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Abstract

Stem cell based therapy is a promising intervention for ischemic heart diseases. However, the
functional integrity of stem cells is impaired in an ischemic environment. Here, we report a novel
finding that heat shock significantly improves Sca-1*stem cell survival in an ischemic environment
by the regulation of the triangle: Heat Shock Factor 1(HSF1), HSF1/miR-34a, Heat Shock Protein
70(HSP70). Initially we prove that HSP70 is the key chaperone mediating cytoprotective effect of
heat shock in Sca-1*cells and then we establish miR-34a as a direct repressor of HSP70. We found
that HSP70 was down-regulated in heat shocked Sca-1* stem cells (HSSca-1* cells). Intriguingly,
we demonstrate that the down-regulation of miR-34a is attributed to HSF1-mediated epigenetic
repression through histone H3 Lys27 trimethylation (H3K27me3)on miR-34a promoter. Moreover,

Address for Correspondence: Muhammad Ashraf, Ph.D, Department of Pathology and Laboratory Medicine, University of Cincinnati
Medical Center, 231 Albert Sabin Way, Cincinnati, OH 45267-0529 USA, Phone: (513) 234-4485, Fax: (513) 558-2141,
ashrafm251@gmail.com. Xi-Yong Yu, M.D, Ph.D, Medical Research Center of Guangdong, General Hospital, Guangdong Academy
of Medical Sciences, 96 Dongchuan Road, WeilunBldg, Guangzhou 510080, CHINA, Phone:+ 8620 83827812-51155, Fax:+ 8620
23769487, yuxycn@hotmail.com.

These authors contribute equally to this work.
Conflict of Interest Disclosures: None

Author contributions: Y.F.: conception and design, collection of data and analysis and interpretation, manuscript writing; W.H.: cell
transplantation, echocardiography and collection of data and analysis; A.G.J.: bioinformatics analysis; W.M., YW., HW.K,, Z.P,
Z.W., R.M.M.: supply of study materials; X.Y, M.A.: conception and design, data analysis and interpretation, manuscript writing,
financial support and final approval of manuscript



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Feng et al.

Page 2

we show that heat shock induces exosomal transfer of HSF1 fromSca-1* cells, which directs
ischemic cardiomyocytes towards a prosurvival phenotype by epigenetic repression of miR-34a. In
addition, our /n vivo study demonstrates that transplantation of HSSca-1* cells significantly
reduces apoptosis, attenuates fibrosis and improves global heart functions in ischemic
myocardium. Hence, our study not only provides novel insights into the effects of heat shock on
stem cell survival and paracrine behavior but may have therapeutic values for stem cell therapy in
ischemic heart diseases.
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Introduction

Methods

Ischemic heart diseases (IHD) lead to severe morbidity and mortality in humans. Stem cell
therapy is a promising approach to compensate the loss of cardiac cells by ischemia in
addition to the interventions such as percutaneous coronary intervention (PCI) and coronary
artery bypass graft (CABG) in the treatment of IHD. However, stem cell therapy is
hampered due to massive cell death of transplanted stem cells, because only 5% of the cells
are detectable in the myocardium at 2 hours and 1% detectable at 18 hours after
transplantation?. Hence, there is an urgent need for formulation of interventions that can
significantly improve stem cell survival in the ischemic environment. In the past, it has been
reported that transgenic overexpression of anti-apoptotic proteins or growth factors can
enhance stem cell survival in harsh environment3. Nevertheless, the potential risks of
immune rejection and carcinogenesis in hosts limits its application in clinical settings. While
it has been proposed that heat shock could promote adult cell survival*®, its effect on stem
cells survival particularly their paracrine behaviors poorly understood.

In the present study, we established a heat shock model which significantly reduced stem
cell death /in vitroand /n vivo and showed that HSP70 is the key regulator mediating the
cytoprotective effect. Although in the past two decades, much work has shown that HSP70
was prosurvival protein against cellular stress, its underlying mechanism is still not fully
understood®. Currently, microRNAs are emerging as new regulators of stress responses’.
Here we showed that miR-34a directly targets HSP70 in heat shocked stem cells.
Furthermore, we proved that the repression of miR-34a is mediated via HSF1 remodeling of
chromatin structure on its promoter. We also showed that transplantation of heat shocked
stem cells significantly attenuates cell death and fibrosis in ischemic heart and improves
global heart functions. Even more interestingly, our study suggests that improved cardiac
outcome is potentially mediated by heat shock induced exosomal transfer of HSF1 from
Sca-1* cells, which directs ischemic cardiomyocytes towards a prosurvival phenotype by
remodeling the chromatin structure on miR-34a promoter.

