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1
METHODS FOR HEART REGENERATION

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Appl. No. 61/712,701, filed Oct. 11, 2012, the contents of
which are incorporated herein by reference and for all pur-
poses.

STATEMENT OF GOVERNMENT SUPPORT

This invention was made with government support under
grant UO1 HL.107442-04 awarded by The National Heart,
Lung and Blood Institute; the government has certain rights in
the invention.

REFERENCE TO A “SEQUENCE LISTING,” A
TABLE, OR A COMPUTER PROGRAM LISTING
APPENDIX SUBMITTED AS AN ASCII TEXT
FILE

The Sequence Listing is submitted as an ASCII text file
[9496002Sequencelisting.txt,Jun. 8, 2015, 7.45 MB], which
is incorporated by reference herein.

BACKGROUND OF THE INVENTION

Heart failure remains one of the leading causes of mortality
in the developed world. Whereas the mammalian heart is
endowed with certain regenerative potential, endogenous car-
diomyocyte proliferation is insufficient for functional heart
repair upon injury. Interestingly, non-mammalian verte-
brates, such as the zebrafish, can regenerate the damaged
heart by inducing cardiomyocyte dedifferentiation and pro-
liferation. By screening regenerating zebrafish hearts Appli-
cants identified miR-99/100 down-regulation as akey process
driving cardiomyocyte dedifferentiation. Experimental
down-regulation of miR-99/100 in primary adult murine and
human cardiomyocytes led to an increase in the number of
proliferating cardiomyocytes. AAV-mediated in vivo down-
regulation of miR-99/100 after acute myocardial injury in
mice induced mature cardiomyocyte proliferation, dimin-
ished infarct size and improved heart function. Applicants’
study unveils conserved regenerative mechanisms between
zebrafish and mammalian cardiomyocytes and represents a
proof-of-concept on the suitability of activating pro-regen-
erative responses for healing the diseased mammalian heart.

BRIEF SUMMARY OF THE INVENTION

In one aspect, a method of modulating proliferation of a
cardiomyocyte is provided. The method includes (i) trans-
fecting a cardiomyocyte with a nucleic acid encoding a micro
RNA modulator, thereby forming a transfected cardiomyo-
cyte; and (ii) allowing the transfected cardiomyocyte to
divide, thereby modulating proliferation of the cardiomyo-
cyte.

In another aspect, a method of modulating proliferation of
a cardiomyocyte is provided. The method includes (i) con-
tacting a cardiomyocyte with a small molecule, thereby form-
ing a treated cardiomyocyte; and (ii) allowing the treated
cardiomyocyte to divide, thereby modulating proliferation of
the cardiomyocyte.

In another aspect, a method of treating myocardial infarc-
tion in a subject in need thereof is provided. The method
includes administering to the subject a therapeutically effec-
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tive amount of a nucleic acid encoding a micro RNA modu-
lator, wherein the RNA modulator increases cardiomyocyte
proliferation thereby treating the myocardial infarction.

In another aspect, a method of treating myocardial infarc-
tion in a subject in need thereof is provided. The method
includes administering to the subject a therapeutically effec-
tive amount of a nucleic acid encoding an antagonist of a mir
99 micro RNA and a nucleic acid encoding an antagonist of a
let-7amicro RNA, thereby treating the myocardial infarction.

In another aspect, a method of treating myocardial infarc-
tion in a subject in need thereof is provided. The method
includes administering to the subject a therapeutically effec-
tive amount of a small molecule, wherein the small molecule
increases cardiomyocyte proliferation thereby treating the
myocardial infarction.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-J. miR-99/100 and Let-7a/c are involved in the
early cardiac regenerative response in the zebrafish. (FIG.
1A) Amputated hearts were allowed to regenerate for 3 and 7
days, and then analyzed by real time RT-PCR for microRNA
candidates miR-99/100 and Let-7a/c (n=8). (FIGS. 1B, C)
FISH/double immunofluorescence was used to determine
cardiomyocyte specific expression of microRNA-100 (n=5,
see also FIG. 6) and its downstream targets fntf (FIG. 1B)and
smarca5 (FIG. 1C) in uninjured (left panel) and 7 dpa condi-
tions (right panel). Cardiomyocytes in regenerating hearts
exhibited remarkable low levels of both miRs, and inversely
correlating high levels of Fntf} and Smarca5. (FIG. 1D) Gene
expression fold change of fntf and smarca5 in amputated
hearts (n=8). (FIG. 1E) Chemical inhibition of fnt activity
with Tipifarnib dramatically reduced cardiomyocyte prolif-
eration and heart regeneration in amputated fish, leading to
scarring as determined by Masson’s Trichromic (FIG. 1F)
staining and BrDU incorporation (FIG. 1G) (n=6). (FIGS.
1H, I, J) Knock-down of futp and/or smarca$ in embryos
resulted in abnormally small animals and reduced ventricle
size in cmlc2:GFP animals. The same phenotype was
observed upon injection of miR-99/100 mimics (n>50).
Dashed line: amputation plane. Boxed area: magnified field.
Arrowheads: cells of interest.

FIGS. 2A-J. Heart regeneration in the fish is controlled by
miR-99/100 and Let-7a/c. (F1G. 2A,B) Dedifterentiating car-
diomyocytes express high levels of Fntf} (from top to bottom,
uninjured, 3 dpa and 7 dpa, panel FIG. 2A) and Smarca5
(from top to bottom, uninjured, 3 dpa and 7 dpa, panel FIG.
2B) with a 3.5-fold and 7-fold protein increment at 7 dpa,
respectively, (see histogram in FIGS. 2C, D; n=5). (FIGS. 2E,
F, G) Exogenous intra-cardiac administration of miR-99/100
mimics led to defective cardiac regeneration, scarring and
reduced cardiomyocyte proliferation (n=6). (FIG. 2H) miR-
99/100 inhibitors exerted the opposite effect in uninjured
adult animals, inducing significant cardiac hyperplasia (FIG.
2]) and increased ventricle size (FIG. 2J; n=6). Dashed line:
amputation plane. Boxed area: magnified area. Ec: endocar-
dial cells; cm: cardiomyocytes. Arrowheads: cells of interest.

FIGS. 3A-H. Adult mammalian cardiomyocytes can be
directed to a proliferative state by forced silencing of the
miR-99/100 cluster. Expression patterns of the miR-99/100
cluster during development in murine (FIG. 3A) and human
cardiomyocytes (FIG. 3C) were determined by qRT-PCR
(n=6). (FIGS. 3B, D) Dynamics of cardiomyocyte progenitor
marker and Fntp/Smarca$ expression during murine (FIG.
3B) and human (FIG. 3D) cardiac maturation. Both Fntf3 and
Smarca$ are up-regulated at cardiac progenitor stages, and
strongly repressed in adult hearts (n=6). (FIGS. 3E, F) Cul-
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tured adult murine cardiomyocytes transduced with anti-
miR-99/100+anti-Let-7 reverted to a dedifferentiated-like
state, re-expressing GATA4 and dissembling the cytoskeleton
(see also FIG. 17; n=3). (FIGS. 3G, H) Transduction with
anti-miRs was sufficient to efficiently drive adult cardiomyo-
cytes to a proliferative state (FI1G. 3G), with beating function-
ality (FIG. 3H) (n=3).

FIGS. 4A-L. MicroRNA silencing is sufficient to induce
heart regeneration in a murine model of myocardial infarc-
tion. (FIGS. 4A, B) Organotypic cultures of adult heart tissue
were employed to study the effects of microRNA-99/100 and
Let-7a/c silencing. (FIG. 4A) After 7 days of treatment, myo-
cardial tissue became disorganized, with a loss of sarcomeric
structures as determined by electron microscopy analysis
(n=6). (FIG. 4B) Furthermore, re-expression of dedifferen-
tiation markers was detected by immunofluorescence evalu-
ation/quantification, as well as cardiomyocyte proliferation
and FNTP and SMARCAS expression in normoxic and
hypoxic conditions (n=6). (FIG. 4C) Representative pictures
of echocardiography performed in control (left panel) and
treated animals (right panel) at 18 days post-myocardial inf-
arction (MI). In vivo silencing of miR-99/100 and Let-7 led to
significant improvements in fractional shortening (FIGS. 4D,
F) and ejection fraction (FIGS. 4E, F) at 18 days post-MI
(n=5). (FIG. 4G) Left panel, reduced infarct size in miR-99/
100 and Let-7 treated animals is confirmed by Masson’s
trichromic staining; (FIG. 4G) Right panel, quantification of
scar size by Masson’s thrichromic staining (FIG. 4G; n=5).
(FIGS. 4H-J) Recovery was accompanied by cardiomyocyte-
specific expression of FNT[ (FIG. 4H) and SMARCAS (FIG.
41), as well as GATA4 re-expression (FIG. 4], right panel
shows quantification of this data) as determined by immun-
ofluorescence analyses (n=5). (FIGS. 4K, L, panel on the
right shows quantification of this data) Regeneration was
mediated by a dramatic increase in proliferating cardiomyo-
cytes as determined by PCNA (FIG. 4K) and H3P (FIG. 4L)
stainings (n=5). Arrowheads: cells of interest.

FIGS. 5A-C. miR-99/100 and Let-7a/c are located in same
genomic cluster and their functions and protein targets are
conserved across vertebrates. (FIG. 5A) Microarray analysis
identified a subset of differentially regulated microRNAs dur-
ing early stages of regeneration in the zebrafish heart (n=4).
Interestingly, most of them were consistently down-regu-
lated. (FIG. 5B) Bioinformatic analysis of the most relevant
signaling pathways targeted by miR-99/100 and Let-7a/c.
(FIG. 5C) Genomic organization and conservation of miR-
99/100 and Let-7a/c clusters in vertebrates (upper left:
zebrafish miR-100 cluster; upper right: zebrafish miR-99
cluster; lower left: human miR-99/100 clusters; lower right:
murine miR-99/100 clusters).

FIGS. 6A-D. Expression of miR-99/100 is restricted to
cardiomyocytes and inversely correlates with Fntp and
Smarca$. (FIGS. 6 A-D) FISH/immunofluorescence analyses
on zebrafish heart sections from uninjured and amputated
animals at 3 and/or 7 dpa. (FIGS. 6A, B) FISH/immunofluo-
rescence analysis of miR-100 and Fntf}/Smarca$ expression
(see also FIG. 1; n=8). (FIGS. 6C, D) FISH/immunofluores-
cent analysis of miR-99 and Fntf/Smarca$ expression during
regeneration (upper row, miR-99 effects on Fntb expression
atuninjured (left), 3 dpa (center) and 7 dpa (right) conditions;
lower row, miR-99 effects on Smarca$ expression at unin-
jured (left), 3 dpa (center) and 7 dpa (right) conditions).
(n=8). Dashed line: amputation plane. Boxed area: magnified
in inset.

FIGs. 7A and 7B. Relevant protein targets of interest in
heart regeneration regulated by miR-99/100 and Let-7a/c.
(FIG.7A) For the Fatb 3'UTR, miR-100 (query) is SEQ ID
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NO: 1131, miR99 (query) is SEQ ID NO: 1132, and the
reference sequences (Ref) are nucleotides 154-175 of SEQ ID
NO: 1118 and 155-175 of SEQ ID NO: 1118, respectively.
For the Smarca5 3' UTR, miR-100 (query) is SEQ ID NO:
1131, miR-99 (query) is SEQ ID NO: 1132, and the reference
sequences (Ref) are nucleotides 51-74 of SEQ ID NO: 1119
and 52-74 of SEQ ID NO: 1119, respectively. For Let-7a, the
query is SEQ ID NO: 1136 and the reference sequence (Ref)
is nucleotides 210 to 231 of SEQ ID NO: 1119. Miranda-
based binding predictions of miR-99/100 to zebrafish Fntb
(upper panel) and Smarca5 (lower panel) 3' UTRs. (FIG.7B)
Luciferase assay to determine biochemical binding of miR-
99/100 to the predicted targets Funtb and Smarca5 for
zebrafish (upper and middle rows) and human (lower row)
3'UTRs. Fish and human UTRs were subcloned in the pGL3
vector and subjected to microRNA mimic knockdown in
vitro. pGL3: empty vector; AS-UTR: antisense-UTR (nega-
tive control); UTR: 3'untranslated region.

FIGS. 8A-B. Fnta., the structural subunit of Fnt, was con-
stitutively expressed in cardiomyocytes regardless of regen-
eration conditions. Fntot expression was determined by
immunofluorescence (FIG. 8A) and qRT-PCR (FIG. 8B,
n=4). Dashed line: amputation plane. Boxed area: magnified
section.

FIGS. 9A-D. MiR-99/100 plays a role in heart develop-
ment. (FIG. 9A) Expression of miR-99/100is very low during
the first stages of development and dramatically increases at
3 dpfin zebrafish (n=10). (F1G. 9B) fntf and smarca$ expres-
sion inversely correlate with miR-99/100 in developing
embryos (n=10). (FIGS. 9C, D) Both Fntp} and Smarca5 are
present at high levels in developing hearts (n=10). V: ven-
tricle; A: atrium; Eb: erythroblasts.

FIGS. 10A-D. Targets of miR-99/100 and Let-7a/c return
to basal levels of expression after cardiomyocytes come back
to their quiescent state. (FIGS. 10A, B) Immunofiuorescent
stainings for proliferating cardiomyocytes at 30 dpa, when
regeneration in the zebrafish heart is mostly complete (n=3).
Fntp and Smarca5 presence in the myocardium returned to
pre-amputation levels at 30 dpa, when regeneration is mostly
completed. (FIG. 10C) Strategy for the scarring experiments
to identify the improtance in regeneration of miR-99/100.
(FIG. 10D) Successful heart delivery of antagomiRs was
evaluated by injection of a matched-size CyS5-labelled oligo-
nucleotide against GFP in cmlc2:GFP animals (n=3). Dashed
line: amputation plane. Boxed area: magnified section.

FIGS. 11A-B. Direct substrates of fit are activated in
regenerating hearts. (FIGS. 11A, B) At 3 and 7 dpa, a signifi-
cant fraction of farnesylated proteins was detected in dedif-
ferentiating cardiomyocytes as determined by immunofluo-
recence (n=5). Boxed area: magnified section.

FIGS. 12A-F. Signaling downstream of fntf in the MAPK
signaling pathway were consistently up-regulated in regen-
erating hearts. Ras (FIGS. 12A, B, C) and c-myc (FIGS. 12D,
E, F), activators of the MAPK pathway regulated by miR-99/
100 and Let-7a/c were up-regulated as determined by immu-
nofluorescence (FIGS. 12A,D) and by qRT-PCR (FIGS. 12B,
C,E,F; n=5). Dashed line: amputation plane. Boxed area:
magnified section. Arrowheads: cells of interest.

FIGS. 13A-B. Chromatin remodeling is a necessary step in
cardiomyocyte dedifferentiation. (FIGS. 13A,B) The chro-
matin remodeling agents Cbx5 (FIG. 13A) and Cbx3a (FIG.
13B), which act in concert with Smarca5, were found in the
nucleus of dedifferentiating cardiomyocytes indicating a
wave of chromatin remodeling. The following is shown in the
histograms of FIG. 13A and FIG. 13B from left to right: First
panel (bottom and top histogram): DAPI stain, second panel
(bottom and top histogram): MyHC stain; third panel (bottom



US 9,220,721 B2

5

and top histogram): PCNA stain; forth panel (bottom and top
histogram):Cbx5 stain; fifth panel (bottom and top histo-
gram): merge of histograms of panels one, two three and
four.(n=4). Arrowheads: cells of interest.

FIG. 14. Expression of miR-99/100 cluster is a switch to
promote or inhibit cardiomyocyte dedifferentiation and pro-
liferation in vertebrates. In the proposed model of action,
quiescent cardiomyocytes express high levels of miR-99/100
and Let-7a/c, which inhibit the expression of key members of
the proliferative activation cascade (Uninjured condition
shown in left panel). Upon injury, cardiomyocytes cease to
express these miRs, leading to the over-expression of key
regulators of two parallel pathways simultaneously: MAPK
signaling and chromatin remodeling (Injury condition shown
in right panel). These changes lead to a proliferation-permis-
sive state in cardiomyocytes, which become more receptive
towards proliferative signals coming from the injured area
and proliferate to replenish the lost tissue. The symbols “X”
indicate blocked pathways.

FIGS. 15A-D. FISH/IF for different developmental stages
in the mouse heart. (FIGS. 15A-C) Identical patterns of
expression were found for miR-99/100 and Let-7a/c, as well
as Fntp and Smarca$5, to those observed in the developing
zebrafish (FIG. 15A: embryonic day 11; FIG. 15B: postnatal
day 2; FIG. 15C: adult) (n=6). (FIG. 15D) Quantification
showing the number of double positive cells for miR-99/100
(FIG. 15D upper left), Let-7a/c (FIG. 15D upper right), Fntf3
(FIG. 15D lower left) and Smarca$ (FIG. 15D lower right)
(n=6).

