means no significant fold change by sequencing, but the β-catenin pathway was 

identified by IPA to be activated (post transcriptionally) given the differential expression of 

its signaling partners. The magenta frame signifies signaling partners in the Wnt/β-catenin 

pathway. Arrows indicate activation, stop lines signify inhibition. (c) Decreased expression 

of non-canonical Wnt signaling markers in HP vs. LP CDC donors (*p=0.014, **p=0.009,). 

Equivalent expression of (d) Frizzled receptors, (e) Dishevelled, and (f) Wnt ligand genes 

between both groups of CDCs. (1c-1f n=4 different donors/group; error bars represent min 

and max) 95% CI using one-sided Student’s independent t-test. For box plots, bar-ends 

define the range of the data, box-ends the interquartile range, and central bars are median 

values.
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Fig. 2 |. β-catenin is necessary for CDC potency.
(a) Correlation between total β-catenin levels in donor CDCs (n=13) and therapeutic 

performance (expressed as change in left ventricular ejection fraction) in vivo. (b) Higher 

expression of the Wnt coreceptor LRP5/6 in high-potency CDCs (HP) compared with low-

potency CDCs (LP; n=5 different donors per group; error bars represent min and max, ***p 

<0.001). (c) Exposing LP CDCs to 5 μM BIO increased β-catenin levels (n= 2 independent 

experiments and represented as mean ±SD, *p=0.032) and restored therapeutic efficacy (d-

g): Percent scar was determined using image J quantification from Masson trichrome stained 

sections (n=5 animals per group; data presented as mean ± SEM) including percent scar 

(**p=0.001), and infarct wall thickness (***p>0.001). Functional improvement as seen by 

increased ejection fraction was also observed (n=6 animals per group; data represented as 

mean ± SEM, *p=0.01). These results were further confirmed in CDCs from a low potency 

lot from a sometimes-potent CDC source (LPL), as BIO exposure restored potency to levels 

similar to potent lots from the same donor (h; n= 3 replicates per group, data represented as 

mean ± SD ***p<0.001, i; n=5 animals per group; data represented as mean ± SEM 

**p=0.002). Restoration of β-catenin levels (j; n= 3 replicates per group, data represented as 

mean ± SD ***p<0.001) also rescued potency in CDCs that were immortalized (SV40-T+t) 
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with diminished potency (imCDC) (k; n=7 animals per group; data represented as mean ± 

SEM, *p=0.016). Statistical analysis: 95% CI using one-sided Student’s Independent t-test. 

For box plots, bar-ends define the range of the data, box-ends the interquartile range, and 

central bars are median values.
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Fig. 3 |. Mest regulates β-catenin in CDCs.
(a) Experimental schematic. RNA from three pairs of cells was sequenced: CDCs from a 

low-potency donor (LP), CDCs from a low-potency lot from an otherwise potent donor 

(LPL), and CDCs with diminished potency due to immortalization (imCDC). Differential 

expression analysis was made within each group (BIO exposed versus vehicle control) and 

results (expressed in fold change) were averaged among the three groups. (b) Sequencing 

identified the β-catenin regulator mesoderm specific transcript (mest) and its cognate micro 

RNA (miR-335) are downregulated. (c) qPCR validation of the changes in mest and 

miR-335 (n= 3 replicates; data presented as mean ± SD). (d) Fold change in gene expression 

of miR-335 in extracellular vesicles (EVs) isolated from LP, LPL, and imCDC exposed to 

BIO compared with their vehicle control counterparts (n= 3 replicates; data presented as 

mean ±SD). (e) EVs from highly potent CDC EVs decrease mest in fibroblasts (n= 3 

replicates; data presented as mean ±SD). (f-h) QPCR verification of the Wnt signaling co-

receptor, LRP5/6, and a member of the exostosin family glucosyltransferases EXTL1 in 

BIO-exposed LP. LPL, and imCDCs (n= 3 replicates; data presented as mean ±SD 

***p<0.001 for all pairs). (i) Verification of EXTL1 protein downregulation in LP cells 

following BIO exposure (n= 3 replicates; data presented as mean ±SD). (j) Flow cytometry 

Ibrahim et al. Page 18

Nat Biomed Eng. Author manuscript; available in PMC 2020 February 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of BIO exposure to LP increased LRP5/6 level n=3 independent experiments; data presented 

as mean ±SD). Statistical analysis: 95% CI using one-sided Student’s independent t-test.
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Fig. 4 |. Mest inhibition in immortalized CDCs.
(a) Lentiviral transduction of SV40 T+t transgene leads to immortalization but attenuation of 

β-catenin levels and therapeutic efficacy in vivo as β-catenin ELISA and change in left 

ventricular functional improvement (ΔEF) in a mouse MI model. (n=7 animals/group: data 

presented as mean ±SD) (b) Western blot and pooled data of EXTL1 and mest protein levels 

in primary CDCs (pCDC) and modified immortalized CDCs (imCDCsh-mest; n=3 biological 

replicates/group; data presented as mean ±SD). (c) Flow cytometry of LRP5/6 increased in 

imCDCsh-mest compared with pCDC (n=2 independent experiments; data presented as mean 