A detailed methods section is available in the Online Supplemental Information.
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Results

Pre-Induction Of HSP70 By Heat Shock Rescues Sca-1* Stem Cells From Death After
Oxygen Glucose Deprivation

To evaluate the heat shock proteins (HSPs) expressed after heat shock in Sca-1* cells, we
examined HSP20, HSP27, HSP70, HSP90 by different heat shock (HS) intensity (42°C;15
min, 30min, 1hr, 2hrs, 3hrs, respectively). Western blots (Figure 1.A) and quantitative results
(Figure 1.B) showed significant up-regulation of HSP70 at the end of HS for 3 hrs (HS3h)
(3.5 folds vs. control, A<0.05), while no significant change was observed for HSP20,
HSP27, HSP90 protein expression after HS. Western blot and quantitative results showed
that the peak protein expression of HSP70 was detected at 14h after HS-3h (HS3h-incul4h)
(>12 folds vs. control(CL-incul4h), and maintained up to 24h after HS (Figure 2.A). In the
following description, HS3h-incu14h and CL-incul4h were designated as HSSca-1* cells
and "o"-HSSca-17* cells respectively. In survival studies, HSSca-1* cells underwent
significantly reduced cell death after oxygen glucose deprivation(OGD) 8h as compared

to "oN-HSSea-1+ cells (LDH release: 20.0%22.7 vs. 42.5%+4.5%, p<0.01; TUNEL:15.2%
+2.3% vs. 38.6%+1.8%, p<0.01; Annexin V-PE Flow Cytometry:21.5%+1.6 15.39.5%
+2.1%, p<0.01)(Figure 2.B—E). HSSca-1* cells consistently showed marked reduction of
cleaved caspase-3 in HSSca-1* cells (Figure 2.F). The effectiveness of HS on Sca-1* cells
against cell death and the selective and marked upregulation of HSP70 led us to interrogate
the role of HSP70 for enhanced Sca-1* cell survival. We addressed this question through a
loss-of-function study. Western blot confirmed the siRNAs against HSP70 could efficiently
diminish the upregulation of HSP70 in HSSca-17* cells (Figure 2.G) and consequently
sensitized the cells to OGD (p<0.01, vs. Scramble, Figure 2.H). Thus, these studies proved
that HSP70 is the key cytoprotective protein to rescue Sca-1* cells from death after OGD.

Repressed miR-34a Contributed To Upregluation of HSP70 InHSSca-1* Cells

Previously, it was commonly believed that the heat shock induced upregulation of HSP70
was due to the direct transactivation of HSF1 on the promoter of HSP708. However, the role
of microRNAs in HSP70 regulation is poorly understood at the present time. In order to
address this question, we employed customer miRNA array (including 13 putative miRNAs
targeting HSP70 3’UTR based on the prediction by Targetscan (Suppl. Information-Figure
S1.) to detect specific changes in miRNAs distributed in HSSca-1* cells. Of the 13 putative
miRNAs targeting HSP70 3’ UTR, only miR-34a was decreased significantly following heat
shock (Figure 3.A and B). The computational analysis showed the putative binding of
miR-34a and a conserved 8-mer target ‘seed’ in the 3"UTR of HSP70 (Figure 3.C). We
therefore hypothesized that miR-34a targets and regulates HSP70 levels. To test this
hypothesis, we first checked the protein levels of HSP70 in HSSca-1* cells with miR-34a
overexpression. Western blot showed that miR-34a mimic could significantly reduce the
elevated HSP70 in HSSca-1* cells (Figure 3.D) and sensitize the cells to OGD (Figure 3.E).
We then used specific LNA inhibitor to silence miR-34a. Western blot showed marked
upregulation of HSP70 after transfection of miR-34a LNA inhibitor (Figure 3.F) and
subsequently increased the tolerance of HSSca-1* to OGD (Figure 3.G). To confirm whether
miR-34a can inhibit the synthesis of HSP70, we performed a luciferase reporter assay in
which the luciferase reporter gene was fused to the wild-type HSP70 3’UTR. This assay
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resulted in approximately 70% less expression of luciferase activity compared with control
cells transfected with miR-34a mimic (Figure 3.H). From this data we concluded that the
miR-34a is a novel negative regulator of HSP70 and its repressionin HSSca-1* cells
contributed to the upregulation of HSP70 protein level.