FIGS. 16A-B. Human ESC-derived, proliferation-compe-
tent immature cardiomyocytes (hiCM) possessed the same
phenotype observed in fish and mouse dedifferentiated car-
diomyocytes. (FIG. 16A) Immunofiuorescence for the indi-
cated proteins in human embryonic stem cells (FIG. 16A,
Images are individual panels of the merged figure shown at in
the last column). (FIG. 16B) hiCMs showed expression of
GATA4, SMARCAS and FNTf, which was progressively
lost with decreased proliferative capacity (n=3). The follow-
ing is shown in the histograms of FIG. 16A and FIG. 16B
from left to right: Histograms show immunostaining with
DAPI (first panel), MyHC (second panel), GATA4 (third
panel), SMARCAS (forth panel top), FNTbeta (forth panel
middle), of H3P (forth panel bottom) and a merged histogram
(fifth panel).

FIGS. 17A-F. miR silencing leads to dedifferentiation and
proliferation of cardiomyocytes. (FIG. 17A, Images repre-
sent individual panels of the merged image shown in the last
column) Untreated adult murine cardiomyocytes spontane-
ously disorganized sarcomeric structures in vitro, but did not
dedifferentiate or express FNT[, SMARCAS, GATA4 or pro-
liferative markers. However, upon lentiviral transduction
with anti-Let-7 alone (FIG. 17B, Images represent individual
panels of the merged image shown in the last column) or both
anti-Let-7and anti-miR-99/100 (FIG. 17C, Images represent
individual panels of the merged image shown in the last
column) they re-expressed all those markers (n=3). (FIG.
17D) Functional beating properties were preserved in dedif-
ferentiated cardiomyocytes, suggesting a degree of spontane-
ous redifferentiation, except for anti-Let-7 treatment. (FIGS.
17E, F) Cardiomyocyte dedifferentiation was evaluated by
simultaneously measuring GATA4 and sarcomeric myosin
expression and organization in cultured cardiomyocytes
(n=3).

FIGS. 18A-C. microRNA silencing is specific for cardi-
omyocytes. (FIG. 18A) Human Fibroblasts (left panel) or
endothelial cells (right panel) expressed basal levels of FNTp,
SMARCAS and negligible levels of miR-99/100 and Let-7a/c
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(data not shown), and were insensitive to miR silencing
(FIGS. 18A, B, C), indicating specificity of the treatment in a
heart setting. (FIG. 18C) Images used for quantification of
data shown in A and B (Images represent individual panels of
the merged image shown in the last column) (n=3).

FIGS. 19A-B (from top to bottom, confocal analysis of
FNTB, SMARCAS, Cx43, GATA4 and H3P). Histograms to
the left represent positional information from the numbers
shown in the insets. Ex vivo organotypic culture of murine
myocardial tissue reveals sustained cardiomyocyte prolifera-
tion. Adult mouse heart tissue was cultured and treated with
empty vector (pmiRZip), anti-miR-99/100 or both anti-miR-
99/100 and anti-Let-7 (lentiviral activation was followed with
a GFP reporter). Confocal analysis after 7 days of miR silenc-
ing led to significantly increased FNT[ and SMARCAS
(FIGS. 19A, B), enhanced numbers of dedifferentiated car-
diomyocytes—determined by Cx43 and GATA4 expres-
sion—(FIG. 19B) and significantly increased number of pro-
liferating cells (n=4). Dashed line and corresponding
numbers: nuclear profile of representative cells. Boxed area:
magnified section.

FIGS. 20A-E. Hypoxic injury in organotypic culture leads
to increased dedifferentiation. (FIG. 20A) Schematic of
hypoxia experiments. (FIG. 20B) Efficient lentiviral delivery
was achieved in ex vivo conditions for all anti-miRs. (FIGS.
20C, D) Histomorphometric evaluation of the damaged myo-
cardium in normoxic and hypoxic conditions by employing
Masson’s trichrome staining (n=4). (FIG. 20E) The dedifter-
entiation response was characterized by GATA4, Cx43, H3P,
Fntp and Smarca$ stainings (From top to bottom, Cx43,
SMARCAS, H3P) (n=4). Dashed line: adjacent necrotic
patch. Boxed area: magnified section. Dashed lines: necrotic
tissue.

FIGS. 21A-B. Echocardiography showing functional
improvement in infarcted mice treated with anti-miR-99/100
and anti-Let-7a (upper panel) and quantification of that data
(lower panel). Animals were subjected to LAD artery ligation
to provike infarction followed by tintramyocardial adminis-
tration of antimiR containing AAV2/9 vectors. Functional
heart recovery was measured versus untreated contrail ani-
mals. (FIG. 21A) At 18 dpi (days post infarction) mice treated
with antimiR’s exhibit a significant improvement in ejection
fraction and fractional shortening, as well as reduction in scar
size. (FIG. 21B) At 3 mpi (months post infarction) the
improvements are still present (left panels, echocardio-
graphic quantification; right panel, representative images),
with further reduction of scar size and significant enlarge-
ment of the LAVW, indicative of replenishment of the myo-
cardial mass.

FIGS. 22A-B. In vivo regenerative reprogramming by anti-
miR delivery (FIG. 22A). In vivo-induced cardiomyocyte
proliferation by anti-miR delivery (18 days post-infarction)
(left panels, PCNA and H3P staining showing proliferating
cardiomyocytes; right panel, quantification of the data) (FIG.
22B).

FIGS. 23A-B. In vivo dedifferentiation by anti-miR deliv-
ery. (FIG. 23A): left panel, GATA4 immunofluorescence;
right panel, quantification of the data shown (FIG. 23B):
histogram showing percentage of dedifferentiated CMs;
(FIG. 23C): SMARCAS immunofluorescence.

FIGS. 24A-B. Anti-miR99/100/let-7 delivery enhances
functional recovery after infarction. Echocardiography mea-
surements in infarcted animals treated with control vs. anti-
miR treatment indicate significant regeneration after treat-
ment (FIG. 24A). Quantification of those animals shows
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statistically significant functional recovery, both in farction
shortening (left panel) as well as ejection fraction (right
panel).

FIGS. 25A-B. Anti-miR99/100/let-7 delivery enhances
functional recovery after infarction. Heart function improve-
ment by anti-miR treatment is sustained over long periods of
time (ejection fraction) and seems to involve regeneration of
the myocardial mass (LAWYV thickening, immunohistologi-
cal analysis shown in FIG. 25A). Ultrasound analysis shown
in FIG. 25B (abbreviations AW; anterior wall; ID: internal
diameter; reflects heart dilation; PW: posterior wall).

DETAILED DESCRIPTION OF THE INVENTION

Definitions

While various embodiments and aspects of the present
invention are shown and described herein, it will be obvious
to those skilled in the art that such embodiments and aspects
are provided by way of example only. Numerous variations,
changes, and substitutions will now occur to those skilled in
the art without departing from the invention. It should be
understood that various alternatives to the embodiments of
the invention described herein may be employed in practicing
the invention.

The section headings used herein are for organizational
purposes only and are not to be construed as limiting the
subject matter described. All documents, or portions of docu-
ments, cited in the application including, without limitation,
patents, patent applications, articles, books, manuals, and
treatises are hereby expressly incorporated by reference in
their entirety for any purpose.

Unless defined otherwise, technical and scientific terms
used herein have the same meaning as commonly understood
by a person of ordinary skill in the art. See, e.g., Singleton et
al., DICTIONARY OF MICROBIOLOGY AND MOLECU-
LAR BIOLOGY 2nd ed., J. Wiley & Sons (New York, N.Y.
1994); Sambrook et al., MOLECULAR CLONING, A
LABORATORY MANUAL, Cold Springs Harbor Press
(Cold Springs Harbor, N.Y. 1989). Any methods, devices and
materials similar or equivalent to those described herein can
be used in the practice of this invention. The following defi-
nitions are provided to facilitate understanding of certain
terms used frequently herein and are not meant to limit the
scope of the present disclosure.

“Nucleic acid” refers to deoxyribonucleotides or ribo-
nucleotides and polymers thereof in either single- or double-
stranded form, and complements thereof. The term “poly-
nucleotide” refers to a linear sequence of nucleotides. The
term “nucleotide” typically refers to a single unit of a poly-
nucleotide, i.e., a monomer. Nucleotides can be ribonucle-
otides, deoxyribonucleotides, or modified versions thereof.
Examples of polynucleotides contemplated herein include
single and double stranded DNA, single and double stranded
RNA (including siRNA), and hybrid molecules having mix-
tures of single and double stranded DNA and RNA. The terms
also encompass nucleic acids containing known nucleotide
analogs or modified backbone residues or linkages, which are
synthetic, naturally occurring, and non-naturally occurring,
which have similar binding properties as the reference nucleic
acid, and which are metabolized in a manner similar to the
reference nucleotides. Examples of such analogs include,
without limitation, phosphorothioates, phosphoramidates,
methyl phosphonates, chiral-methyl phosphonates, and 2-O-
methyl ribonucleotides.

A “miRNA” or “microRNA” as provided herein refers to a
nucleic acid that forms a double stranded RNA, which double
stranded RNA has the ability to reduce or inhibit expression
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of'a gene or target gene when expressed in the same cell as the
gene or target gene. The complementary portions of the
nucleic acid that hybridize to form the double stranded mol-
ecule typically have substantial or complete identity. In one
embodiment, a microRNA refers to a nucleic acid that has
substantial or complete identity to a target gene and forms a
double stranded miRNA.. In embodiments, the miRNA inhib-
its gene expression by interacting with a complementary cel-
Iular mRNA thereby interfering with the expression of the
complementary mRNA. Typically, the nucleic acid is at least
about 15-50 nucleotides in length (e.g., each complementary
sequence of the double stranded miRNA is 15-50 nucleotides
in length, and the double stranded miRNA is about 15-50 base
pairs in length). In other embodiments, the length is 20-30
base nucleotides, preferably about 20-25 or about 24-29
nucleotides in length, e.g., 20, 21, 22, 23, 24, 25, 26, 27, 28,
29, or 30 nucleotides in length.

The words “complementary” or “complementarity” refer
to the ability of a nucleic acid in a polynucleotide to form a
base pair with another nucleic acid in a second polynucle-
otide. For example, the sequence A-G-T is complementary to
the sequence T-C-A. Complementarity may be partial, in
which only some of the nucleic acids match according to base
pairing, or complete, where all the nucleic acids match
according to base pairing.

Theterms “protein”, “peptide”, and “polypeptide” are used
interchangeably to denote an amino acid polymer or a set of
two or more interacting or bound amino acid polymers. The
terms apply to amino acid polymers in which one or more
amino acid residue is an artificial chemical mimetic of a
corresponding naturally occurring amino acid, as well as to
naturally occurring amino acid polymers and non-naturally
occurring amino acid polymer.

The term “amino acid” refers to naturally occurring and
synthetic amino acids, as well as amino acid analogs and
amino acid mimetics that function in a manner similar to the
naturally occurring amino acids. Naturally occurring amino
acids are those encoded by the genetic code, as well as those
amino acids that are later modified, e.g., hydroxyproline,
y-carboxyglutamate, and O-phosphoserine. Amino acid ana-
logs refers to compounds that have the same basic chemical
structure as a naturally occurring amino acid, i.e., ana carbon
that is bound to a hydrogen, a carboxyl group, an amino
group, and an R group, e.g., homoserine, norleucine,
methionine sulfoxide, methionine methyl sulfonium. Such
analogs have modified R groups (e.g., norleucine) or modi-
fied peptide backbones, but retain the same basic chemical
structure as a naturally occurring amino acid. Amino acid
mimetics refers to chemical compounds that have a structure
that is different from the general chemical structure of an
amino acid, but that functions in a manner similar to a natu-
rally occurring amino acid. The terms “non-naturally occur-
ring amino acid” and “unnatural amino acid” refer to amino
acid analogs, synthetic amino acids, and amino acid mimetics
which are not found in nature.

Amino acids may be referred to herein by either their
commonly known three letter symbols or by the one-letter
symbols recommended by the IUPAC-IUB Biochemical
Nomenclature Commission. Nucleotides, likewise, may be
referred to by their commonly accepted single-letter codes.

“Conservatively modified variants™ applies to both amino
acid and nucleic acid sequences. With respect to particular
nucleic acid sequences, conservatively modified variants
refers to those nucleic acids which encode identical or essen-
tially identical amino acid sequences, or where the nucleic
acid does not encode an amino acid sequence, to essentially
identical sequences. Because of the degeneracy of the genetic
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code, a large number of functionally identical nucleic acids
encode any given protein. For instance, the codons GCA,
GCC, GCG and GCU all encode the amino acid alanine Thus,
at every position where an alanine is specified by a codon, the
codon can be altered to any of the corresponding codons
described without altering the encoded polypeptide. Such
nucleic acid variations are “silent variations,” which are one
species of conservatively modified variations. Every nucleic
acid sequence herein which encodes a polypeptide also
describes every possible silent variation of the nucleic acid.
One of skill will recognize that each codon in a nucleic acid
(except AUG, which is ordinarily the only codon for methion-
ine, and TGG, which is ordinarily the only codon for tryp-
tophan) can be modified to yield a functionally identical
molecule. Accordingly, each silent variation of a nucleic acid
which encodes a polypeptide is implicit in each described
sequence with respect to the expression product, but not with
respect to actual probe sequences.

The terms “identical” or percent “identity,” in the context
of'two or more nucleic acids or proteins, refer to two or more
sequences or subsequences that are the same or have a speci-
fied percentage of nucleotides or amino acids that are the
same (i.e., about 60% identity, 65%, 70%, 75%, 80%, 85%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or
higher identity over a specified region, when compared and
aligned for maximum correspondence over a comparison
window or designated region) as measured using a BLAST or
BLAST 2.0 sequence comparison algorithms with default
parameters described below, or by manual alignment and
visual inspection. See e.g., the NCBI web site at ncbi.nlm.ni-
h.gov/BLAST. Such sequences are then said to be “substan-
tially identical.” This definition also refers to, or may be
applied to, the compliment of a test sequence. The definition
also includes sequences that have deletions and/or additions,
as well as those that have substitutions. Identity typically
exists over a region that is at least about 50 amino acids or
nucleotides in length, or over a region that is 50-100 amino
acids or nucleotides in length, or over the entire length of a
given sequence.

The term “gene” means the segment of DNA involved in
producing a protein; it includes regions preceding and fol-
lowing the coding region (leader and trailer) as well as inter-
vening sequences (introns) between individual coding seg-
ments (exons). The leader, the trailer as well as the introns
include regulatory elements that are necessary during the
transcription and the translation of a gene. Further, a “protein
gene product” is a protein expressed from a particular gene.

The word “expression” or “expressed” as used herein in
reference to a gene means the transcriptional and/or transla-
tional product of that gene. The level of expression of a DNA
molecule in a cell may be determined on the basis of either the
amount of corresponding mRNA that is present within the
cell or the amount of protein encoded by that DNA produced
by the cell (Sambrook et al., 1989, Molecular Cloning: A
Laboratory Manual, 18.1-18.88).

The term “recombinant” when used with reference, e.g., to
acell, ornucleic acid, protein, or vector, indicates that the cell,
nucleic acid, protein or vector, has been modified by the
introduction of a heterologous nucleic acid or protein or the
alteration of a native nucleic acid or protein, or that the cell is
derived from a cell so modified. Thus, for example, recombi-
nant cells express genes that are not found within the native
(non-recombinant) form of the cell or express native genes
that are otherwise abnormally expressed, under expressed or
not expressed at all.

The term “heterologous” when used with reference to por-
tions of anucleic acid or protein indicates that the nucleic acid
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or protein comprises two or more subsequences that are not
found in the same relationship to each other in nature. For
instance, the nucleic acid is typically recombinantly pro-
duced, having two or more sequences from unrelated genes
arranged to make a new functional nucleic acid, e.g., a pro-
moter from one source and a coding region from another
source. Similarly, a heterologous protein indicates that the
protein comprises two or more subsequences that are not
found in the same relationship to each other in nature (e.g., a
fusion protein).

The term “exogenous” refers to a molecule or substance
(e.g., nucleic acid or protein) that originates from outside a
given cell or organism. Conversely, the term “endogenous”
refers to a molecule or substance that is native to, or originates
within, a given cell or organism.

A ““vector” is a nucleic acid that is capable of transporting
another nucleic acid into a cell. A vector is capable of direct-
ing expression of a protein or proteins encoded by one or
more genes carried by the vector when it is present in the
appropriate environment.

A “viral vector” is a viral-derived nucleic acid that is
capable of transporting another nucleic acid into a cell. A viral
vector is capable of directing expression of a protein or pro-
teins encoded by one or more genes carried by the vector
when it is present in the appropriate environment. Examples
for viral vectors include, but are not limited to retroviral,
adenoviral, lentiviral and adeno-associated viral vectors.

A “cell culture” is an in vitro population of cells residing
outside of an organism. The cell culture can be established
from primary cells isolated from a cell bank or animal, or
secondary cells that are derived from one of these sources and
immortalized for long-term in vitro cultures.

The terms “culture,” “culturing,” “grow,” “growing,”
“maintain,” “maintaining,” “expand,” “expanding,”’ etc.,
when referring to cell culture itself or the process of culturing,
can be used interchangeably to mean that a cell is maintained
outside the body (e.g., ex vivo) under conditions suitable for
survival. Cultured cells are allowed to survive, and culturing
canresult in cell growth, differentiation, or division. The term
does not imply that all cells in the culture survive or grow or
divide, as some may naturally senesce, etc. Cells are typically
cultured in media, which can be changed during the course of
the culture.