± SD). (d) Successful maintenance of β-catenin protein levels over several passages after 

immortalization is coupled with a small hairpin-mediated knockdown of mest (data 

represents 3 independent experiments n= 3 replicates per group; mean ±SD, p<0.001 using 

One Way ANOVA with Dunnets post-test). The dotted line at 40 ng/μl represents the mean 

β-catenin level among highly potent donors. (e) qPCR of miR146a and miR199b in EVs of 

pCDC and imCDCsh-mest (n=.3 replicates per group; data presented as mean ±SD) 

Performance of imCDCsh-mest and pCDC in mouse models of acute MI (n=7 animals/group; 

data presented as mean ±SEM, p), including structural improvement in scar size (g; data 

presented as ±SEM **p=0.003) and infarct wall thickness (h; data presented as ±SEM, 

Ibrahim et al. Page 20

Nat Biomed Eng. Author manuscript; available in PMC 2020 February 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



*p=0.038) and functional improvement (i; data presented as ±SEM *p=0.024). Statistical 

analysis: 95% CI using one-sided Student’s Independent t-test.
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Fig. 5 |. NHDF immortalization with β-catenin or β-catenin/gata4.
(a) qPCR verification of β-catenin or β-catenin/gata4 in the transduced cells. (b) Cell 

morphology changed after transduction. NHDFβcat and NHDFβcat/gata4 became more 

endothelial-like and epithelial-like, respectively. (c) Flow cytometry of CD90, CD105, and 

LRP5/6 in NHDF, NHDFβcat and NHDFβcat/gata4 (n=2 biological replicates per group; data 

presented as mean ± SD). (d) ELISA of β-catenin level after transduction (n=3 biological 

replicates per group). (e) qPCR of microRNA markers in the extracellular vesicles of 

transduced cells (n=3 replicates per group; only 1 of the 3 replicates in miR199b was 

detectable). (f-i) Mortality is enhanced in myocardial infarction mice injected with NHDFs. 

However, animals given NHDFs transduced with β-catenin or β-catenin and gata4 leads to 

improved mortality (f), functional improvement (g; n= 7 animals/group, data presented as 

mean ± SEM, *p=0.033) and attenuation of remodeling like those observed in CDCs and 

CDC EVs. (EDV, h; error bars represent min and max, ***p=0.0094; ESV, i; error bars 

represent min and max, *p=0.019) Scale bar: 100 μm. Statistical analysis: *p<0.05, 

**p<0.01, Statistical Analysis: 95% CI using one-sided Student’s Independent t-test or one-

way ANOVA with Dunnet’s post-test for multiple comparisons. For box plots, bar-ends 
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define the range of the data, box-ends the interquartile range, and central bars are median 

values.
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Fig. 6 |. Bioactivity of ASTEX in an mdx mouse model of Duchenne muscular dystrophy.
(a) Schematic of the experimental design. Mice underwent graded exercise testing, then 

were injected with ASTEX or vehicle control (IMDM) into the femoral vein. Exercise 

testing was repeated 3 weeks later. (b) Maximal exercise capacity was significantly 

improved in ASTEX-injected mdx mice after 3 weeks (n=5 per group; data presented as 

mean ±SEM. ***p<0.001). (c) Representative Masson’s trichrome stained micrographs from 

vehicle and ASTEX-injected mdx TA muscles. Pooled data from c indicate less muscle 

fibrosis in mdx TA muscles three weeks after ASTEX injection (n=5 animals per group; data 

presented as mean with min and max, *p=0.015). (d) Pooled data from 1,000 analyzed 

myofibers per muscle in (e) indicate ASTEX shifted the myofiber size distribution to larger 

diameters (n=5 per group; data presented as mean ±SEM, *p=0.017). (c) Scale bars: 100 μm. 

Statistical analysis: 95% CI using Student’s Independent t-test. For box plots, bar-ends 

define the range of the data, box-ends the interquartile range, and central bars are median 

values.
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Fig. 7 |. β-catenin-activation leads to downstream activation of bmp2 in target cells via miR-92a.
(a) Heat map of differentially expressed genes in neonatal rat ventricular myocytes exposed 

to HP EVs compared to control (b) Upregulation of anti-fibrotic and downregulation of pro-

fibrotic members of the bmp family members in HP EV-exposed myocytes (statistical 

analysis done using likelihood ratio test using a Chi-squared distribution). (c) Enrichment of 

miR-92a in HP-EVs compared to LP EVs (n=3 different donor EVs per group; data 

presented as mean ± SEM ***p<0.001). (d) Exposure of fibroblasts to EVs from HP cells 

leads to increased bmp2 expression (n=3 replicates per group; data presented as mean ± SD). 

(e, f) Consistent with potency, EVs isolated from imCDCshmest and ASTEX are enriched in 

miR-92a compared to primary CDC EVs and fibroblast EVs respectively (n=3 replicates/

group; data presented as mean ± SD) (g) Mest is the turning point between non-canonical 

wnt and canonical wnt signal pathway, which is a critical determinant for therapeutic cell 

potency. (h) Schematic of working hypothesis. β-catenin activation in CDCs leads to 

enrichment of miR-92a in secreted EVs. Secreted EVs are uptaken by target cells, activate 

bmp2 signalling leading to healing and repair.
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