HSF1 Repressed miR-34a

As the repression of miR-34a contributed to the upregulation of HSP70 in HSSca-1* cells,
we then investigated the underlying factors for miR-34a repression. First, we ruled out the
possibility that the miR-34a genomic loci were deleted in HSSca-1* cells, since equal
amounts were detected in the same amounts of genomic DNA extracted from HSSca-1* cells
and "o"-HSgca-17* cells using real-time PCR (Suppl. Information-Figure S2.). Although
previous studies showed that DNA methylation on miR-34a promoter was one of the most
common cause for its downregulation®: 10, we found the CpG island on miR-34a promoter
was hypomethylated in both HSSca-1* cells and "°"HSSca-1* cells through bisulfate
sequencing (Figure 4.A and Suppl. Information-Figure S3.), thus indicating DNA
methylation is less likely to regulate their expression in HSSca-1* cells. While trimethylation
of histone H3 at Lys4 (H3K4me3) is linked to transcriptional activation, trimethylation of
H3 at Lys 27(H3K27me3) is linked to transcriptional repression, next we performed ChiP-
gPCR to detect the relative occupancy of H3K4me3, H3K27me3 and Pol Il (the RNA
polymerase responsible for miR-34a transcription) on the genomic region extracted from
ChIP-seq data from ENCODE project in UCSC genome browser. The results showed a
reduction in enrichment of H3K4me3, Pol Il as opposed to increased enrichment of
H3K27me3 on miR-34a promoter in HSSca-1* cells (Figure 4.B and C). These results
indicate that the repression of miR-34a in HSSca-1* cells is mediated by transcriptional
repression via histone methylation instead of DNA methylation. Then we further
investigated the mechanism of transcriptional repression for miR-34a. By searching the
GenomeTrafac database, we found a putative HSF1 responsive element (HSF1-RE) in the
mouse miR-34a promoter region (Figure 4.D). Deeper homology analysis found the putative
HSF1 responsive element is highly conserved in multiple species (Figure 4.E). Furthermore,
the putative element is near the previously reported p53 response element (p53-RE), which
has been shown to be responsible for transactivation of miR-341% 12 The putative HSF1-RE
along with the CpG islands, pol 11, H3K4me3, and H3K27me3 peaks in miR-34a promoter
were displayed using the UCSC genome browser (Figure 4.F). Based on the computational
analysis and the inverse relationship of HSF1 and miR-34a (Figure 4.G), we determined that
whether HSF1 regulates the expression of miR-34a. To test our hypothesis, we cloned the
wide type (WT) and mutated construct (HSF1-RE deletion) of promoter region of mouse
miR-34a upstream of a luciferase gene in a reporter plasmid (pGL4) respectively.
Interestingly, transfection of reporter plasmid with mutated construct into HSSca-1* cells led
to significant upregulation of luciferase activity as compared to wide type, indicating HSF1-
RE is a repressor element for miR-34a transcription(Figure 4.H). Moreover, knock down of
HSF1 by siRNA in HSSca-17* cells led to upregulation of miR-34a(Figure 4.1) and miR-34a
inhibitor rescued the loss of HSP70 caused by knock down of HSF1. Finally, ChIP-gPCR
validated the binding of HSF1 on the putative HSF1-RE and found HSF1 was enriched on
this cis element in HSSca-1* cells as compared to ""HSSca-1* cells (Figure 4.M). Taken
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together, we concluded that miR-34a repression by chromatin remodeling is attributed to
direct binding of HSF1 on miR-34a promoter.