The terms “media” and “culture solution” refer to the cell
culture milieu. Media is typically an isotonic solution, and
can be liquid, gelatinous, or semi-solid, e.g., to provide a
matrix for cell adhesion or support. Media, as used herein, can
include the components for nutritional, chemical, and struc-
tural support necessary for culturing a cell.

The term “derived from,” when referring to cells or a bio-
logical sample, indicates that the cell or sample was obtained
from the stated source at some point in time. For example, a
cell derived from an individual can represent a primary cell
obtained directly from the individual (i.e., unmodified), or
can be modified, e.g., by introduction of a recombinant vec-
tor, by culturing under particular conditions, or immortaliza-
tion. In some cases, a cell derived from a given source will
undergo cell division and/or differentiation such that the
original cell is no longer exists, but the continuing cells will
be understood to derive from the same source.

The term “transfection” or “transfecting” is defined as a
process of introducing a nucleic acid molecule to a cell using
non-viral or viral-based methods. The nucleic acid molecule
can be a sequence encoding complete proteins or functional
portions thereof. Typically, a nucleic acid vector, comprising
the elements necessary for protein expression (e.g., a pro-
moter, transcription start site, etc.). Non-viral methods of
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transfection include any appropriate transfection method that
does not use viral DNA or viral particles as a delivery system
to introduce the nucleic acid molecule into the cell. Exem-
plary non-viral transfection methods include calcium phos-
phate transfection, liposomal transfection, nucleofection,
sonoporation, transfection through heat shock, magnetifec-
tion and electroporation. For viral-based methods, any useful
viral vector can be used in the methods described herein.
Examples of viral vectors include, but are not limited to
retroviral, adenoviral, lentiviral and adeno-associated viral
vectors. In some aspects, the nucleic acid molecules are intro-
duced into a cell using a retroviral vector following standard
procedures well known in the art.

Expression of a transfected gene can occur transiently or
stably in a host cell. During “transient expression” the trans-
fected nucleic acid is not integrated into the host cell genome,
and is not transferred to the daughter cell during cell division.
Since its expression is restricted to the transfected cell,
expression of the gene is lost over time. In contrast, stable
expression of a transfected gene can occur when the gene is
co-transfected with another gene that confers a selection
advantage to the transfected cell. Such a selection advantage
may be a resistance towards a certain toxin that is presented to
the cell. Expression of a transfected gene can further be
accomplished by transposon-mediated insertion into to the
host genome. During transposon-mediated insertion, the
gene is positioned in a predictable manner between two trans-
poson linker sequences that allow insertion into the host
genome as well as subsequent excision.

The terms “inhibitor,” “repressor” or “antagonist” or
“downregulator” interchangeably refer to a substance that
results in a detectably lower expression or activity level as
compared to a control. The inhibited expression or activity
can be 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% or
less than that in a control. In certain instances, the inhibition
is 1.5-fold, 2-fold, 3-fold, 4-fold, 5-fold, 10-fold, or more in
comparison to a control.

The terms “therapy,” “treatment,” and “amelioration” refer
to any reduction in the severity of symptoms, e.g., of a neu-
rodegenerative disorder or neuronal injury. As used herein,
the terms “treat” and “prevent” are not intended to be absolute
terms. Treatment can refer to any delay in onset, amelioration
of symptoms, improvement in patient survival, increase in
survival time or rate, etc. The effect of treatment can be
compared to an individual or pool of individuals not receiving
the treatment, or to the same patient prior to treatment or at a
different time during treatment. In some aspects, the severity
of'disease is reduced by at least 10%, as compared, e.g., to the
individual before administration or to a control individual not
undergoing treatment. In some aspects the severity of disecase
is reduced by at least 25%, 50%, 75%, 80%, or 90%, or in
some cases, no longer detectable using standard diagnostic
techniques.

The term “therapeutically effective amount,” as used
herein, refers to that amount of the therapeutic agent sufficient
to ameliorate a given disorder or symptoms. For example, for
the given parameter, a therapeutically effective amount will
show an increase or decrease of at least 5%, 10%, 15%, 20%,
25%, 40%, 50%, 60%, 75%, 80%, 90%, or at least 100%.
Therapeutic efficacy can also be expressed as “-fold” increase
or decrease. For example, a therapeutically effective amount
can have at least a 1.2-fold, 1.5-fold, 2-fold, 5-fold, or more
effect over a control.

“Subject,” “patient,” “individual in need of treatment™ and
like terms are used interchangeably and refer to, except where
indicated, mammals such as humans and non-human pri-
mates, as well as rabbits, rats, mice, goats, pigs, and other
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mammalian species. The term does not necessarily indicate
that the subject has been diagnosed with a particular disease,
but typically refers to an individual under medical supervi-
sion.

Methods of Modulating Cardiomyocyte Proliferation

Provided herein are methods of modulating proliferation of
acardiomyocyte using micro RNA modulators. A micro RNA
modulator as used herein refers to an agent capable of modu-
lating the level of expression of a micro RNA (e.g. let-7a, mir
100). In some embodiments, the micro RNA modulator is
encoded by a nucleic acid. In other embodiments, the micro
RNA modulator is a small molecule (e.g. a chemical com-
pound, synthetic micro RNA molecule). In some embodi-
ments, the micro RNA modulator decreases the level of
expression of a micro RNA compared to the level of expres-
sion in the absence of the micro RNA modulator. Where the
micro RNA modulator decreases the level of expression of a
micro RNA relative to the absence of the modulator, the micro
RNA modulator is an antagonist of said micro RNA. In other
embodiments, the micro RNA modulator increases the level
expression of a micro RNA compared to the level of expres-
sion in the absence of the micro RNA modulator. Where the
micro RNA modulator increases the level of expression of a
micro RNA relative to the absence of the modulator, the micro
RNA modulator is an agonist of the micro RNA.

In one aspect, a method of modulating proliferation of a
cardiomyocyte is provided. The method includes (i) trans-
fecting a cardiomyocyte with a nucleic acid encoding a micro
RNA modulator, thereby forming a transfected cardiomyo-
cyte; and (ii) allowing the transfected cardiomyocyte to
divide, thereby modulating proliferation of the cardiomyo-
cyte. In some embodiments, the nucleic acid is a lentiviral
vector. In embodiments, the nucleic acid includes a nucleic
acid sequence as set forth in SEQ ID NO:1124 or SEQ ID
NO:1125. In some embodiments, the nucleic acid is a lentivi-
ral vector. In embodiments, the nucleic acid includes anucleic
acid sequence as set forth in SEQ ID NO:1124 and SEQ ID
NO:1125. In embodiments, the nucleic acid includes a
nucleic acid sequence as set forth in SEQ ID NO:1124. In
embodiments, the nucleic acid includes a nucleic acid
sequence as set forth in SEQ ID NO:1125. In embodiments,
the nucleic acid has the sequence as set forth in SEQ ID
NO:1124 or SEQ ID NO:1125. In embodiments, the nucleic
acid has the sequence as set forth in SEQ ID NO:1124. In
embodiments, the nucleic acid has the sequence as set forth in
SEQ ID NO:1125.

In other embodiments, the micro RNA modulator is an
antagonist of a mir 99 micro RNA, a let-7a micro RNA, a mir
100 micro RNA, a mir 4458 micro RNA, a mir 4500 micro
RNA or a mir 89 micro RNA. In some embodiments, the
proliferation of the cardiomyocyte is increased compared to a
control cardiomyocyte lacking the nucleic acid encoding said
RNA modulator. In some embodiments, the micro RNA
modulator is an agonist of a mir 99 micro RNA, a let-7a micro
RNA, a mir 100 micro RNA, a mir 4458 micro RNA, a mir
4500 micro RNA or a mir 89 micro RNA.

In another aspect, a method of modulating proliferation of
a cardiomyocyte is provided. The method includes (i) con-
tacting a cardiomyocyte with a small molecule, thereby form-
ing a treated cardiomyocyte; and (ii) allowing the treated
cardiomyocyte to divide, thereby modulating proliferation of
the cardiomyocyte. In some embodiments, the proliferation
of the cardiomyocyte is increased compared to a control
cardiomyocyte lacking the small molecule. In some further
embodiment, the small molecule modulates expression of a
mir 99 micro RNA-regulated protein, a let-7a micro RNA-
regulated protein, a mir 100 micro RNA-regulated protein, a
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mir 4458 micro RNA-regulated protein, a mir 4500 micro
RNA-regulated protein or a mir 89 micro RNA-regulated
protein. In other embodiments, the small molecule is a chemi-
cal compound. In some embodiments, the small moleculeis a
synthetic micro RNA molecule. In embodiments, the syn-
thetic micro RNA molecule includes a nucleic acid sequence
as set forth in SEQ ID NO:1124 or SEQ ID NO:1125. In
embodiments, the synthetic micro RNA molecule includes a
nucleic acid sequence as set forth in SEQ ID NO:1124 and
SEQID NO:1125. In embodiments, the synthetic micro RNA
molecule includes a nucleic acid sequence as set forth in SEQ
IDNO:1124. In embodiments, the synthetic micro RNA mol-
ecule includes a nucleic acid sequence as set forth in SEQ ID
NO:1125. In embodiments, the synthetic micro RNA mol-
ecule has a nucleic acid sequence as set forth in SEQ ID
NO:1124. In embodiments, the synthetic micro RNA mol-
ecule has a nucleic acid sequence as set forth in SEQ ID
NO:1125.

In other embodiments, the proliferation of the cardiomyo-
cyte is increased compared to a control cardiomyocyte lack-
ing the synthetic micro RNA molecule. In some embodi-
ments, the synthetic micro RNA molecule is an antagonist of
a mir 99 micro RNA, a let-7a micro RNA, a mir 100 micro
RNA, a mir 4458 micro RNA, a mir 4500 micro RNA or a mir
89 micro RNA. In other embodiments, the synthetic micro
RNA molecule is an agonist of a mir 99 micro RNA, a let-7a
micro RNA, a mir 100 micro RNA, a mir 4458 micro RNA, a
mir 4500 micro RNA or a mir 89 micro RNA.

In another aspect, a method of treating myocardial infarc-
tion in a subject in need thereof is provided. The method
includes administering to the subject a therapeutically effec-
tive amount of a nucleic acid encoding a micro RNA modu-
lator, wherein the RNA modulator increases cardiomyocyte
proliferation thereby treating the myocardial infarction. In
some embodiments, the micro RNA modulator is an antago-
nist of a mir 99 micro RNA, a let-7a micro RNA, a mir 100
micro RNA, a mir 4458 micro RNA, a mir 4500 micro RNA
or a mir 89 micro RNA. In embodiments, the micro RNA
modulator is an antagonist of a mir 99 micro RNA and an
antagonist of a let-7a micro RNA. In embodiments, the
nucleic acid includes a nucleic acid sequence as set forth in
SEQ ID NO:1124 or SEQ ID NO:1125. In embodiments, the
nucleic acid includes a nucleic acid sequence as set forth in
SEQ ID NO:1124. In embodiments, the nucleic acid includes
a nucleic acid sequence as set forth in SEQ ID NO:1125. In
embodiments, the nucleic acid includes a nucleic acid
sequence as set forth in SEQ ID NO:1124 and SEQ ID
NO:1125.

In embodiments, the method includes administering to the
subject a therapeutically effective amount of a first nucleic
acid and a second nucleic acid, wherein the first nucleic acid
encodes an antagonist of a mir 99 micro RNA and the second
nucleic acid encodes an antagonist of a let-7a micro RNA. In
embodiments, the administering to the subject a therapeuti-
cally effective amount of a nucleic acid includes administer-
ing a first nucleic acid and a second nucleic acid, wherein the
first nucleic acid encodes an antagonist of a mir 99 micro
RNA and the second nucleic acid encodes an antagonist of a
let-7a micro RNA.

In another aspect, a method of treating myocardial infarc-
tion in a subject in need thereof is provided. The method
includes administering to the subject a therapeutically effec-
tive amount of a nucleic acid encoding an antagonist of a mir
99 micro RNA and a nucleic acid encoding an antagonist of a
let-7a micro RNA, thereby treating the myocardial infarction.

In another aspect, a method of treating myocardial infarc-
tion in a subject in need thereof is provided. The method

20

25

30

35

40

45

50

55

60

65

14

includes administering to the subject a therapeutically effec-
tive amount of a small molecule, wherein the small molecule
increases cardiomyocyte proliferation thereby treating the
myocardial infarction. In some embodiments, the small mol-
ecule modulates expression of a mir 99 micro RNA-regulated
protein, a let-7a micro RNA-regulated protein, a mir 100
micro RNA-regulated protein, a mir 4458 micro RNA-regu-
lated protein, a mir 4500 micro RNA-regulated protein or a
mir 89 micro RNA-regulated protein. In embodiments, the
small molecule modulates expression of a mir 99 micro RNA-
regulated protein and a let-7a micro RNA-regulated protein.
In some other embodiments, the small molecule is a chemical
compound. In other embodiments, the small molecule is a
synthetic micro RNA molecule. In embodiments, the syn-
thetic micro RNA molecule includes a nucleic acid sequence
as set forth by SEQ ID NO:1124 or SEQ ID NO:1125. In
embodiments, the synthetic micro RNA molecule includes a
nucleic acid sequence as set forth by SEQ ID NO:1124 and
SEQID NO:1125. In embodiments, the synthetic micro RNA
molecule includes a nucleic acid sequence as set forth by SEQ
1D NO:1124. In embodiments, the synthetic micro RNA mol-
ecule includes a nucleic acid sequence as set forth by SEQ ID
NO:1125. In some embodiments, the synthetic micro RNA
molecule is an antagonist of a mir 99 micro RNA, a let-7a
micro RNA, a mir 100 micro RNA, a mir 4458 micro RNA, a
mir 4500 micro RNA or a mir 89 micro RNA.

EXAMPLES

Heart failure remains one of the leading causes of mortality
in the developed world. Whereas the mammalian heart is
endowed with certain regenerative potential, endogenous car-
diomyocyte proliferation is insufficient for functional heart
repair upon injury. Interestingly, non-mammalian verte-
brates, such as the zebrafish, can regenerate the damaged
heart by inducing cardiomyocyte dedifferentiation and pro-
liferation. By screening regenerating zebrafish hearts Appli-
cants identified miR-99/100 down-regulation as a key process
driving cardiomyocyte dedifferentiation. Experimental
down-regulation of miR-99/100 in primary adult murine and
human cardiomyocytes led to an increase in the number of
proliferating cardiomyocytes. AAV-mediated in vivo down-
regulation of miR-99/100 after acute myocardial injury in
mice induced mature cardiomyocyte proliferation, dimin-
ished infarct size and improved heart function. Applicants’
study unveils conserved regenerative mechanisms between
zebrafish and mammalian cardiomyocytes and represents a
proof-of-concept on the suitability of activating pro-regen-
erative responses for healing the diseased mammalian heart.

Cardiovascular disease remains the leading cause of mor-
tality in the developed world. Attempts at developing curative
strategies have mainly focused on the activation of endog-
enous cardiac progenitor cells and the transplantation of in
vitro-derived cardiomyocytes (A. Aguirre et al., Cell Stem
Cell 12, 275-284 (2013); S. R. Braam et al., Trends in phar-
macological sciences 30, 536-45 (2009)). More recently, in
vivo reprogramming strategies have emerged as potential
treatments for heart failure (L. Qian et al., Nature (2012),
doi:10.1038/nature11044; K. Song et al., Nature 485, 599-
604 (2012) A. Eulalio et al., Nature (2012), doi:10.1038/
naturel 1739). Along this line, a recent report by Porrello et al.
has highlighted a remarkable regenerative capacity in neona-
tal murine hearts upon injury (E. R. Porrello et al., Science
(New York, N.Y.) 331, 1078-80 (2011)). Although adult
mammalian cardiomyocytes retain a certain ability to prolif-
erate (S. E. Senyo et al., Nature, 2-6 (2012)), endogenous
regenerative responses during adulthood are largely insuffi-



US 9,220,721 B2

15

cient for replenishing the lost cardiac tissue. Noticeably, heart
repair can be induced upon manipulation of miRNA path-
ways identified as drivers of cardiomyocyte proliferation in
neonatal murine models (A. Eulalio et al., Nature (2012),
doi:10.1038/nature11739L; E. R. Porrello et al., Circulation
research 109, 670-9 (2011)). This may suggest that the
mechanisms underlying heart regeneration at birth are still
present, yet dormant and/or repressed, in adult murine hearts.
Other vertebrates, such as the zebrafish, are able, throughout
their entire lifetime, to activate endogenous regenerative
responses that lead to complete cardiomyocyte-mediated
heart regeneration similar to that observed in neonatal mice
(R. Zhang et al., Nature (2013), doi:10.1038/nature12322; K.
D. Poss etal., Science (New York, N.Y.) 298, 2188-90 (2002);
A. Raya et al., Proceedings of the National Academy of Sci-
ences of the United States of America 100 Suppl, 11889-95
(2003); C. Jopling et al., Nature 464, 606-9 (2010); K. Kiku-
chi et al., Nature 464, 601-5 (2010)). Together, these obser-
vations led us to hypothesize on the existence of conserved
pro-regenerative pathways between zebrafish and mammals
(A. W.Seifert et al., Nature 489, 561-5 (2012)), and if present,
whether they could be altered to drive terminally differenti-
ated mammalian cardiomyocytes to a regeneration-compe-
tent state.