HSSca-1* Cells Transplantation Reduced Cardiomyocyte Apoptosis Post Myocardial

Infarction

To assess the functional benefits of HSSca-1* cells in infarcted hearts compared with "on-HS
Sca-17 cells, we performed a survival study by detecting the Sry gene expression in female
hearts with male Sca-1* cells transplantation. Real-time PCR showed that Sry gene
expression was significantly higher in HSSca-1* cells transplanted hearts 4 days post
transplantation (approximately 2.5 folds vs. control)(n= 4/group)(Figure 5.A). Moreover, by
genetic lineage tracing, we found HSSca-1* cells had a better survival as compared to "on-HS
Sca-1" in a chronic setting (7 days, 14 days, 28 days post transplantation)(Suppl.
Information-Figure S4). Since body temperature might influence the survival and functional
integrity of Sca-1* stem cells, we examined the body temperatures of animals post M.
However, we did not find a significant change in body temperatures of animals used in
different groups (DMEM, """HS Sca-1+ and HS Sca-1*)(data not shown). Hence, we
excluded the possibility that stem cell survival is as the result of the disparity of body
temperatures of animals used for "-HS Sca-1* and HS Sca-1* cells. Moreover, HSSca-1*
cells transplantation significantly reduced cardiomyocytes apoptosis post myocardial
infarction (Figure 5.B and C). Furthermore, molecular analysis revealed thatHSF1 and
HSP70 expression was significantly increased and miR-34a was decreased in left ventricle
(LV) 4 days post transplanted with HSSca-1* cells(Figure 5.D and E). ChIP-qPCR further
demonstrated the repression of miR-34a in myocardium was associated with the chromatin
remodeling on miR-34a promoter (Figure 5.F) as similarly as we showed in HSSca-1* cells.
Therefore, we hypothesized whether HSSca-1* cells could influence the chromatin landscape
of ischemic myocardium via paracrine behavior. Since exosomes have been recently
reported as critical carriers for paracrine effects, we isolated exosomes from the culture
medium of HSSca-17 cells, which was characterized by a typical ultrastructure (Figure 5.G)
with minimal ribosomal RNA indicating cellular contamination was minimal (Figure 5.H)
and expression of typical exosome marker CD63 (Figure 5.1). Interestingly we found HSF1
was significantly enriched in exosomes isolated from culture medium of HSSca-1* cells
(ExoMS) as compared to exosomes isolated from culture medium of "°"-HSSca-1+* cells
(Exo"o"-HS)(Figure 5.1). To test whether exosomes could rescue cardiomyocytes apoptosis,
we administered ExoHS and Exo"®"HS into the culture medium of neonatal cardiomyocytes
respectively and incubated for 24 h then subjected the neonatal cardiomyocytes to OGD for
4 hrs. The cardiomyocytes incubated with ExoHS showed significantly reduced apoptosis as
compared to the ones incubated with Exo""HS (Figure 5.J). Molecular analysis revealed
that Exo™S increased HSF1 and HSP70 expression (Figure 5.K) and decreased miR-34a
expression (Figure 5.L) in cardiomyocytes subjected to OGD, which was possible by
influencing the chromatin structure of miR-34a as shown by ChIP-gPCR (Figure 5.M). In
order to verify HSF1-loaded exosomes from Sca-1* cells could be uptaken by neonatal
cardiomyocytes, we transduced the lentivirus pCDH-CMV-HSF1-GFP (overexpressing
fusion protein HSF1-GFP and pCT-CD63-RFP (overexpressing fusion proteinCD63-RFP)
(System Biosciences, SBI) into Sca-1* cells. After transduction for 24 hrs, the Sca-1* cells
were co-cultured with neonatal cardiomyocytes in a non-contact manner. Interestingly,
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confocal imaging showed that neonatal cardiomyocytes uptook the HSF1-loaded exosomes
from Sca-1* cells under OGD)(Suppl.Information-FigureS5), implying this scenario might
take place /in vivo.

HSSca-1* Cells Transplantation Improved Global Heart Function

Echocardiography analysis revealed ejection fraction (EF) and fractional shortening (FS)
were progressively improved from 1 week to 4 weeks in the hearts post transplantation

with HSSca-1* cells as compared to the ones treated with "°"HSSca-1* cells and DMEM
(Figure 6.A and B). LV diastolic dimension (LVDd) and LV systolic dimension (LVDs) were
significantly decreased in the hearts with HSSca-1* cells transplantation 4 weeks post Ml
(Figure 6.C, D and E). Moreover, Masson’s trichrome staining and subsequent calculation of
fibrosis area revealed that the hearts with HSSca-1* cells transplantation showed a decreased
fibrosis as compared to the ones treated with "°"-HSSca-1* cells and DMEM 4 weeks post
myocardial infarction (Figure 6.F and G). These results suggest that transplantation

of HSSca-1* cells played an important role in attenuating LV remodeling after MI.

Discussion

Our study demonstrated that pre-induction of HSP70 by heat shock can promote Sca-1*
stem cells survival, which is in line with a previous study showing lentiviral overexpression
of HSP70 enhanced mesenchymal stem cells survival after oxygen deprivation!3. However,
lentiviral delivery may incur carcinogenesis and thus heat shock, as a non-transgenic
approach, may be a safer and more appealing option for clinical application.

Over the last several decades, it is well documented that HSF1 transactivates HSP70
transcription by direct binding on the promoter of HSP70. While appreciating the
importance of this classical mechanism, our data revealed that the relation between
HSFland HSP70 is more complex than we previously thought. Surprisingly, we discovered
miR-34a, a previously well-known proapoptotic miRNA is a bridge between HSF1 and
HSP70 and heat shock can induce epigenetic repression of miR-34a in stem cells with the
participation of HSF1, which causes a derepression of miR-34a target-HSP70. Thus, our
study established a new triangle of these three old molecules and provided novel insights for
their roles in stem cell survival.

Another novel finding of our study is the paracrine behavior of heat shocked stem cells. In
recent years, a major breakthrough in the field of paracrine research is the discovery of the
bioactive vectors-exosomes, which are small vesicles secreted by many cell types and enable
a potent mode of intercellular communicationl4. Recent studies indicated the transfer of
mRNA, miRNA and protein by exosomes might alter the function of recipient cells15-18, An
intriguing finding of our study is that the secretion of HSF1-enriched exosomes induced by
heat shock in Sca-1" cells could direct cardiomyocytes toward a prosurvival phenotype via
remodeling the chromatin structure of miR-34a. This is the first time stem cells have been
proven to influence the chromatin landscape of adult cells by transfer of exosomes. Thus,
our study highlighted the importance for future studies to decipher the roles of the
transportation of transcription factors or epigenetic modifiers on the epigenome in recipient
cells. Although our in vitro study has shown that HSF1-loaded exosomes could reduce

Stem Cells. Author manuscript; available in PMC 2017 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Feng et al. Page 7

cardiomyocytes apoptosis and remodel the chromatin structure of miR-34a in ischemic
cardiomyocytes, our study is limited due to lack of in vivo evidence to verify this event.
Therefore, direct testing of isolated exosomes derived from heat shocked Sca-1* cells in
infarcted hearts would be beneficial to prove this concept. Moreover, our /in vivo study
showed that transplantation of HSSca-1* cells significantly attenuated cardiac fibrosis.
Although the contribution of Sca-1* cells towards myogenesisis one of the possible
reasons?, the role of HSF1-enriched exosomes on slowing the progression of fibrosis
cannot be excluded. A late-breaking report has indicated that upregulated miR-34a levels is
associated with age/MI induced cardiac cell death and functional decline. Thus, the results
of our studies are parallel to the idea that inhibition of miR-34a dramatically reduces cardiac
cell death and fibrosis following M1 and aging?°. Furthermore, as we discovered HSF1 is a
direct repressor for miR-34a and is enriched in Exo™S, it would be worth demonstrating in
future study whether administration HSF1-enriched exosomes isolated from the culture
medium of heat shocked stem cells or directly generated by artificial exosomes?! could
become a novel and safe therapy (exosome is natural and non-viral vector) in ageing/fibrosis
associated diseases.

Besides the role in apoptosis and fibrosis, miR-34a is also a critical barrier for
reprogramming and its deficiency significantly increased reprogramming efficiency and
kinetics22. Thus, it would be interesting to show whether heat shock could enhance
reprogramming efficiency with a role of HSF1/miR-34a/HSF70 triangle.

Finally, the signaling pathways we deciphered might also have wide-ranging implications
for cancer research since HSF1 is a critical modifier for carcinogenesis?3 24 and miR-34a is
inactivated in cancer stem cells?®. Whether HSF1 contributes to inactivation of miR-34a in
cancer stem cells and how HSF1/miR-34a/HSF70 triangle participates in carcinogenesis
should be investigated in the future.