To first elucidate the presence of conserved regulatory
pathways underlying regeneration Applicants decided to
focus on microRNAs promoting cardiomyocyte dedifferen-
tiation in the zebrafish. Expression of 90 microRNAs was
significantly changed 3 days post amputation (dpa) of the
ventricular apex (FIG. 5A). Bioinformatic analysis of signal-
ing pathways and GO processes indicated significant enrich-
ment in proliferation pathways, as well as processes related to
chromatin remodeling (S. L. Paige et al., Cel/ 151, 221-32
(2012)), morphogenesis and kinase activity (FIG. 5B). Inter-
estingly, two well-defined down-regulated microRNA clus-
ters (miR-99/Let-7a and miR-100/Let-7¢) were highly con-
served in sequence and genomic organization across different
vertebrates (FIG. 5C). Putative protein targets were also
shared between zebrafish and mammals (Table S1 and Table
S2). Further expression analysis demonstrated a significant
down-regulation of miR-99/100 and Let-7a/c during the early
regenerative stages (3-7 dpa) (FIG. 1A) in agreement with
previous reports (C. Jopling et al., Nature 464, 606-9 (2010)).
Noticeably, miR-99/100 and Let-7a/c expression (data not
shown) was high and confined to cardiomyocytes in unin-
jured hearts, and almost undetectable upon injury (FIG. 1, B
and C and FIG. 6). microRNA target prediction highlighted
two proteins specifically expressed in the regenerating
zebrafish heart, Fntf} (beta subunit of farnesyl-transferase)
and Smarca5 (SWI/SNF-related matrix associated actin-de-
pendent regulator of chromatin subfamily a, member 5) (FIG.
1, B to D and FIG. 6). Binding experiments confirmed
miRNA targeting of the 3'UTRs in both human and zebrafish
Fntp and Smarca5 (a C. Mueller et al., 2H., Oncogene, 1-9
(2012)) (FIG. 7). Accompanying Fntf up-regulation, the
structural subunit of fnt (Fnta) was also expressed during
heart regeneration (FIG. 8). Chemical inhibition of fnt with
the specific antagonist tipifarnib significantly impaired heart
regeneration by decreasing the number of proliferating car-
diomyocytes (FIG. 1, E to G). Taken together, these data
suggest that targets downstream of miR-99/100 play a func-
tional role during heart regeneration.

Since regeneration might be considered to a large extent
redolent of development (J. P. Brockes, A. Kumar, Annual
review of cell and developmental biology 24, 525-49 (2008);
J.L. Whited, C. J. Tabin, 2-4 (2010); D. Knapp, E. M. Tanaka,
Current Opinion in Genetics & Development (2012), doi:
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10.1016/j.2de.2012.09.006) Applicants next decided to
investigate the role of miR-99/100 and their target proteins
Fntp and Smarca$ during zebrafish heart development and
maturation. qRT-PCR and immunofluorescence analyses
demonstrated low levels of miR-99/100 expression during
early heart development concomitantly with high levels of
Smarca$ and Fntf (FIG. 9). Functional analyses by injection
of miR-99/100 mimics, and/or fntp/smarcas translation-
blocking morpholinos in one-cell stage cmlc2:GFP trans-
genic fish embryos resulted in a significantly reduced ven-
tricle size in spite of the presence of apparently normal heart
anatomical structures (ventricle, atrium, valve) (FIG. 1, H to
J). To determine if cardiomyocytes showing up-regulation of
Fntp and Smarca$ progress into a proliferative state, Appli-
cants analyzed the expression of nuclear proliferative mark-
ers at different time points post-amputation (FIG. 2, A to D).
In all cases high levels of Fntf} and Smarca5 correlated with
PCNA and/or H3P expression in the nucleus. Concomitantly,
disorganized sarcomeric structures were particularly evident
at7 dpa (FIG. 2, A and B). miR-99/100 expression levels, and
their respective protein targets, returned to basal levels when
regeneration of the ventricle was mostly complete at 30 dpa
(FIG. 10, A and B). Next, Applicants designed a series of in
vivo experiments to exogenously manipulate miR-99/100
levels with mimics and antagomiRs in adult regenerating
animals (FIG. 10, C and D). Intra-cardiac injection of miR-
99/100 mimics efficiently blocked the regenerative response
in all animals tested (FIG. 2, E and F) and BrdU incorporation
confirmed that cardiomyocyte proliferation was significantly
disrupted in mimic-treated animals (FIG. 2G). Conversely,
microRNA inhibition of size-matched sibling fish led to sig-
nificantly enlarged hearts (FIG. 2, H and I). Histological
analysis indicated cardiomyocyte proliferation in the absence
of cardiac hypertrophy (FIG. 2J), suggesting hyperplasia as
the underlying mechanism of action of miRNA-99/100.
Applicants next decided to study the downstream signaling
mechanisms of miR-99/100 and Let-7a/c. Applicants
detected increased farnesylation as a consequence of fnt
activity in regenerating hearts at 3 and 7 dpa (FIG. 11). Ras
family proteins, targets of fnt, appeared up-regulated and
preferentially located to the cell membrane (FIG. 12, A to C).
Similarly, c-Myc, a transcription factor essential for cellular
proliferation downstream of this pathway, was significantly
up-regulated and localized to the cell nucleus in dedifferen-
tiating cardiomyocytes (FIG. 12, D to F). Interestingly, Cbx5
and Cbx3a, chromatin-remodeling proteins critical in prolif-
erating cardiomyocytes (J. K. Takeuchi et al., Nature commu-
nications 2, 187 (2011); N. Collins et al., Nature genetics 32,
627-32 (2002); S. H. Kwon, J. L. Workman, BioEssays: news
and reviews in molecular, cellular and developmental biology
33, 280-9 (2011)), demonstrated enhanced expression at 7
dpa, when Smarca5 levels in the nucleus were highest (FIG.
13). Taken together, Applicants’ results indicate that miR-99/
100 down-regulation plays a role, possibly by chromatin
remodeling, in the dedifferentiation process that leads to
zebrafish heart regeneration (FIG. 14).

In light of the evolutionary conservation of their structures
and downstream signaling pathways, Applicants wondered
whether microRNA-99/100 and Let-7a/c functions would be
similar between mammals and zebrafish. To this end, Appli-
cants first analyzed microRNA-99/100 and FNTp/
SMARCAS expression in developing and adult murine
hearts. qRT-PCR and immunofluorescence analyses high-
lighted a progressive up-regulation of microRNA-99/100
paralleling cardiac maturation and FNT/SMARCAS down-
regulation (FIG. 3, A and B and FIG. 15). Analyses of human
cardiomyocytes at progressive differentiation stages, includ-
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ing adult heart samples, demonstrated a peak in miR-99/100
expression in adult mature human cardiomyocytes, a point at
which FNTB/SMARCAS expression was undetectable (FIG.
3, C and D). hESC-derived immature proliferative cardi-
omyocytes (hiCM) expressed GATA4 (a cardiac progenitor
marker), FNTP, SMARCAS and intermediate-low levels of
the identified miRNAs (FIG. 16) resembling a regenerative,
proliferative state as described before (K. Kikuchi et al.,
Nature 464, 601-5 (2010), C. Jopling et al., Nature reviews.
Molecular cell biology 12, 79-89 (2011)).

Applicants next sought to evaluate the effects of
microRNA down-regulation in adult murine cardiomyocytes.
Seven days after shRNA-mediated microRNA silencing sig-
nificant up-regulation of SMARCAS and FNTf was observed
accompanied by an increased amount of cardiomyocytes with
disorganized sarcomeric structures and immature morphol-
ogy (FIG. 3, E and F and FIG. 17, A to C). Further analysis
demonstrated enhanced proliferation paralleling GATA4 and
PCNA re-expression (FIG. 3, E to G and FIG. 17). These
effects were more pronounced when miR-99/100 and Let-
7a/c were simultaneously blocked (FIG. 3G and FIG. 17).
Similarly, microRNA silencing in human cardiomyocytes
resulted in increased proliferation and higher numbers of
beating colonies (FIG. 3, G and H and Videos 1 to 5). Func-
tional analyses demonstrated minimal changes in the beating
rate before and after anti-miR delivery (FIG. 17D). Indicative
of cardiomyocyte specificity, microRNA down-regulation
did not affect proliferation or FNT/SMARCAS expression
in human fibroblasts or vascular cells (FIG. 18). Organotypic
cultures of adult murine hearts, a setting more closely resem-
bling physiological conditions (M. Brandenburger et al., Car-
diovascular research 93, 50-9 (2012)), demonstrated low to
undetectable levels of FNTP/SMARCAS (FIG. 19). Delivery
of anti-miR-99/100 and/or anti-miR-Let-7 to murine heart
organotypic slices resulted in cardiomyocyte proliferation as
demonstrated by down-regulation of MyHC as well as re-
expression of GATA4 and H3 phosphorylation (FIG. 19).
Ultrastructural electron microscopy analysis confirmed
cytoskeletal disassembly (FIG. 4A). Further supporting these
observations, Connexin 43 (Cx43), an essential component of
coupling GAP junctions in cardiomyocytes, was profoundly
down-regulated (FIG. 19). Next, Applicants mimicked tissue
ischemia and heart damage in organotypic slices to determine
the effects of the treatment upon injury (FIG. 20A). Control
organotypic slices developed necrotic areas accompanied by
marginal proliferation under hypoxic conditions whereas
anti-microRNA delivery resulted in reduced necrosis (FIG.
20B to D) and the appearance of proliferative cardiomyocyte
populations (FIG. 4B and FIG. 20D).

Lastly, Applicants decided to test the efficacy of anti-mi-
croRNA delivery for the induction of regeneration in a murine
model of myocardial infarction. Following LAD artery liga-
tion, anti-miR-99/100 and anti-Let-7 were administered by
injection of serotype 9 adeno-associated viral (AAV) par-
ticles, specifically targeting the cardiomyocyte population, in
the periphery of the infarcted area. 18 days after treatment,
both ejection fraction and fractional shortening significantly
improved in the treated group (FIG. 4, C to F). Reduced
fibrotic scarring and infarct sizes were readily observed three
weeks after LAD artery ligation, indicative of an underlying
regenerative response (FIG. 4G). Treated animals exhibited
increased numbers of FNTR/SMARCAS positive cardiomyo-
cytes, as well as a marked increase of cardiomyoctes re-
expressing GATA4. PCNA and H3P staining demonstrated
increased DNA synthesis and cardiomyocyte mitosis (FI1G. 4,
H to L). Of note, the number of mitotic cardiomyocytes was
higher in areas of trabeculated muscle as opposed to the
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myocardium proper. Taken together, all these observations
indicate that anti-miR delivery in adult murine cardiomyo-
cytes suffices for the induction of a pro-regenerative prolif-
erative response towards repairing a damaged heart.

These observations constitute a proof-of-concept on how
animal models naturally capable of regeneration can be used
for the identification of regenerative factors that may, subse-
quently, be applied to mammals. Experimental manipulation
of conserved microRNAs unveiled during adult zebrafish
heart regeneration led to similar responses in mice after heart
infarction (replenishment of the lost cardiac tissue and inhi-
bition of scar formation). In vivo activation of conserved
cardiac regenerative responses may help to circumvent many
of the problems associated with heart cell transplantation as
well as those associated with reprogramming technologies
(A. Aguirre et al., Cell Stem Cell 12, 275-284 (2013), M. a.
Laflamme, C. E. Murry, Nature 473, 326-335 (2011)), serv-
ing as an additional tool to the clinical armamentarium of
regenerative medicine towards the treatment of human heart
disease (K. R. Chien et al., Journal of molecular and cellular
cardiology 53,311-3 (2012)).

Experimental Procedures

Detailed experimental procedures can be found in Supple-
mentary information.

Animals. Wild-type zebrafish (AB) and cmlc2:GFP were
maintained at 28.5° C. by standard methods, unless otherwise
indicated. All protocols were previously approved and per-
formed under institutional guidelines.

Culture and isolation of adult mouse ventricular myocytes.
Wild-type mice (C57B6/J) were sacrificed and hearts were
quickly recovered and washed with ice-cold Ca**-free Modi-
fiedTyrode’s Solution (MTS). Ventricles were dissected from
the rest of the heart and subjected to enzymatic digestion
(Liberase DH, Roche) for 10-15 min in a spinner flask at 37 C
under continuous agitation. Afterwards cells were pelleted by
short centrifugation, resuspended in KB solution and cardi-
omyocytes were left to sediment by gravity, thus greatly
reducing the presence of other contaminating cell types. Cal-
cium was restore to 1 mM in a step-wise fashion in three
gradual steps and subsequently cardiomyocytes were centri-
fuged, resuspended in culture medium (IMDM 5%, 1% Pen/
Strep, 0.1 ng/ml FGFb, 1 ng/ml TGF-#3) and seeded in lami-
nin-coated tissue-culture plates. Cells were kept in culture for
1 week.

Lentiviral and AAV constructs. Anti-miR constructs,
miRZip-99/100 and miRZip-let7 (SBI), were used according
to the manufacturer instructions. As respective controls, the
anti-miRs were removed from the parent vector by digesting
with BamHI and EcoRI, end filled and re-ligated. Lentivi-
ruses were packaged by transfecting in 2937 cells followed
by spinfection in the respective mouse or human ES derived
cardiomyocytes. AAVs were generated as described before
(Eulalio et al, 2012). Briefly, the antimiR constructs con-
tained in the miRZip vectors were excised and ligated into
pZactf-U6-luc-ZsGreen. Serotype 9 AAVs were packaged by
transfection of 293T cells with the appropriate plasmids.

Organotypic Heart Slice Culture. Mice ventricles were
washed in cold Modified Tyrode’s Solution, embedded in 4%
low melting point agarose and immediately cut into 300 um
slices using a vibratome (Leica). Heart slices were then main-
tained in complete IMDM 5%, 1% Pent/Strep in 12-well
plates at the medium-air interface using 0.4 um membrane
transwells (Corning) at 37 C in a 5% CO, incubator. For
experimental hypoxia-like conditions, slices were kept in a
hypoxia chamber incubator for 4 hours at 37 C, 5% O,.
Lentiviral transduction was performed by immersion of the
slices in virus-containing medium for 24 h.
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Myocardial Infarction. Myocardial infarction was induced
CD1 mice (8-12 weeks old) by permanent left anterior
descending (LAD) coronary artery ligation. Briefly, mice
were anesthetized with an injection of ketamine and xylazine,
intubated and placed on a rodent ventilator. Body temperature
was maintained at 37° C. on a heating pad. After removing the
pericardium, a descending branch of the LAD coronary artery
was visualized with a stereomicroscope and occluded with a
nylon suture. Ligation was confirmed by the whitening of a
region of the left ventricle. Recombinant AAV vectors, at a
dose of 10*! viral genome particles per animal, were injected
immediately after LAD ligation into the myocardium border-
ing the infarct zone (single injection), using an insulin syringe
with incorporated 30-gauge needle. Three groups of animals
were studied, receiving AAV9-control (shRNA-Luc), AAV9-
antimiR-99/100 or AAV9-anti-Let-7a/c. The chest was
closed, and the animals moved to a prone position until the
occurrence of spontaneous breathing. BrdU was adminis-
tered intraperitoneally (500 ng per animal) every 2 days, for a
period often days. Echocardiography analysis was performed
atdays 12, 30 and 60 after infarction, as described below, and
hearts were collected at 12 (n=6 animals per group) and 60
(n=10 animals per group) days after infarction.

Echocardiography Analysis. To evaluate left ventricular
function and dimensions, transthoracic two-dimensional
echocardiography was performed on mice sedated with 5%
isoflurane at 12, 30 and 60 days after myocardial infarction,
using a Visual Sonics Vevo 770 Ultrasound (Visual Sonics)
equipped with a 30-MHz linear array transducer. M-mode
tracings in parasternal short axis view were used to measure
left ventricular anterior and posterior wall thickness and left
ventricular internal diameter at end-systole and end-diastole,
which were used to calculate left ventricular fractional short-
ening and ejection fraction.

Heart Collection and Histological Analysis. At the end of
the studies, animals were anaesthetized with 5% isoflurane
and then killed by injection of 10% KCI, to stop the heart at
diastole. The heart was excised, briefly washed in PBS,
weighted, fixed in 10% formalin at room temperature,
embedded in paraffin and further processed for histology or
immunofluorescence. Haematoxylin-eosin and Masson’s
trichrome staining were performed according to standard pro-
cedures, and analysed for regular morphology and extent of
fibrosis. Infarct size was measured as the percentage of the
total left ventricular area showing fibrosis.

Zebrafish Heart Amputation. Adult fish were anaesthetized
in 0.4% Tricaine and secured, ventral side uppermost, in a
slotted sponge. Watchmaker forceps were used to remove the
surface scales and penetrate the skin, muscle and pericardial
sac. Once exposed, the ventricle was gently pulled at the apex
and cut with iridectomy scissors. After surgery, fish were
immediately returned to system water.