Taken together, our study not only has significant therapeutic value in translational stem cell
based therapy for cardiovascular diseases but may impact many fields such as cell
reprogramming and cancer biology.
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Figure 1. Profiling of heat shock proteins (HSPs) after different heat shock durationsin Sca-1*
cells

A, Western blot analysis was performed to detect HSP90, HSP70, HSP27, HSP20 protein
expression using total cellular proteins (20 pg/lane) obtained from Sca-1* cells that were
heat shock (HS) treated at 42°C for 15min, 30min, 1h, 2h, 3h and non-treated Sca-1* cells as
control(CL). B, Densitometry for HSP90, HSP70, HSP27, HSP20 after normalization
against Actin levels. The data shown are the average of three independent experiments with
error bars denoting standard deviation. (*) denotes /<0.05 for significant differences
between HS3h and CL.
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Figure 2. Up-regulation of HSP70 is essential for enhanced survival of HSSca-1* cells after

oxygen glucose deprivation

A. Left panel: Western blot analysis was performed to exhibit the expression pattern of
HSP70 in heat shocked Sca-1* cells which were incubated at 37°C for different time periods
(0, 14, 24 hours, designated as incu 0 h, incu 14 h, incu 24 h respectively) after heat shock.
Right panel: Densitometry for HSP70 after normalization against Actin levels. B. After
OGD 8 h, culture supernatants were collected and assayed for LDH (for the group-incu
14h). At that time point, cells were fixed and followed by TUNEL assay (C) and the
representative pictures for TUNEL assay in HSSca-1* and "°"HS Sca-17* cells are shown in
D(Red: TUNEL,; Blue: DAPI). (*) denotes ~<0.05 for significant differences
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between HSSca-1* and "™-HS Sca-1* cells. White arrow indicates TUNEL positive cells. E.
Apoptosis was analyzed by Annexin V-FITC staining followed by FACS. The percentage of
apoptotic cells was quantitated. F. upper panel: Western blot showing reduced cleaved
caspase-3 expression in HSSca-1* cells as compared with "0"-HSSca-1+ cells; (*) denotes
P<0.05 for significant differences between HSSca-1* and "°"-HSSca-1* cells. Lower panel:
Densitometry for cleaved caspase-3 after normalization against Actin levels. G. Western blot
showing siRNA successfully diminished HSP70 expression in HSSca-1* cells as compared
with Scramble. (**) denotes A<0.01 for significant differences between siRNA-HSP70 (100
nM) and Scramble treated cells. H. siRNA-HSP70 significantly reversed cytoprotective
effect of heat shock as determined by TUNEL assay. (**) denotes A<0.01 for significant
differences between siRNA-HSP70 (100 nM) and Scramble treated cells. The data shown
are the average of three independent experiments with error bars denoting standard
deviation.
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Figure 3. miR-34aisnovel negative regulator of HSP70
A. Customer microarray data of miRNA expression levels from 3 independent experiments.

Relative levels of 13 miRNAs potentially targeting the HSP70 (HSPalb) 3"UTR under heat
shock are shown. miRNA levels in ""HSSca-1* cells are considered to be equal to 100%. B.
Real-time PCR showing expression of miR-34a was repressed inHSSca-17* cells as compared
to "oN-HSSca-1+ cells. (*) denotes A< 0.01, relative to "°"HSSca-1 cells. C. Schematic layout
of the HSP70 (HSPalb) 5"UTR, mRNA coding sequence (CDS) and 3"UTR, with the
relative location of the miR-34a binding site. Depiction is not to scale. Sequence of mouse
and human miR-34a and predicted interaction with conserved 8-mer miR-34a seeds found

Stem Cells. Author manuscript; available in PMC 2017 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Feng et al.

Page 13

within the HSP70 (HSPalb) 3" UTRs from different species (highlighted in yellow box) are
shown. D. Western blot showing overexpression of miR-34a by transfection of miR-34a
mimic diminished upregulation of HSP70 in HSSca-1* cells. E. The cytoprotective effect of
heat shock was compromised by overexpression of miR-34a via transfection of miR-34a
mimic, as determined by TUNEL assay. (*) denotes A< 0.01, relative to negative control-
transfected HSSca-1* cells. F. Loss of miR-34a by transfection of miR-34a LNA inhibitor
caused elevation of HSP70 detected by Western blot and rescued apoptosis as determined
TUNEL assay (G). (**) denotes /< 0.01, relative to the negative control-transfected Sca-1*
cells. H. Co-transfection of plasmid pEZX-MT01-HSP70-3"UTR with miR-34a mimic or
negative control. Plasmid pEZX-MT01-HSP70-3’ UTR (GeneCopoeia) expressing firefly
luciferase (hLuc) followed by 3"UTR of mouse HSP70, and renilla luciferase (hRLuc) under
constitutive control of the cytomegaly virus (CMV) promoter. Every firefly luciferase
reading was normalized to that of the control Renilla luciferase. The luciferase activity of
miR-34a mimic-transfected cells were presented as percentages relative to the level of
luciferase in the negative control-transfected cells (this control luciferase level is considered
as 100%). The values represent mean + SEM (= 3). The dashed line represents the
threshold of luciferase activity (75%), suppression of luciferase level below which indicates
positive binding. (**) denotes A< 0.01, relative to the negative control-transfection.
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Figure 4. miR-34a repression in Ssca-1* cellsis attributed to HSF1 mediated chromatin
remodeling

A. Bisulfite sequencing showing no hypermethylation on miR-34a promoter in HSSca-1*
cells. Genomic DNA derived from HSSca-1* and ""-HSSca-1* cells was subjected to
bisulfite sequencing and examined at the region on CpG island of miR-34a, as indicated in
the map. Methylated CpG are presented by black circles and unmethylated sites by open
circles. B. ChIPgRT-PCR analysis of RNA polymerase Il (Pol I1), H3K4me3, and
H3K27me3 on the promoter region of miR-34a in HSSca-1* and "°"-HSSca-1* cells. Data are
normalized to inputs from three experiments (mean = SEM). (*) denotes ~£<0.05 for
significant differences related to "°"-HSSca-1* cells (C). D. Mouse-human conserved HSF1
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responsive element (red circle) in miR-34a promoter region (downloaded from the
GenomeTrafac database). E. Sequence logo showing high conservation of the putative
HSF1-RE. The logo was constructed from 12 mammal species. The height of each letter is
proportional to the frequency of the base, and the height of the letter stack shows the
conservation at that position. F. AUCSC genome browser screenshot showing the location of
validated p53 response element (p53-RE), the putative HSF1 response element (HSF1-RE),
CpG island, Pol Il, H3K4me3, and H3K27me3 tracks on miR-34a promoter in mouse
genome. G. Western blot (upper panel) and PCR (lower panel) showing inverse correlation
between HSF1 and miR-34a expression. Nuclear protein and total RNA was extracted from
the same batch of cells. H. Luciferase (Luc) reporter constructs contain the miR-34a
promoter with the potential HSF1-RE upstream of a luciferase gene (WT), or the miR-34a
promoter with the deletion of potential HSF1-RE (HSF1-RE deletion). Red indicates the
potential HSF1-RE (chr4:149,423,492-149,423,516). Sca-1" cells were transfected with WT
or HSF1-RE deletion plasmids for 24 h, followed by heat shock treatment. Luciferase
activity was measured 14 h after heat shock. Luciferase activity is expressed as the ratio of
luciferase activity of HSF1-RE deletion to WT luciferase activity and Renilla luciferase as a
normalizing control. RLU, relative light units. Data represent mean + SEM (n= 3).(*)
denotes A< 0.05, relative to WT. I. Knock down of HSF1 by siRNA as shown by western
blot significantly up-regulated miR-34a expression detected by real-time PCR. Data
represent mean = SEM (n= 3).(*) denotes A< 0.05, relative to Scramble-

transfected HSSca-1* cells. J. Western blot showing knock down of HSF1 by siRNA down
regulated HSP70 expression which was rescued by miR-34a inhibitors. K. ChIP-gPCR
verified the binding of HSF1 on the putative HSF1-RE, showing HSF1 was significantly
enriched on the promoter region of miR-34a in HSSca-1* cells as compared to "°"-HSgca-1+
cells. Data represent mean + SEM (n= 3).(*) denotes A< 0.05, relative to"°"-HSSca-1* cells.
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Figure 5. HSsca-1* cellstransplantation reduced car diomyocyte apoptosis
A. Real-time PCR for mice Sry gene in female mouse hearts (n= 4/group) with myocardial