Cryosectioning. At the specified time points, hearts were
removed, washed in PBS-EDTA 0.4% and fixed for 20 min in
4% paraformaldehyde at 4° C. Afterwards, they were washed
several times in PBS, equilibrated in 30% sucrose, and then
frozen for cryosectioning. 10 um slices were obtained with a
cryostat (Leica).

Real Time RT-PCR. For RNA, tissue was obtained from
adult heart ventricles from different time points and condi-
tions, extensively washed in PBS-EDTA 0.4% to remove
blood, and then mechanically homogenized and processed
using RNeasy kit (Qiagen) as per manufacturer’s instruc-
tions. RT and PCR were performed using Quantitect Reverse
Transcription Kit (Qiagen) and Quantitect Primers for the
following genes: Fntb, Fnta, Smarca5, myc-a, myc-b, H-rasa,
H-rasb, N-ras, K-ras, tnnt2. For miRNAs, small RNA (<200
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pb) was obtained employing the miRNeasy mini kit (Qiagen)
using the same procedure as before. RT and PCR reactions
were carried out employing miRCURY LNA RT and PCR
kits (Exiqon) and stem-loop LNA primers (Exiqon).

MicroRNA microarrays. RNA was obtained as for PCR
applications. GenechipmiRNA 2.0 microarrays were pur-
chased from Affymetrix and small RNA labeling was per-
formed using FlashTag HSR labeling kit (Genesphere). 200
ng of small RNA was polyA-tailed and biotin conjugated.
After labelling, RNA was hybridized using GeneChip
reagents (Affymetrix) and protocols as indicated by the
manufacturer. The chip contains hybridization probes for the
miRbase v15 annotations, including 248 zebrafishmiRNAs.
MicroRNA data was analyzed by using the R package.

Bioinformatic Analysis of miRNA Targets. Signaling path-
ways and downstream target prediction related to the identi-
fied miRNAs were determined by using DIANA, Miranda
and TargetScan. Gene ontology analysis was performed with
DAVID software.

Fluorescence In Situ Hybridization. 10 pm heart slices
were further fixed in 4% PFA for 10 min at room temperature,
washed in PBS and acetylated for 10 min in acetylation solu-
tion. After washing in PBS, samples were treated with pro-
teinase K, prehybridized for 4 h and hybridized overnight at
the appropriate temperature with LNA DIG-labeled probes
for the corresponding miRNAs (Exiqon). The next day slides
were washed and immunolabeled with anti-DIG-alkaline
phosphatase antibodies (1:2,000) and antibodies against car-
diomyocytic proteins of interest (1:100) overnight at 4° C.
Secondary antibody incubation was performed as for immu-
nofluorescence experiments. Alkaline phosphatase activity
was detected by incubating samples in a Fast Red solution
(Dako) for 2 hours. Samples were then washed, mounted in
Vecta-shield and imaged in a confocal microscope. Fast Red
fluorescence was detected with Cy?3 settings.

Immunofluorescence. Tissue slices were fixed for 15 min
in 4% paraformaldehyde, washed in PBS-gly 0.3 M, and
blocked in PBS-10% donkey serum, 0.5% TX-100, 0.5%
BSA for 1 hour. Primary antibodies were diluted at the appro-
priate concentrations in PBS-1% donkey serum, 0.5%
TX-100, 0.5% BSA and incubated overnight. After washing,
slices were incubated overnight with secondary antibodies,
washed and mounted in Vecta-shield. Antibodies employed
are listed in table S3.

Cell Culture. COS7 cells were maintained in DMEM (high
glucose) supplemented with 10% FBS, L-Glutamine and
non-essential amino acids (Invitrogen). Human ES cells, H1
and H9 (WA1 and WA9, WiCell), were cultured in chemically
defined hES/hiPS growth media, mTeSR1 on growth factor
reduced matrigel (BD biosciences) coated plates. Briefly,
70-80% confluent hES/iPS cells were treated with dispase
(Invitrogen) for 7 minutes at 37° C. and the colonies were
dispersed to small clusters and lifted carefully using a 5 ml
glass pipette, at a ratio of ~1:4.

Culture and Isolation of Adult Mouse Ventricular Myo-
cytes. Wild-type mice (C57B6/]) were sacrificed and hearts
were quickly recovered and washed with ice-cold Ca**-free
ModifiedTyrode’s Solution (MTS). Ventricles were dissected
from the rest of the heart and subjected to enzymatic digestion
(Liberase DH, Roche) for 10-15 min in a spinner flask at 37 C
under continuous agitation. Afterwards cells were pelleted by
short centrifugation, resuspended in KB solution and cardi-
omyocytes were left to sediment by gravity, thus greatly
reducing the presence of other contaminating cell types. Cal-
cium was restore to 1 mM in a step-wise fashion in three
gradual steps and subsequently cardiomyocytes were centri-
fuged, resuspended in culture medium (IMDM 5%, 1% Pen/
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Strep, 0.1 ng/ml FGFb, 1 ng/ml TGF-#3) and seeded in lami-
nin-coated tissue-culture plates. Cells were kept in culture for
1 week.

Differentiation of Human ES Cells to Immature Cardi-
omyocytes. Human ES cells grown on matrigel dots (BD
biosciences) were carefully dissociated using dispase and
were plated on low attachment plates in EB media (IMDM,
20% FBS, 2.25 nM L-Glutamine and non-essential aminoac-
ids). After 6 days of suspension in culture, the EBs were
seeded on gelatin-coated plates in EB media. Spontaneously
beating EBs were manually picked and used for further analy-
sis. For directed differentiation, human ES cells grown in
mTeSR on matrigel coated plates were treated with 12 uM
GSK3 inhibitor CHIR 99021 (Stemgent) in cardiomyocyte
differentiation base media (RPMI 1640 supplemented with
125 pg/ml human holo-transferrin (Sigma-Aldrich)) for 24
hours, followed by 24 hour of rest in the base media. On day
3, the cells were treated with 5 uM WNT inhibitor, IWP4
(Stemgent) for 48 hours, followed by treatment with Cardiac
differentiation base media supplemented with 20 pg/ml
human Insulin (SAFC) until colonies started beating.

Lentiviral Constructs. Anti-miR constructs, miRZip-99/
100 and miR Zip-let7 (SBI), were used according to the manu-
facturer instructions. As respective controls, the anti-miRs
were removed from the parent vector by digesting with
BamHI and EcoRI, end filled and re-ligated. Lentiviruses
were packaged by transfecting in 293T cells followed by
spinfection in the respective mouse or human ES derived
cardiomyocytes.

Luciferase Constructs and microRNA Binding Validation.
3' UTR of human and zebrafish FNTB and SMARCAS were
amplified with the indicated primers using genomic DNA as
a template and were cloned into PGL3 vector (Promega) at
the Xhol site downstream of luciferase gene. COS7 cells
(seeded at 3x10* cells per well of a 12 well plate and grown
for 24 hours) were transfected with 50 ng each of indicated
luciferase reporter vectors, pRL TK (Renilla luciferase con-
trol vector, Promega) either in the presence or absence of 20
nM or 40 nM of double stranded DNA oligonucleotide mim-
ics of miR-99 or miR-100 (Dharmacon) using Lipofectamine
(Invitrogen) following manufacturer’s protocol. 12-16 hours
post-transfection, cells were lysed using passive lysis buffer
(Promega). Luminescent signals arising from the cell lysates
obtained 12 hours post transfection of COS7 cells with appro-
priate luciferase constructs were measured using the Dual
Luciferase assay system (Promega) in a Synergy H1 hybrid
reader (BioTek). The relative luminescence intensity of each
sample was calculated after normalization with correspond-
ing Renilla luciferase activity, and were represented as %
values compared to the corresponding sample without the
miR mimic.

Confocal Microscopy. Samples were imaged using a Zeiss
710 confocal microscope. For every sample, at least two
different fields were examined at two different magnifications
(using a 20x objective and a 63x oil-immersion objective).
Z-stacks were obtained for further analysis and 3D recon-
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struction. For intensity comparison purposes, images were
taken with the same settings (pinhole size, laser intensity,
etc).

())rganotypic Heart Slice Culture. Mice ventricles were
washed in cold Modified Tyrode’s Solution, embedded in 4%
low melting point agarose and immediately cut into 300 um
slices using a vibratome (Leica). Heart slices were then main-
tained in complete IMDM 5%, 1% Pent/Strep in 12-well
plates at the medium-air interface using 0.4 um membrane
transwells (Corning) at 37 C in a 5% CO, incubator. For
experimental hypoxia-like conditions, slices were kept in a
hypoxia chamber incubator for 4 hours at 37 C, 5% O,.
Lentiviral transduction was performed by immersion of the
slices in virus-containing medium for 24 h.

Morpholino and microRNA Injections in Zebrafish
Embryos. Morpholinos (Gene Tools) were dissolved in water
ata 2 mM stock concentration and diluted to a 2 ng/nl work-
ing concentration in PBS/phenol red solution. Embryo injec-
tions were performed by injecting ~1 nl morpholino solution
at the l-cell stage using a FemtolJet (Eppendorf). For
microRNA mimic injection, a miR-99/100 equimolar mix-
ture at 2 ng/nl in PBS was employed. Morphants were evalu-
ated at 24, 48 and 72 h in a StereoLumar stercoscope (Zeiss).

In Vivo microRNA Delivery. MicroRNA siRNA mimics
without chemical modifications were purchased from Life
Technologies, dissolved in nuclease-free water and com-
plexed to jetPEI (10 N/P ratio) for in vivo, intra-cardiac
administration. 0.2 ug siRNA was injected per animal every 2
days. To determine the efficiency of the delivery, a control
Cy5-labeled siRNA directed against GFP was used in cmlc2:
GFP animals. MicroRNA inhibitors against the miR-99/100
family were purchased from Exiqon and used at 0.2 pg siRNA
per animal every 2 days.

Tipitarnib Injections. Tipifarnib was dissolved in DMSO at
10mg/ml and 2 pl were administered by intraperitoneal injec-
tion (final concentration 0.02 mg/animal) every 2 days for 14
days. Control animals were administered DMSO.

BrdU Labeling. Fish were anaesthetized in 0.4% Tricaine,
and 10 ul of a 10 mg/ml solution of BrdU (in PBS) was
injected into the abdominal cavity once every 2 days for 14
days. At that point, hearts were removed and fixed overnight
in 4% paraformaldehyde at 4° C., washed in PBS, equili-
brated in 30% sucrose in PBS and frozen for cryosectioning.

Histology and Histomorphometry. Masson’s trichrome
staining was performed in 10 um tissue slices by immersion in
Bouin’s fixative followed by sequential incubation in
Weigert’s hematoxylin, Acid Fuchsin, phosphotungstic/
phosphomolybdic acid, Aniline Blue and acetic acid. After
washes, slices were mounted for bright field observation.
Histomorphometric measurements were performed with Fiji.
Injured areas were quantified in four independent different
slices per animal (four animals were used per condition) and
normalized to whole tissue area.

Statistical Analysis. Results are expressed as mean+SEM.
Statistical significance was determined by Student’s t-test.
Results are representative of at least 3 independent experi-
ments except when otherwise indicated.

TABLE S1

miR-99/100 predicted targets

SEQ Total
Target Representative D Representative context + Aggregate Publication
gene transcript NO: Gene name miRNA score PCT (s)
FGFR3 NM__ 000142 1 fibroblast growth hsa-miR-99a -0.47 <0.1 2005,
factor receptor 3 2007,
2009
IGF1IR NM__000875 2 insulin-like growth hsa-miR-100 -0.26 <0.1 2007,
factor 1 receptor 2009
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TABLE S1-continued

miR-99/100 predicted targets

SEQ Total
Target Representative D Representative  context+ Aggregate Publication
gene transcript NO: Gene name miRNA score PCT (s)
PPP3CA NM__000944 3 protein phosphatase hsa-miR-99a -0.26 <0.1 2009

3, catalytic subunit,
alpha isozyme

ZNF197 NM__001024855 4 zinc finger protein hsa-miR-100 -0.65 <0.1
197

TTC39A NM__001080494 5 tetratricopeptide hsa-miR-99a -0.55 <0.1 2007,
repeat domain 39A 2009

NXF1 NM_001081491 6 nuclear RNA export hsa-miR-100 -0.2 0.11 2009
factor 1

SMARCA4 NM_ 001128844 7 SWI/SNF related, hsa-miR-100 -0.26 0.11

matrix associated,
actin dependent
regulator of
chromatin, subfamily
a, member 4

LRRC8B NM_001134476 8 leucine rich repeat hsa-miR-99a -0.29 <0.1
containing 8 family,
member B
EIF2C2 NM_ 001164623 9 eukaryotic translation hsa-miR-100 -0.4 <0.1 2005,
initiation factor 2C, 2 2007,
2009
TMEM135 NM__001168724 10 transmembrane hsa-miR-100 -0.28 0.11
protein 135
CLDNI11 NM_001185056 11 claudin 11 hsa-miR-100 -0.29 <0.1 2009
BMPR2 NM_ 001204 12 bone morphogenetic hsa-miR-100 -0.28 0.11 2005,
protein receptor, type 2007,
II (serine/threonine 2009
kinase)
INSM1 NM__ 002196 13 insulinoma- hsa-miR-99a -0.25 <0.1 2005,
associated 1 2007
PPPICB NM__ 002709 14  protein phosphatase hsa-miR-100 -0.31 0.11 2009
1, catalytic subunit,
beta isozyme
FZD3 NM__003468 15 frizzled family hsa-miR-100 -0.3 <0.1 2007,
receptor 5 2009
SMARCAS NM__003601 16 SWI/SNF related, hsa-miR-100 -0.45 <0.1 2005,
matrix associated, 2007,
actin dependent 2009
regulator of
chromatin, subfamily
a, member 5
PPFIA3 NM__ 003660 17 protein tyrosine hsa-miR-100 -0.3 0.11 2005,
phosphatase, receptor 2007,
type, f polypeptide 2009
(PTPRF), interacting
protein (liprin), alpha 3
MTOR NM__ 004958 18 mechanistic target of hsa-miR-100 -0.38 <0.1 2005,
rapamycin 2007,
(serine/threonine 2009
kinase)
STS NM_ 005418 19  suppression of hsa-miR-100 -0.33 <0.1
tumorigenicity 5
HOXAL1 NM__005522 20 homeobox Al hsa-miR-99a -0.33 <0.1 2005,
2007,
2009
HS3ST3B1 NM__ 006041 21 heparan sulfate hsa-miR-99a -0.59 <0.1 2005,
(glucosamine) 3-O- 2007,
sulfotransferase 3B1 2009
HS3ST2 NM__006043 22 heparan sulfate hsa-miR-100 -0.6 <0.1 2005,
(glucosamine) 3-O- 2007,
sulfotransferase 2 2009
ICMT NM__ 012405 23 isoprenylcysteine hsa-miR-99a -0.15 <0.1 2005,
carboxyl 2007,
methyltransferase 2009
BAZ2A NM__013449 24 bromodomain hsa-miR-100 -0.46 <0.1 2005,
adjacent to zinc 2007,
finger domain, 2A 2009
ZZEF1 NM_ 015113 25 zinc finger, ZZ-type hsa-miR-100 -0.42 <0.1 2005,
with EF-hand 2007,
domain 1 2009
NIPBL NM_ 015384 26 Nipped-B homolog hsa-miR-99a -0.3 0.11
(Drosophila)
PI15 NM__ 015886 27 peptidase inhibitor hsa-miR-99a -0.19 0.11 2009

15
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TABLE S1-continued

miR-99/100 predicted targets

SEQ Total
Target Representative D Representative  context+ Aggregate Publication
gene transcript NO: Gene name miRNA score PCT (s)
ZBTB7A NM__015898 28  zinc finger and BTB hsa-miR-100 -0.16 0.11 2007,
domain containing 2009
TA
PPPDE1 NM_016076 29 PPPDE peptidase hsa-miR-99a -0.26 0.11 2009
domain containing 1
EPDR1 NM_ 017549 30 ependymin related hsa-miR-100 -0.69 <0.1 2009
protein 1 (zebrafish)
RAVER?2 NM_ 018211 31 ribonucleoprotein, hsa-miR-99a -0.44 <0.1 2007,
PTB-binding 2 2009
CYP26B1 NM__019885 32 cytochrome P450, hsa-miR-100 -0.14 <0.1 2005,
family 26, subfamily 2007,
B, polypeptide 1 2009
TAOK1 NM__020791 33 TAO kinase 1 hsa-miR-100 -0.21 <0.1
MBNL1 NM_ 021038 34 muscleblind-like hsa-miR-99a -0.2 <0.1 2005,
(Drosophila) 2007,
2009
MTMR3 NM__ 021090 35 myotubularin related hsa-miR-99a -0.18 <0.1 2005,
protein 3 2007,
2009
ADCY1 NM_ 021116 36 adenylate cyclase 1 hsa-miR-99a -0.4 <0.1 2005,
(brain) 2007,
2009
RRAGD NM_021244 37 Ras-related GTP hsa-miR-100 -0.35 <0.1
binding D
TRIB2 NM__021643 38 tribbles homolog 2 hsa-miR-100 -0.31 <0.1 2005,
(Drosophila) 2007,
2009
CEP85 NM__ 022778 39 centrosomal protein hsa-miR-99a -0.29 0.11 2007,
85 kDa 2009
RMND3SA NM__ 022780 40  required for meiotic hsa-miR-99a -0.15 0.11
nuclear division 5
homolog A (S. cerevisiae)
THAP2 NM__031435 41 THAP domain hsa-miR-100 -0.64 0.11 2007,
containing, apoptosis 2009
associated protein 2
FZD8 NM_031866 42 frizzled family hsa-miR-100 -0.34 <0.1 2005,
receptor 8 2007,
2009
KBTBDS NM__032505 43 kelch repeat and hsa-miR-100 -0.6 <0.1 2007,
BTB (POZ) domain 2009
containing 8
SLC44A1 NM__080546 44 solute carrier family hsa-miR-100 -0.31 <0.1 2007,
44 member 1 2009
ZNRF2 NM_ 147128 45  zinc and ring finger 2 hsa-miR-100 -0.24 0.11
ST6GALNAC4 NM__175039 46  ST6 (alpha-N-acetyl- hsa-miR-99a -0.56 <0.1
neuraminyl-2,3-beta-
galactosyl-1,3)-N-
acetylgalactosaminide
alpha-2,6-
sialyltransferase 4
GRHLI1 NM__198182 47 grainyhead-like 1 hsa-miR-99a -0.3 0.11 2009
(Drosophila)
TABLE S2
Let-7a/c predicted targets.
SEQ Total
Target Representative D Representative context + Aggregate Publication
gene transcript NO: Gene name miRNA score PCT (s)
ADRB2 NM__000024 48 adrenergic, beta-2-, hsa-miR- -0.47 0.63 2005,
receptor, surface 4458 2007,
2009
ADRB3 NM__000025 49  adrenergic, beta-3-, hsa-miR- -0.28 0.98 2003,
receptor 4458 2007,
2009
FAS NM__ 000043 50 Fas (TNF receptor hsa-miR-98 -0.32 0.85 2009

superfamily, member
6)
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TABLE S2-continued

Let-7a/c predicted targets.