infarction (MI) on day-4 post-transplantation of male HSSca-1* or "°-HSSca-1* cells. B.
TUNEL assay and representative pictures (C) showing H5Sca-1* cells transplantation
reduced apoptosis of cardiomyocytes on day-4 post myocardial infarction. (*) denotes A<
0.01. vs. DMEM:; (*) denotes A< 0.01. vs. "on-HSSca-1* cells. D. Representative western blot
image showing elevated HSF1 and HSP70 expression in hearts(n=4/group) on day-4 post-
transplantation of HSSca-1* cells. E. Real-time PCR showing miR-34a was significantly
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downregulated in hearts (n=4/group) on day-4 post-transplantation of HSSca-1* cells. (*)
denotes A< 0.01. vs."oN-HSSca-1+ cells treated hearts. F. ChIP gRT-PCR analysis of RNA
polymerase Il (Pol 11), H3K4me3, and H3K27me3 on the promoter region of miR-34a in
hearts (n=4/group) on day-4 post-transplantation of HSSca-1* cells. Data are normalized to
inputs. (*) denotes A< 0.01. vs."o"-HSSca-1* cells treated hearts. G. A representative electron
microscopy image of an isolated exosome from culture medium of HSSca-17 cells. Scale bar,
100 nm. H. Bioanalyzer analysis showing total RNA isolated from exosomes contained no
or little ribosomal RNA (18S- and 28S- rRNA). |. Western blot showing isolated exosomes
express typical exosomes marker CD63 and HSF1 was enriched in exosomes from HSSca-1*
cells. J. TUNEL assay showing administration of exosomes isolated from culture medium
of HSSca-1* cells (Exo™S) rescued apoptosis of neonatal cardiomyocytes under OGD. Data
represent mean = SEM (n= 3).(*) denotes /A< 0.05, relative to cardiomyocytes administered
with isolated exosomes from culture medium of "OHSSca-1* cells (Exo®™HS), K. Western
blot showing ExoHS administration increased HSF1 and HSP70 protein levels in neonatal
cardiomyocytes under OGD as compared to Exo™"HS, . Real-time PCR showing ExoHS
administration decreased miR-34a expression in neonatal cardiomyocytes under OGD. Data
represent mean = SEM (n= 3).(*) denotes A< 0.05, relative to cardiomyocytes with
Exo"°™HS administration. M. ChIP gRT-PCR analysis of RNA polymerase 11 (Pol I1),
H3K4me3, and H3K27me3 on miR-34a promoter in neonatal cardiomyocytes under OGD
with ExoHS and Exo""HS administration. Data represent mean + SEM (n= 3).(*) denotes
P< 0.05, relative to cardiomyocytes with Exo"°"HS administration.
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Figure6. HsSca—fcelIstransplantation improved global heart function and ameliorated cardiac
fibrosis after myocardial infarction

Serial LV performance parameters (left ventricle ejection fraction (LVEF) and left ventricle
fractional shortening (LVVFS)) post MI (1w, 2w, 3w, 4w) were measured as shown in A and
B (n=8/group). (*) denotes A< 0.01. vs. DMEM:; (¥) denotes A< 0.01. vs. "0"-HSSca-1+ cells.
C. Representative M-mode echocardiography 4 weeks post MI. Left ventricle diastolic
dimension (LVDd) and left ventricle systolic dimension (LVVDs) were measured as shown in
D and E respectively. (*) denotes A< 0.01. vs. DMEM:; (*) denotes A< 0.01. vs. "0n-HSgca-1+
cells. F. Representative Masson’s trichrome-stained pictures from 4 continuous sections
(skip 500 pM) for fibrosis measurement in hearts with DMEM injection, ""-HSgca-1+

and HSSca-1* cells transplantation 4 weeks post M1 (n=8/group). Scar tissue and viable
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myocardium are identified in blue and red, respectively. G. Quantitative analysis of fibrosis.
(*) denotes A< 0.01. vs. DMEM:; (*) denotes A< 0.01. vs. "°"HSSca-1* cells.
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