SEQ Total
Target Representative D Representative context + Aggregate Publication
gene transcript NO: Gene name miRNA score PCT (s)
ATP7B NM__000053 51 ATPase, Cu++ hsa-miR- -0.09 0.93 2009
transporting, beta 4458
polypeptide
CAPN3 NM__000070 52 calpain 3, (p94) hsa-miR- -0.15 0.92 2009
4458
CLCN5 NM__ 000084 53 chloride channel 5 hsa-let-7¢ -04 >0.99 2007,
2009
COL1A1 NM__000088 54 collagen, type 1, alpha 1 hsa-miR- -0.18 0.89 2005,
4500 2007,
2009
COL1A2 NM__000089 55 collagen, type 1, alpha 2 hsa-miR- -0.41 0.95 2005,
4500 2007,
2009
COL3A1 NM__000090 56 collagen, type III, hsa-miR- -0.37 0.92 2005,
alpha 1 4458 2007,
2009
CYP19A1 NM__000103 57 cytochrome P450, hsa-let-7f -0.22 0.9 2005,
family 19, subfamily 2007,
A, polypeptide 1 2009
DMD NM__000109 58 dystrophin hsa-let-7d -0.29 0.84 2005,
2007,
2009
ERCC6 NM_ 000124 59  excision repair cross- hsa-let-7d -0.46 0.95 2005,
complementing 2007,
rodent repair 2009
deficiency,
complementation
group 6
GALC NM__ 000153 60 galactosylceramidase hsa-miR- -0.27 0.93 2009
4458
GHR NM__ 000163 61 growth hormone hsa-miR-98 -0.16 0.87 2005,
receptor 2007,
2009
HK?2 NM__000189 62 hexokinase 2 hsa-miR- -0.06 0.89 2005,
4500 2007,
2009
TBXS NM__000192 63 T-box 5 hsa-miR- -0.16 0.94 2005,
4500 2007,
2009
INSR NM__000208 64  insulin receptor hsa-let-71 -0.11 0.99 2007,
2009
ITGB3 NM__000212 65 integrin, beta 3 hsa-miR- -0.21 >0.99 2005,
(platelet glycoprotein 4458 2007,
IITa, antigen CD61) 2009
RBI1 NM__000321 66 retinoblastoma 1 hsa-miR- -0.1 0.83 2005,
4500 2007,
2009
SCNS5A NM__000335 67 sodium channel, hsa-miR- -0.04 0.95 2005,
voltage-gated, type V, 4458 2007,
alpha subunit 2009
SGCD NM__ 000337 68 sarcoglycan, delta hsa-miR- >-0.02 0.7 2005,
(35 kDa dystrophin- 4458 2007,
associated 2009
glycoprotein)
TSC1 NM__000368 69 tuberous sclerosis 1 hsa-miR- -0.22 0.95 2005,
4458 2007,
2009
CDKNIA NM_ 000389 70 cyclin-dependent hsa-let-7i -0.24 0.76 2009
kinase inhibitor 1A
(p21, Cipl)
TPP1 NM__000391 71  tripeptidyl peptidase I hsa-miR- -0.24 0.97 2009
4458
COL3A2 NM__000393 72 collagen, type V, hsa-miR- -0.16 0.95 2005,
alpha 2 4458 2007,
2009
GALE NM__000403 73 UDP-galactose-4- hsa-miR- -0.28 0.91 2005,
epimerase 4458 2007,
2009
LOR NM__000427 74 loricrin hsa-let-7g -0.27 0.88 2009
RAG1 NM__ 000448 75 recombination hsa-let-7a -0.17 0.76 2009

activating gene 1
AMT NM__000481 76 aminomethyltransferase hsa-let-7a -0.29 0.82 2009
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TABLE S2-continued

Let-7a/c predicted targets.

SEQ Total
Target Representative D Representative context + Aggregate Publication
gene transcript NO: Gene name miRNA score PCT (s)
COLA4AS NM__000495 77 collagen, type IV, hsa-miR- -0.14 0.91 2005,
alpha 5 4500 2007,
2009
KCNIJ11 NM__ 000525 78 potassium inwardly- hsa-let-7d -0.44 0.78 2009
rectifying channel,
subfamily J, member
11
TP53 NM__000546 79 tumor protein p53 hsa-let-7d -0.28 0.93 2009
DCX NM__000555 80 doublecortin hsa-let-7d -0.05 0.87 2005,
2007
IL6R NM__000565 81 interleukin 6 receptor hsa-miR- -0.16 0.94
4500
IL10 NM__000572 82 interleukin 10 hsa-let-7e -0.14 0.94 2005,
2007,
2009
IL6 NM__000600 83 interleukin 6 hsa-miR- -0.15 0.73 2007
(interferon, beta 2) 4500
IGF1 NM__ 000618 84 insulin-like growth hsa-let-71 -0.1 0.97 2009
factor 1
(somatomedin C)
NOS1 NM__000620 85 nitric oxide synthase hsa-miR- -0.11 0.95
1 (neuronal) 4458
FASLG NM__000639 86 TFas ligand (TNF hsa-miR- -0.26 0.98 2005,
superfamily, member 4458 2007,
6) 2009
ADRBI1 NM__000684 87 adrenergic, beta-1-, hsa-miR- -0.25 0.98 2007,
receptor 4500 2009
CACNAI1D NM__000720 88 calcium channel, hsa-let-7b -0.07 0.88 2005,
voltage-dependent, L 2007,
type, alpha 1D 2009
subunit
CACNAIE NM__000721 89 calcium channel, hsa-miR- -0.01 0.93 2005,
voltage-dependent, R 4500 2007,
type, alpha 1E subunit 2009
GABRASG6 NM__000811 90 gamma-aminobutyric hsa-let-7d -0.16 0.84 2009
acid (GABA) A
receptor, alpha 6
HTRIE NM__000865 91 S5-hydroxytryptamine hsa-let-7d -0.27 0.89 2009
(serotonin) receptor
1E
HTR4 NM__000870 92 5-hydroxytryptamine hsa-let-7a -0.12 0.94 2005,
(serotonin) receptor 4 2007,
2009
IGF1R NM__000875 93 insulin-like growth hsa-let-7b -0.42 >0.99 2007,
factor 1 receptor 2009
OPRM1 NM__ 000914 94 opioid receptor, mu 1 hsa-miR- -0.2 0.92 2005,
4500 2007,
2009
PTAFR NM__ 000952 95 platelet-activating hsa-miR- -0.69 0.94
factor receptor 4500
NKIRAS2 NM__001001349 96 NFKB inhibitor hsa-miR- -0.09 0.88 2005,
interacting Ras-like 2 4458 2007,
2009
ATP2B4 NM__001001396 97 ATPase, Ca++ hsa-let-7f -0.05 0.93 2005,
transporting, plasma 2007,
membrane 4 2009
RORC NM_001001523 98 RAR-related orphan hsa-miR- -0.12 0.93 2005,
receptor C 4458 2007,
2009
GDF6 NM_001001557 99 growth differentiation hsa-miR- -0.5 0.98 2005,
factor 6 4500 2007,
2009
MTUS1 NM__001001924 100 microtubule hsa-let-7d -0.14 0.71 2009
associated tumor
suppressor 1
PPARA NM_001001928 101 peroxisome hsa-miR- -0.04 0.97 2007,
proliferator-activated 4458 2009
receptor alpha
GOLGA7 NM__001002296 102 golgin A7 hsa-miR- -0.15 0.7 2005,
4500 2007,
2009
WNK3 NM__001002838 103 WNK lysine deficient hsa-miR- -0.09 0.91

protein kinase 3 4458
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SEQ Total
Target Representative D Representative context + Aggregate Publication
gene transcript NO: Gene name miRNA score PCT (s)
CACNAI1I NM__001003406 104 calcium channel, hsa-miR- -0.1 0.92 2009
voltage-dependent, T 4458
type, alpha 11 subunit
SMAD?2 NM_001003652 105 SMAD family hsa-miR- -0.09 0.9 2007,
member 2 4458 2009
C18orfl NM_ 001003674 106 chromosome 18 open hsa-miR- -0.01 0.76
reading frame 1 4500
KLHL31 NM__001003760 107 kelch-like 31 hsa-let-7d -0.34 0.93 2009
(Drosophila)
MGLL NM__ 001003794 108 monoglyceride lipase hsa-miR- >-0.03 0.99 2005,
4458 2007,
2009
DLGAP1 NM_001003809 109 discs, large hsa-miR- -0.03 0.81
(Drosophila) 4500
homolog-associated
protein 1
CD200 NM_001004196 110 CD200 molecule hsa-miR-98 -0.12 0.75
ZNF740 NM__ 001004304 111 zinc finger protein hsa-let-7d >-0.02 0.94 2007,
740 2009
LIN28B NM_001004317 112 lin-28 homolog B (C. elegans) hsa-let-7d -0.98 >0.99 2007,
2009
PLEKHG7 NM__001004330 113 pleckstrin homology hsa-miR- -0.34 0.94 2009
domain containing, 4458
family G (with
RhoGef domain)
member 7
TRIM67 NM_001004342 114 tripartite motif hsa-let-7f -0.08 >0.99 2007,
containing 67 2009
NRARP NM__001004354 115 NOTCH-regulated hsa-miR- -0.2 0.67 2005,
ankyrin repeat protein 4458 2007,
2009
ITGA1l NM_001004439 116 integrin, alpha 11 hsa-miR- -0.07 0.77
4458
YPEL2 NM_001005404 117 yippee-like 2 hsa-miR- -0.15 0.96 2009
(Drosophila) 4500
PLCXD3 NM__001005473 118 phosphatidylinositol- hsa-miR- -0.19 0.8 2005,
specific 4458 2007
phospholipase C, X
domain containing 3
CPM NM__001005502 119 carboxypeptidase M hsa-miR- -0.27 0.95 2005,
4458 2007,
2009
EDA NM__001005609 120 ectodysplasin A hsa-miR- -0.06 0.92 2005,
4458 2007,
2009
ZNF473 NM__ 001006656 121 zinc finger protein hsa-let-7d -0.31 0.98 2009
473
NTRK3 NM_001007156 122 neurotrophic tyrosine hsa-let-7f -0.16 0.82 2009
kinase, receptor, type 3
IGF2BP2 NM_ 001007225 123 insulin-like growth hsa-let-7b -0.4 >0.99 2007,
factor 2 mRNA 2009
binding protein 2
BRWD1 NM__001007246 124 bromodomain and hsa-let-7d -0.5 0.73
WD repeat domain
containing 1
PRDM2 NM__ 001007257 125 PR domain containing hsa-let-7g -0.35 0.87
2, with ZNF domain
GEMIN7 NM_001007269 126 gem (nuclear hsa-miR- -0.37 <0.1 2009
organelle) associated 4500
protein 7
IRGQ NM__ 001007561 127 immunity-related hsa-let-7g -0.11 0.85
GTPase family, Q
BCAP29 NM_001008405 128 B-cell receptor- hsa-miR- -0.16 0.94 2007,
associated protein 29 4500 2009
STEAP3 NM_001008410 129 STEAP family hsa-miR- -0.28 0.98 2009
member 3 4458
KIAA2022 NM__001008537 130 KIAA2022 hsa-let-7g -0.12 0.92 2009
USP20 NM__001008563 131 ubiquitin specific hsa-miR- -0.06 0.84
peptidase 20 4500
FNIP1 NM__001008738 132 folliculin interacting hsa-miR-98 -0.22 0.98 2007,
protein 1 2009
ACSL6 NM__ 001009185 133 acyl-CoA synthetase hsa-let-7d -0.39 0.98 2005,
long-chain family 2007,

member 6 2009
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Target Representative D Representative context + Aggregate Publication
gene transcript NO: Gene name miRNA score PCT (s)
MFAP3L NM_001009554 134 microfibrillar- hsa-miR- -0.09 0.93 2009
associated protein 3- 4500
like
MEIS3 NM_001009813 135 Meis homeobox 3 hsa-miR- -0.26 0.92 2005,
4458 2007,
2009
KIAA0930 NM__001009880 136 KIAA0930 hsa-let-7d -0.06 >0.99 2007,
2009
C200rf194 NM__001009984 137 chromosome 20 open hsa-miR- -0.18 >0.99 2009
reading frame 194 4500
ARHGAP28 NM__001010000 138 Rho GTPase hsa-let-7a -0.35 0.95 2005,
activating protein 28 2007,
2009
PM20D2 NM__ 001010853 139 peptidase M20 hsa-let-7a -0.19 0.78
domain containing 2
ACER2 NM__001010887 140 alkaline ceramidase 2 hsa-miR- -0.15 0.94 2007,
4458 2009
SLC5A9 NM__ 001011547 141 solute carrier family 5 hsa-miR- -0.5 0.79 2009
(sodium/glucose 4458
cotransporter),
member 9
NAA30 NM_ 001011713 142 N(alpha)- hsa-miR- -0.16 0.94 2007,
acetyltransferase 30, 4500 2009
NatC catalytic subunit
NHLRC3 NM_ 001012754 143 NHL repeat hsa-let-7a -0.27 0.95 2007,
containing 3 2009
SNX30 NM_001012994 144 sorting nexin family hsa-let-7d -0.15 0.95 2009
member 30
FIGNL2 NM__001013690 145 fidgetin-like 2 hsa-miR- -1.07 >0.99 2009
4458
Cgorf58 NM_001013842 146 chromosome 8 open hsa-let-7d -0.42 0.97 2009
reading frame 58
DCUN1D2 NM_ 001014283 147 DCNI1, defective in hsa-let-7b -0.13 0.94 2007,
cullin neddylation 1, 2009
domain containing 2
(S. cerevisiae)
KATNAL1 NM__ 001014380 148 katanin p60 subunit hsa-miR- -0.28 0.94 2009
A-like 1 4458
USP21 NM_001014443 149 ubiquitin specific hsa-miR- -0.12 0.92 2005,
peptidase 21 4458 2007,
2009
DDX19B NM_ 001014449 150 DEAD (Asp-Glu-Ala- hsa-miR- -0.47 0.97 2007,
As) box polypeptide 4500 2009
19B
RTKN NM_001015055 151 rhotekin hsa-miR-98 -0.14 0.76
GOPC NM__001017408 152 golgi-associated PDZ hsa-miR- -0.1 0.87 2009
and coiled-coil motif 4500
containing
CALN1 NM__001017440 153 calneuron 1 hsa-miR- -0.15 0.92 2009
4458
Cl4orf28 NM_001017923 154 chromosome 14 open hsa-let-7g -1.25 >0.99 2007,
reading frame 28 2009
OPA3 NM_001017989 155 optic atrophy 3 hsa-miR- -0.42 0.71
(autosomal recessive, 4458
with chorea and
spastic paraplegia)
DKK3 NM_001018057 156 dickkopf homolog 3 hsa-let-7d -0.1 0.93 2007,
(Xenopus laevis) 2009
SERF2 NM_ 001018108 157 small EDRK-rich hsa-let-7d -0.55 0.85
factor 2
IQCB1 NM__ 001023570 158 IQ motif containing hsa-miR- -0.3 0.88 2009
B1 4500
SBK1 NM_ 001024401 159 SH3-binding domain hsa-let-7b -0.1 0.94 2007,
kinase 1 2009
CD276 NM_ 001024736 160 CD276 molecule hsa-miR- -0.06 0.71
4458
BCL7A NM__001024808 161 B-cell hsa-miR- -0.06 0.9 2005,
CLL/lymphoma 7A 4500 2007,
2009
KCTD21 NM__001029859 162 potassium channel hsa-miR-98 -0.54 0.98 2007,
tetramerisation 2009

domain containing 21
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SLC10A7 NM__001029998 163 solute carrier family hsa-miR-98 -0.25 0.94
10 (sodium/bile acid
cotransporter family),
member 7
CTNS NM_ 001031681 164 cystinosin, lysosomal hsa-let-7d -0.12 0.93 2005,
cystine transporter 2007,
2009
RBFOX2 NM_ 001031695 165 RNA binding protein, hsa-miR-98 -0.19 0.94 2005,
fox-1 homolog (C. elegans) 2 2007,
2009
PLD3 NM_001031696 166 phospholipase D hsa-miR- -0.13 0.9 2005,
family, member 3 4458 2007,
2009
ERGIC1 NM_ 001031711 167 endoplasmic hsa-let-7d -0.21 0.93
reticulum-golgi
intermediate
compartment
(ERGIC) 1
TMPO NM_001032283 168 thymopoietin hsa-miR- -0.1 0.83
4500
STK24 NM_001032296 169 serine/threonine hsa-miR- -0.11 0.93 2009
kinase 24 4458
MYCL1 NM_ 001033081 170 v-myec hsa-let-7a -0.09 0.88 2007,
myelocytomatosis 2009
viral oncogene
homolog 1, lung
carcinoma derived
(avian)
SRGAP3 NM_ 001033117 171 SLIT-ROBO Rho hsa-miR- -0.13 0.94 2005,
GTPase activating 4500 2007,
protein 3 2009
WIPI2 NM_001033518 172 WD repeat domain, hsa-let-7e -0.34 0.92 2009
phosphoinositide
interacting 2
RRM2 NM__001034 173 ribonucleotide hsa-miR- -0.36 095 2007,
reductase M2 4500 2009
ARL5A NM_ 001037174 174 ADP-ribosylation hsa-let-7g -0.13 0.94 2007,
factor-like 5A 2009
CDC42SE1 NM_001038707 175 CDC42 small effector 1 hsa-miR- -0.22 0.71 2009
4500
TRIM71 NM_ 001039111 176 tripartite motif hsa-miR- -0.89 >0.99 2007,
containing 71 4458 2009
TRIOBP NM_ 001039141 177 TRIO and F-actin hsa-miR- -0.12 0.86 2009
binding protein 4458
GKS5 NM__ 001039547 178 glycerol kinase 5 hsa-let-7d -0.16 0.85
(putative)
KREMEN1 NM__001039570 179 kringle containing hsa-miR- -0.17 0.97 2007,
transmembrane 4458 2009
protein 1
SEC14L1 NM_ 001039573 180 SEC14-like 1 (S. cerevisiae) hsa-miR- -0.18 0.92 2005,
4500 2007,
2009
KCNC4 NM_001039574 181 potassium voltage- hsa-miR- -0.1 0.84 2009
gated channel, Shaw- 4500
related subfamily,
member 4
TMPPE NM_001039770 182 transmembrane hsa-miR- -0.17 0.84 2009
protein with 4458
metallophosphoesterase
domain
CHIC1 NM_001039840 183 cysteine-rich hsa-miR- >-0.04 >0.99 2009
hydrophobic domain 1 4458
MLLT4 NM__001040000 184 myeloid/lymphoid or hsa-miR- -0.16 0.74 2007,
mixed-lineage 4458 2009
leukemia (trithorax
homolog,
Drosophila);
translocated to, 4
PQLC2 NM_ 001040125 185 PQ loop repeat hsa-miR- -0.3 0.95 2009
containing 2 4458
PEG10 NM_001040152 186 paternally expressed hsa-miR- -0.02 0.71 2009
10 4458
MTMR12 NM__001040446 187 myotubularin related hsa-miR- -0.06 0.9 2009
protein 12 4458
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gene transcript NO: Gene name miRNA score PCT (s)
PTPRD NM_001040712 188 protein tyrosine hsa-miR- -0.22 0.96 2007,
phosphatase, receptor 4500 2009
type, D
KIAAO0895L NM__001040715 189 KIAA0895-like hsa-let-7i -0.14 093 2007,
2009
USp44 NM__ 001042403 190 ubiquitin specific hsa-miR- -0.14 0.93 2009
peptidase 44 4458
RUFY2 NM__001042417 191 RUN and FYVE hsa-miR-98 -0.27 0.82
domain containing 2
Co6orf204 NM__ 001042475 192 chromosome 6 open hsa-miR- -0.13 0.94
reading frame 204 4458
DLGAP4 NM__001042486 193 discs, large hsa-let-7d -0.31 0.97 2009
(Drosophila)
homolog-associated
protein 4
C2o0rf88 NM_001042519 194 chromosome 2 open hsa-miR- -0.17 0.89 2009
reading frame 88 4500
ATPAF1 NM__001042546 195 ATP synthase hsa-let-7d -0.43 0.92 2009
mitochondrial F1
complex assembly
factor 1
FRS2 NM__001042555 196 fibroblast growth hsa-let-7i -0.04 0.86 2007,
factor receptor 2009
substrate 2
EIFAG2 NM__001042559 197 eukaryotic translation hsa-let-7d -0.27 0.92 2005,
initiation factor 4 2007,
gamma, 2 2009
DPH3 NM__001047434 198 DPH3, KTI11 hsa-let-7i -0.4 0.98
homolog (S. cerevisiae)
UHRF1 NM__001048201 199 ubiquitin-like with hsa-let-7d -0.17 0.94 2009
PHD and ring finger
domains 1
TNFRSF1B NM__ 001066 200 tumor necrosis factor hsa-miR- -0.09 0.99 2005,
receptor superfamily, 4458 2007,
member 1B 2009
CDC14B NM_001077181 201 CDC14 cell division hsa-miR- -0.08 0.88 2009
cycle 14 homolog B 4500
(S. cerevisiae)
ATGOA NM_001077198 202 ATG9 autophagy hsa-let-7d -0.03 0.74
related 9 homolog A
(S. cerevisiae)
SREK1 NM_001077199 203 splicing regulatory hsa-miR- -0.09 0.92 2005,
glutamine/lysine-rich 4458 2007,
protein 1 2009
IKZF2 NM__001079526 204 IKAROS family zinc hsa-let-7g -0.13 0.98 2007,
finger 2 (Helios) 2009
CPEB1 NM__001079533 205 cytoplasmic hsa-miR- -0.44 091 2007,
polyadenylation 4500 2009
element binding
protein 1
FNDC3A NM__001079673 206 fibronectin type III hsa-let-7d -0.39 0.97 2005,
domain containing 3A 2007,
2009
GYG2 NM__001079855 207 glycogenin 2 hsa-let-7a -0.22 0.88 2009
VAV3 NM__001079874 208 vav 3 guanine hsa-miR- -0.11 0.92 2005,
nucleotide exchange 4500 2007,
factor 2009
DMP1 NM__ 001079911 209 dentin matrix acidic hsa-miR- -0.21 0.94 2005,
phosphoprotein 1 4500 2007,
2009
LDB3 NM__001080114 210 LIM domain binding 3 hsa-miR- -0.09 0.84 2009
4458
GIC1 NM__001080383 211 gap junction protein, hsa-miR- -0.42 0.95 2009
gamma 1, 45 kDa 4500
KIAA1147 NM__001080392 212 KIAA1147 hsa-miR- -0.15 0.86 2007,
4458 2009
SLC45A4 NM__ 001080431 213 solute carrier family hsa-let-7d -0.08 091 2003,
45, member 4 2007,
2009
DNA2 NM__001080449 214 DNA replication hsa-miR- -0.53 0.6 2009
helicase 2 homolog 4458

(yeast)
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gene transcript NO: Gene name miRNA score PCT (s)
MYO5B NM__001080467 215 myosin VB hsa-let-7g -0.04 0.78 2009
ZNF697 NM__001080470 216 zinc finger protein hsa-miR- -0.14 0.93 2007,
697 4458 2009
ZNF275 NM__001080485 217 zinc finger protein hsa-miR- -0.11 0.99 2007,
275 4458 2009
MGA NM__ 001080541 218 MAX gene associated hsa-miR- -0.12 091 2007,
4500 2009
THOC2 NM__001081550 219 THO complex 2 hsa-miR- -0.17 0.85 2007,
4458 2009
CPSF4 NM__001081559 220 cleavage and hsa-miR- -0.12 0.77 2005,
polyadenylation 4458 2007,
specific factor 4, 2009
30kDa
Cllorf37 NM__ 001082969 221 chromosome 11 open hsa-let-71 -0.25 0.89 2007,
reading frame 57 2009
E2F5 NM__001083588 222 EZ2F transcription hsa-miR- -0.3 0.86 2009
factor 5, p130-binding 4500
ANKRDI2 NM__001083625 223 ankyrin repeat hsa-miR- >-0.02 0.77
domain 12 4458
FOXN3 NM_001085471 224 forkhead box N3 hsa-miR- >-0.01 0.82
4458
MEX3A NM__ 001093725 225 mex-3 homolog A (C. elegans) hsa-miR-98 -0.15 0.92 2009
HIC1 NM__001098202 226 hypermethylated in hsa-miR- -0.05 0.84 2009
cancer 1 4458
MGAT3 NM__001098270 227 mannosyl (beta-1,4-)- hsa-miR- >-0.02 0.66
glycoprotein beta-1,4- 4458
acetylglucosaminyltransferase
SLC4A4 NM__ 001098484 228 solute carrier family hsa-miR- -0.16 0.95 2005,
4, sodium bicarbonate 4458 2007,
cotransporter, 2009
member 4
FAM104A NM__ 001098832 229 family with sequence hsa-miR- -0.21 0.92 2007,
similarity 104, 4458 2009
member A
ATXN7L3 NM__001098833 230 ataxin 7-like 3 hsa-miR- -0.06 0.74
4500
BTBD9 NM__001099272 231 BTB (POZ) domain hsa-let-7a -0.16 0.95 2009
containing 9
NIPAL4 NM__001099287 232 NIPA-like domain hsa-miR- -0.17 0.93 2009
containing 4 4458
SH3RF3 NM__001099289 233 SH3 domain hsa-miR- -0.08 0.92 2009
containing ring finger 3 4458
GXYLT1 NM__001099650 234 glucoside hsa-miR- -0.37 0.99 2009
xylosyltransferase 1 4500
PTAR1 NM__001099666 235 protein hsa-miR- -0.15 0.98 2009
prenyltransferase 4500

alpha subunit repeat
containing 1

FBXL19 NM_001099784 236 F-box and leucine- hsa-miR- -0.1 0.7 2009
rich repeat protein 19 4458

ACTA1 NM__001100 237 actin, alpha 1, skeletal hsa-let-7¢ -0.21 0.72 2005,
muscle 2007

PHACTR2 NM_ 001100164 238 phosphatase and actin hsa-miR- -0.15 0.94 2009
regulator 2 4500

MOBKL3 NM_ 001100819 239 MOBI1, Mps One hsa-let-7a -0.12 0.93 2005,
Binder kinase 2007,
activator-like 3 2009
(yeast)

PACS2 NM_001100913 240 phosphofurin acidic hsa-miR- -0.14 0.79 2009
cluster sorting protein 2 4458

IGLONS NM_ 001101372 241 IgLON family hsa-let-7d -0.04 0.94 2009
member 5

SAMDI12 NM_ 001101676 242 sterile alpha motif hsa-miR- -0.05 0.94 2009
domain containing 12 4500

DTX2 NM_ 001102594 243 deltex homolog 2 hsa-let-7d -0.46 >0.99 2005,
(Drosophila) 2007,

2009

FAM118A NM_001104595 244 family with sequence hsa-miR- -0.28 0.98 2007,
similarity 118, 4500 2009
member A

FAM123C NM_ 001105193 245 family with sequence hsa-miR- -0.25 0.87 2009

similarity 123C 4500
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PCDH19 NM_ 001105243 246 protocadherin 19 hsa-miR- -0.12 0.95 2007,

4500 2009

ZFYVE16 NM_ 001105251 247 zine finger, FYVE hsa-miR- -0.16 0.71 2009
domain containing 16 4500

SWT1 NM_ 001105518 248 SWTI1 RNA hsa-let-7b -0.21 0.85 2007,
endoribonuclease 2009
homolog (S. cerevisiae)

CAP1 NM_001105530 249 CAP, adenylate hsa-miR- -0.14 0.85 2005,
cyclase-associated 4500 2007,
protein 1 (yeast) 2009

FAM135A NM_ 001105531 250 family with sequence hsa-let-7f -0.19 0.85 2005,
similarity 135, 2007,
member A 2009

ZBTB10 NM_ 001105539 251 zine finger and BTB hsa-miR- -0.06 0.72 2005,
domain containing 10 4500 2007

NEFM NM_001105541 252 neurofilament, hsa-let-7f -0.16 0.86 2007,
medium polypeptide 2009

FBX045 NM__ 001105573 253 F-box protein 45 hsa-miR- -0.06 0.89 2009

4458

ACVR2B NM__001106 254 activin A receptor, hsa-miR- -0.03 >0.99 2007,
type IIB 4500 2009

C12orf51 NM__ 001109662 255 chromosome 12 open hsa-miR- -0.09 0.92 2009
reading frame 51 4458

GSGIL NM_ 001109763 256 GSGl-like hsa-miR- -0.08 0.73

4458

ACVRIC NM_ 001111031 257 activin A receptor, hsa-miR- -0.48 0.99 2005,

type IC 4458 2007,
2009

C3orf63 NM__ 001112736 258 chromosome 3 open hsa-miR- -0.02 091 2009
reading frame 63 4458

HIPK2 NM_ 001113239 259 homeodomain hsa-let-7d -0.03 0.94 2009
interacting protein
kinase 2

AMOT NM_ 001113490 260 angiomotin hsa-miR- -0.12 0.76

4458

ARHGEF7 NM_001113513 261 Rho guanine hsa-let-7a -0.14 0.94
nucleotide exchange
factor (GEF) 7

CTSC NM_ 001114173 262 cathepsin C hsa-miR- -0.15 0.89 2009

4458
ADCY?9 NM_ 001116 263 adenylate cyclase 9 hsa-miR- -0.03 0.91 2005,
4458 2007,
2009

NAPEPLD NM_ 001122838 264 N-acyl hsa-miR- -0.05 0.94 2007,
phosphatidylethanolamine 4458 2009
phospholipase D

CASK NM_001126054 265 calcium/calmodulin- hsa-let-7d -0.04 0.91
dependent serine
protein kinase
(MAGUK family)

ELF4 NM_ 001127197 266 E74-like factor 4 (ets hsa-let-7a -0.17 0.94 2007,
domain transcription 2009
factor)

TET2 NM_001127208 267 tet oncogene family hsa-miR- -0.16 0.96
member 2 4458

CBX5 NM__ 001127321 268 chromobox homolog 5 hsa-miR- -0.17 >0.99

4458

CRY2 NM_ 001127457 269 cryptochrome 2 hsa-miR- -0.12 0.93 2005,

(photolyase-like) 4458 2007,
2009

STXBP5 NM_001127715 270 syntaxin binding hsa-let-7d -0.15 0.8 2009
protein 5 (tomosyn)

SULF1 NM_ 001128204 271 sulfatase 1 hsa-miR- -0.1 0.85 2009

4500

SMARCADI1 NM_ 001128429 272 SWI/SNF-related, hsa-let-7f -0.57 0.95 2005,
matrix-associated 2007,
actin-dependent 2009
regulator of
chromatin, subfamily
a, containing
DEAD/H box 1

RASGRP1 NM__ 001128602 273 RAS guanyl releasing hsa-miR- -0.34 0.97 2005,
protein 1 (calcium 4458 2007,
and DAG-regulated) 2009
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PAK1 NM_ 001128620 274 p21 protein hsa-miR- -0.18 0.78 2005,
(Cde42/Rac)- 4500 2007,
activated kinase 1 2009
SPIRE1 NM_ 001128626 275 spire homolog 1 hsa-let-7a -0.04 0.92 2009
(Drosophila)
CALU NM_ 001130674 276 calumenin hsa-miR- -0.19 0.93 2005,
4458 2007,
2009
STYX NM_ 001130701 277 serine/threonine/tyrosine hsa-miR- -0.09 0.93
interacting protein 4500
GAS7 NM_ 001130831 278 growth arrest-specific 7 hsa-miR- -0.28 0.98 2005,
4500 2007,
2009
RTCD1 NM__ 001130841 279 RNA terminal hsa-miR- -0.2 0.88
phosphate cyclase 4458
domain 1
TGFBR1 NM_001130916 280 transforming growth hsa-let-7f -0.52 >0.99 2005,
factor, beta receptor 1 2007,
2009
TTLL6 NM_ 001130918 281 tubulin tyrosine hsa-miR- -0.26 0.76
ligase-like family, 4458
member 6
TMEMI194A NM_ 001130963 282 transmembrane hsa-let-7a -0.07 0.94 2009
protein 194A
MEF2C NM_001131005 283 myocyte enhancer hsa-miR- -0.24 0.87
factor 2C 4458
SAP30L NM_ 001131062 284 SAP30-like hsa-miR- >-0.02 0.92
4458
CCNJ NM__ 001134375 285 cyelinJ hsa-miR- -0.44 0.94 2005,
4458 2007,
2009
CYB361D1 NM__001134400 286 cytochrome b-561 hsa-let-7d -0.33 0.91
domain containing 1
CDV3 NM_ 001134422 287 CDV3 homolog hsa-miR- -0.13 0.98 2007,
(mouse) 4500 2009
LRRC8B NM_001134476 288 leucine rich repeat hsa-miR- -0.07 0.88
containing 8 family, 4500
member B
PBX3 NM_001134778 289 pre-B-cell leukemia hsa-miR-98 -0.32 0.99 2005,
homeobox 3 2007,
2009
FNDC3B NM_ 001135095 290 fibronectin type IIT hsa-miR- -0.16 0.98 2005,
domain containing 3B 4500 2007,
2009
TMPRSS2 NM_001135099 291 transmembrane hsa-let-7b -0.32 0.98 2007,
protease, serine 2 2009
HDHD1 NM_ 001135565 292 haloacid hsa-miR- -0.28 0.62 2005,
dehalogenase-like 4500 2007,
hydrolase domain 2009
containing 1
LOC221710 NM_ 001135575 293 hypothetical protein hsa-miR- -0.01 0.78
LOC221710 4458
SPATA2 NM_ 001135773 294 spermatogenesis hsa-let-7a -0.07 0.94 2005,
associated 2 2007,
2009
C9orf7 NM_ 001135775 295 chromosome 9 open hsa-miR- -0.12 0.92 2005,
reading frame 7 4500 2007,
2009
SYT1 NM_ 001135805 296 synaptotagmin I hsa-miR- -0.16 0.87 2005,
4458 2007,
2009
TMEM?2 NM_ 001135820 297 transmembrane hsa-let-7g -0.41 0.98 2005,
protein 2 2007,
2009
PIK3IP1 NM_ 001135911 298 phosphoinositide-3- hsa-let-7a -0.19 0.85 2005,
kinase interacting 2007,
protein 1 2009
TTC39C NM_001135993 299 tetratricopeptide hsa-miR- -0.06 0.86
repeat domain 39C 4500
ABL2 NM__ 001136000 300 v-abl Abelson murine hsa-let-71 -0.23 >0.99 2009

leukemia viral
oncogene homolog 2
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Let-7a/c predicted targets.
SEQ Total
Target Representative D Representative context + Aggregate Publication
gene transcript NO: Gene name miRNA score PCT (s)
MICAL3 NM_001136004 301 microtubule hsa-let-7g -0.22 0.83
associated
Monoxygenase,
calponin and LIM
domain containing 3
LMLN NM__ 001136049 302 leishmanolysin-like hsa-miR- -0.13 0.9
(metallopeptidase M8 4500
family)
LRIG3 NM_ 001136051 303 leucine-rich repeats hsa-miR- -0.49 0.96 2005,
and immunoglobulin- 4458 2007,
like domains 3 2009
ZNF879 NM_ 001136116 304 zinc finger protein hsa-miR- -0.34 0.95
879 4458
ATXN7L3B NM_ 001136262 305 ataxin 7-like 3B hsa-miR- >-0.01 0.91
4458
VASH2 NM_ 001136474 306 vasohibin 2 hsa-let-7d -0.13 0.93 2007,
2009
BTF3L4 NM__ 001136497 307 basic transcription hsa-miR- -0.12 0.9 2009
factor 3-like 4 4458
SYT2 NM_ 001136504 308 synaptotagmin II hsa-miR- -0.16 0.94 2009
4500
ATXNIL NM_ 001137675 309 ataxin 1-like hsa-miR- >-0.02 0.93
4458
NIPA1 NM_ 001142275 310 non imprinted in hsa-miR- -0.2 0.99 2007,
Prader- 4458 2009
Willi/Angelman
syndrome 1
RBFOX1 NM_ 001142333 311 RNA binding protein, hsa-let-7f -0.18 0.86 2005,
fox-1 homolog (C. elegans) 1 2007,
2009
GNAL NM_001142339 312 guanine nucleotide hsa-miR- -0.13 0.95 2005,
binding protein (G 4500 2007,
protein), alpha 2009
activating activity
polypeptide, olfactory
type
SCN4B NM__ 001142348 313 sodium channel, hsa-miR-98 -0.08 0.93 2009
voltage-gated, type
1V, beta
CTIF NM_ 001142397 314 CBP80/20-dependent hsa-let-7a -0.1 0.77
translation initiation
factor
RPUSD3 NM__ 001142547 315 RNA pseudouridylate hsa-miR- -0.42 0.89 2007,
synthase domain 4500 2009
containing 3
BBX NM__ 001142568 316 bobby sox homolog hsa-let-7d -0.11 0.81
(Drosophila)
CLP1 NM_001142597 317 CLPI1, cleavage and hsa-miR- -0.32 0.68 2007
polyadenylation 4458
factor I subunit,
homolog (S. cerevisiae)
TMOD2 NM_ 001142885 318 tropomodulin 2 hsa-miR- -0.12 0.98
(neuronal) 4458
PLEKHG6 NM_001144856 319 pleckstrin homology hsa-miR- -0.37 0.98 2007,
domain containing, 4458 2009
family G (with
RhoGef domain)
member 6
LIPT2 NM_ 001144869 320 lipoyl(octanoyl) hsa-miR- -0.43 0.87
transferase 2 4458
(putative)
SLC30A7 NM_001144884 321 solute carrier family hsa-let-7d -0.07 0.9 2009
30 (zinc transporter),
member 7
NEDDA4L NM_001144964 322 neural precursor cell hsa-miR- -0.06 0.94
expressed, 4500
developmentally
down-regulated 4-like
PALM3 NM_ 001145028 323 paralemmin 3 hsa-miR- -0.12 0.91
4458
LRRC10B NM_ 001145077 324 leucine rich repeat hsa-let-7a -0.07 0.62

containing 10B
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Let-7a/c predicted targets.
SEQ Total
Target Representative D Representative context + Aggregate Publication
gene transcript NO: Gene name miRNA score PCT (s)
GRID2IP NM_ 001145118 325 glutamate receptor, hsa-miR- -0.26 0.94
ionotropic, delta 2 4458
(Grid2) interacting
protein
CDK6 NM_001145306 326 cyclin-dependent hsa-miR- -0.08 0.85
kinase 6 4458
ZNF566 NM_001145343 327 zinc finger protein hsa-let-7f -0.25 0.93 2009
566
ZNF652 NM_ 001145365 328 zinc finger protein hsa-miR- -0.15 >0.99
652 4458
POTEM NM_001145442 329 POTE ankyrin hsa-miR- -0.22 <0.1
domain family, 4500
member M
ZNF200 NM__001145446 330 zinc finger protein hsa-let-7d -0.37 >0.99 2009
200
SOX6 NM_ 001145811 331 SRY (sex determining hsa-let-7d -0.16 0.72
region Y)-box 6
SLCO5A1 NM__ 001146008 332 solute carrier organic hsa-miR- -0.08 0.81 2005,
anion transporter 4500 2007,
family, member 5A1 2009
NEK3 NM__001146099 333 NIMA (never in hsa-miR- -0.35 091 2009
mitosis gene a)- 4500
related kinase 3
SLC6A15 NM_ 001146335 334 solute carrier family 6 hsa-miR- -0.15 0.94
(neutral amino acid 4500
transporter), member
15
SLC25A4 NM_ 001151 335 solute carrier family hsa-miR- -0.15 0.94 2005,
25 (mitochondrial 4500 2007
carrier; adenine
nucleotide
translocator), member 4
KLF8 NM__ 001159296 336 Kruppel-like factor 8 hsa-miR- -0.11 0.81
4458
BEGAIN NM_ 001159531 337 brain-enriched hsa-miR- -0.36 0.99 2005,
guanylate kinase- 4458 2007,
associated homolog 2009
(rat)
BEND4 NM_001159547 338 BEN domain hsa-miR-98 -0.24 >0.99 2009
containing 4
SYNCRIP NM__ 001159673 339 synaptotagmin hsa-miR- -0.29 0.96
binding, cytoplasmic 4458
RNA interacting
protein
BZW2 NM__ 001159767 340 basic leucine zipper hsa-let-7a -0.24 0.81 2007,
and W2 domains 2 2009
CANT1 NM_001159772 341 calcium activated hsa-miR- -0.19 0.89 2009
nucleotidase 1 4458
ZNF583 NM__ 001159860 342 zinc finger protein hsa-let-7f -0.44 0.98 2007,
583 2009
RNF170 NM_ 001160223 343 ring finger protein hsa-let-7d -0.41 0.98
170
PANX2 NM_001160300 344 pannexin 2 hsa-miR- -0.1 0.92 2005,
4458 2007,
2009
T™MC7 NM__ 001160364 345 transmembrane hsa-let-7d -0.12 0.92 2005,
channel-like 7 2007,
2009
IGF2BP1 NM__ 001160423 346 insulin-like growth hsa-miR- -0.4 >0.99 2007,
factor 2 mRNA 4500 2009
binding protein 1
SYNC NM_ 001161708 347 syncoilin, hsa-miR- -0.48 <0.1
intermediate filament 4500
protein
SULF2 NM_ 001161841 348 sulfatase 2 hsa-miR- -0.12 0.91
4458
APBA1 NM_ 001163 349 amyloid beta (A4) hsa-let-7a -0.11 0.94
precursor protein-
binding, family A,
member 1
CECR6 NM__ 001163079 350 cat eye syndrome hsa-let-7d -0.14 0.95 2005,
chromosome region, 2007,
candidate 6 2009
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Let-7a/c predicted targets.

SEQ Total
Target Representative D Representative context + Aggregate Publication
gene transcript NO: Gene name miRNA score PCT (s)
PCYTIB NM_ 001163264 351 phosphate hsa-miR- >-0.02 091 2007,
cytidylyltransferase 1, 4458 2009
choline, beta
CPA4 NM_ 001163446 352 carboxypeptidase A4 hsa-miR- -0.37 0.93 2005,
4458 2007,
2009
GTF2I NM_ 001163636 353 general transcription hsa-miR- -0.2 0.85 2007,
factor ITi 4458 2009
DLC1 NM__001164271 354 deleted in liver cancer 1 hsa-miR- -0.22 >0.99 2003,
4458 2007,
2009
SLC37A4 NM_ 001164277 355 solute carrier family hsa-let-7d -0.11 0.7
37 (glucose-6-
phosphate
transporter), member 4
ANKRD33B NM__001164440 356 ankyrin repeat hsa-miR- >-0.03 0.25
domain 33B 4458
Clé6orf52 NM__ 001164579 357 chromosome 16 open hsa-miR- -0.09 0.83
reading frame 52 4458
KIAA1549 NM_001164665 358 KIAA1549 hsa-miR- >-0.02 0.94 2009
4458
PITPNM3 NM__001165966 359 PITPNM family hsa-miR- >-0.02 0.94
member 3 4458
EPB41 NM__001166005 360 erythrocyte hsa-let-7a -0.06 0.76 2009
membrane protein
band 4.1
(elliptocytosis 1, RH-
linked)
CEP120 NM__ 001166226 361 centrosomal protein hsa-miR- -0.22 0.92 2007,
120 kDa 4458 2009
GRIK?2 NM_ 001166247 362 glutamate receptor, hsa-miR- -0.12 0.86 2005,
ionotropic, kainate 2 4500 2007,
2009
SPATA13 NM_ 001166271 363 spermatogenesis hsa-miR- >-0.02 0.64
associated 13 4458
TRAPPC1 NM_ 001166621 364 trafficking protein hsa-miR- N/A 0.12 2005,
particle complex 1 4458 2007,
2009
TMEDS NM_001167830 365 transmembrane hsa-miR- -0.11 0.95 2005,
emp24 protein 4500 2007,
transport domain 2009
containing 5
SBNO1 NM_ 001167856 366 strawberry notch hsa-miR- -0.17 0.95
homolog 1 4458
(Drosophila)
TIMM17B NM__001167947 367 translocase of inner hsa-miR- -0.16 0.93 2005,
mitochondrial 4458 2007,
membrane 17 2009
homolog B (yeast)
GPR156 NM_ 001168271 368 G protein-coupled hsa-miR- -0.21 0.95
receptor 156 4458
EDN1 NM_ 001168319 369 endothelin 1 hsa-miR- -0.31 0.86 2009
4500
TXLNG NM_001168683 370 taxilin gamma hsa-miR- -0.32 0.95
4500
TMEM135 NM__ 001168724 371 transmembrane hsa-let-7a -0.11 0.93
protein 135
AFF2 NM_ 001169122 372 AF4/FMR2 family, hsa-miR- -0.22 0.92 2009
member 2 4458
GPR137 NM__ 001170726 373 G protein-coupled hsa-let-7b -0.16 0.67 2003,
receptor 137 2007,
2009
LCOR NM_001170765 374 ligand dependent hsa-miR- -0.14 0.96 2007,
nuclear receptor 4500 2009
corepressor
IGSF1 NM_ 001170963 375 immunoglobulin hsa-let-7f -0.38 0.93 2009
superfamily, member 1
STRBP NM_ 001171137 376 spermatid perinuclear hsa-miR- -0.2 0.89 2005,
RNA binding protein 4458 2007,
2009
C3orf52 NM_ 001171747 377 chromosome 3 open hsa-miR- -0.23 0.85 2009
reading frame 52 4458
CSRNP3 NM_ 001172173 378 cysteine-serine-rich hsa-let-7¢ -0.05 0.87

nuclear protein 3
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SEQ Total
Target Representative D Representative context + Aggregate Publication
gene transcript NO: Gene name miRNA score PCT (s)
OLR1 NM_ 001172632 379 oxidized low density hsa-miR- -0.12 0.88 2005,
lipoprotein (lectin- 4458 2007,
like) receptor 1 2009
RAB40C NM_ 001172663 380 RAB40C, member hsa-let-7a -0.1 0.91 2005,
RAS oncogene family 2007,
2009
ZNF347 NM_ 001172674 381 zinc finger protein hsa-miR- -0.41 <0.1
347 4458
ZNF641 NM_ 001172681 382 zinc finger protein hsa-miR- -0.2 0.93
641 4458
PPARGCIB NM_001172698 383 peroxisome hsa-miR- -0.31 >0.99 2005,
proliferator-activated 4500 2007,
receptor gamma, 2009
coactivator 1 beta
PPP1R16B NM_ 001172735 384 protein phosphatase 1, hsa-miR- -0.07 0.94 2005,
regulatory (inhibitor) 4458 2007,
subunit 16B 2009
FOXP2 NM__001172766 385 forkhead box P2 hsa-miR- -0.33 >0.99
4500
CRBN NM_001173482 386 cereblon hsa-miR- -0.2 0.74
4458
LMXI1A NM__001174069 387 LIM homeobox hsa-miR-98 -0.16 0.92 2007,
transcription factor 1, 2009
alpha
POLL NM__001174084 388 polymerase (DNA hsa-miR- -0.31 <0.1 2009
directed), lambda 4458
NCOA3 NM_ 001174087 389 nuclear receptor hsa-miR- -0.1 0.84 2005,
coactivator 3 4458 2007
TRPM6 NM__ 001177310 390 transient receptor hsa-miR- -0.2 0.98 2005,
potential cation 4458 2007,
channel, subfamily 2009
M, member 6
CPEB2 NM__001177381 391 cytoplasmic hsa-let-7b -0.21 0.98 2005,
polyadenylation 2007,
element binding 2009
protein 2
HDX NM__ 001177478 392 highly divergent hsa-let-7g -0.38 0.97
homeobox
PPP2R2A NM_ 001177591 393 protein phosphatase 2, hsa-miR- -0.19 0.94
regulatory subunit B, 4458
alpha
STX3 NM__001178040 394 syntaxin 3 hsa-let-7g -0.41 0.98 2007,
2009
PARP8 NM__001178055 395 poly (ADP-ribose) hsa-miR- -0.23 0.98
polymerase family, 4458
member 8
BCAT1 NM_001178091 396 branched chain hsa-miR- -0.1 0.95 2009
amino-acid 4500
transaminase 1,
cytosolic
CPEB3 NM_ 001178137 397 cytoplasmic hsa-miR- -0.15 0.96 2005,
polyadenylation 4458 2007,
element binding 2009
protein 3
SLAMF6 NM_ 001184714 398 SLAM family hsa-miR- -0.22 0.88 2007,
member 6 4458 2009
PEX11B NM_001184795 399 peroxisomal hsa-miR- -0.34 0.51 2009
biogenesis factor 11 4458
beta
PHF8 NM__001184896 400 PHD finger protein 8 hsa-miR- >-0.02 0.92 2005,
4458 2007,
2009
CLDNI12 NM_001185072 401 claudin 12 hsa-miR- -0.34 0.98 2005,
4458 2007,
2009
BACH1 NM_001186 402 BTB and CNC hsa-let-7¢ -0.31 >0.99 2005,
homology 1, basic 2007,
leucine zipper 2009
transcription factor 1
ATGI16L1 NM_001190266 403 ATG16 autophagy hsa-miR- -0.09 0.92 2007,
related 16-like 1 (S. cerevisiae) 4458 2009
NCORI1 NM__001190440 404 nuclear receptor hsa-miR- -0.05 0.92

corepressor 1 4458






