Downloaded from genesdev.cshlp.org on March 17, 2009 - Published by Cold Spring Harbor Laboratory Press

=8 123

gDevelopment

MicroRNA-125b is a novel negative regulator of p53
Minh T.N. Le, Cathleen Teh, Ng Shyh-Chang, et al.

Genes Dev. published online March 17, 2009
Access the most recent version at doi:10.1101/gad.1767609

P<P  Published online March 17, 2009 in advance of the print journal.

Email alerting Receive free email alerts when new articles cite this article - sign up in the box at the
service top right corner of the article or click here

Advance online articles have been peer reviewed and accepted for publication but have not yet
appeared in the paper journal (edited, typeset versions may be posted when available prior to final
publication). Advance online articles are citable and establish publication priority; they are indexed
by PubMed from initial publication. Citations to Advance online articles must include the digital
object identifier (DOIs) and date of initial publication.

To subscribe to Genes & Development go to:
http://genesdev.cshlp.org/subscriptions

Copyright © 2009 by Cold Spring Harbor Laboratory Press


http://genesdev.cshlp.org/lookup/doi/10.1101/gad.1767609
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=genesdev;gad.1767609v1&return_type=article&return_url=http://genesdev.cshlp.org/content/early/2009/03/12/gad.1767609.full.pdf
http://genesdev.cshlp.org/subscriptions
http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on March 17, 2009 - Published by Cold Spring Harbor Laboratory Press

MicroRNA-125b is a novel negative
regulator of p53

Minh T.N. Le,”* Cathleen Teh,>” Ng Shyh-Chang,>” Huangming Xie,>* Beiyan Zhou,*
Vladimir Korzh,®> Harvey F. Lodish,"**’ and Bing Lim'*%%

!Computation and Systems Biology, Singapore-Massachusetts Institute of Technology Alliance, Singapore 117576; >Stem Cell
and Developmental Biology, Genome Institute of Singapore, Genome, Singapore 138672, 3Fish Developmental Biology, Institute
of Molecular and Cell Biology, Proteos, Singapore 138673; “Whitehead Institute for Biomedical Research, Cambridge,
Massachusetts 02142, USA; °Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts
02142, USA; °CLS 442 Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, Massachusetts 02215, USA

The p53 transcription factor is a key tumor suppressor and a central regulator of the stress response. To ensure
a robust and precise response to cellular signals, p53 gene expression must be tightly regulated from the
transcriptional to the post-translational levels. Computational predictions suggest that several microRNAs are
involved in the post-transcriptional regulation of p53. Here we demonstrate that miR-125b, a brain-enriched
microRNA, is a bona fide negative regulator of p53 in both zebrafish and humans. miR-125b-mediated down-
regulation of p53 is strictly dependent on the binding of miR-125b to a microRNA response element in the 3’
untranslated region of p53 mRNA. Overexpression of miR-125b represses the endogenous level of p53 protein and
suppresses apoptosis in human neuroblastoma cells and human lung fibroblast cells. In contrast, knockdown of
miR-125b elevates the level of p53 protein and induces apoptosis in human lung fibroblasts and in the zebrafish
brain. This phenotype can be rescued significantly by either an ablation of endogenous p53 function or ectopic
expression of miR-125b in zebrafish. Interestingly, miR-125b is down-regulated when zebrafish embryos are
treated with y-irradiation or camptothecin, corresponding to the rapid increase in p53 protein in response to DNA
damage. Ectopic expression of miR-125b suppresses the increase of p53 and stress-induced apoptosis. Together, our

study demonstrates that miR-125b is an important negative regulator of p53 and p53-induced apoptosis during

development and during the stress response.
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Recent studies have highlighted the importance of micro-
RNAs (miRNAs), an abundant class of small noncoding
RNAs, in many biological processes (Bartel 2004). miRNAs
are generated in two steps: First, a hairpin precursor is
processed from miRNA primary transcripts by the Dro-
sha complex; and second, the precursor is cleaved by the
Dicer complex to become a mature duplex miRNA
(Bartel 2004). One strand of the mature miRNA is loaded
into the RNA-induced silencing complex (RISC) and
brought to its target mRNAs (Bartel 2004). miRNAs often
bind to the 3’ untranslated region ([UTR) of mRNAs with
imperfect complementarity (Bartel 2004). They regulate
gene expression by inhibiting translation or repressing
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stability of the targets (Bartel 2004). Inactivation of
miRNA biogenesis by the loss of Dicer leads to severe
defects in zebrafish embryos and in mouse prenatal
lethality (Bernstein et al. 2003; Giraldez et al. 2005).
The role of miRNAs during development has also been
notably featured in the self-renewal and differentiation of
embryonic stem cells and the formation of various
embryonic tissues (He and Hannon 2004; Foshay and
Gallicano 2007; Tay et al. 2008).

miRNAs are also implicated in tumorigenesis. Differ-
ences in miRNA expression profiles define the signatures
of various cancers, and miRNA dysregulation can lead to
all the hallmarks of cancer (Garzon et al. 2006; Zhang
et al. 2007). miRNAs are known to be both regulators and
targets of oncogenes and tumor suppressor genes (Garzon
et al. 2006). For example, the Iet-7 miRNA family
regulates the Ras oncogenes (Johnson et al. 2005). The
miR-34 family is a key downstream effector of the p53
tumor suppressor (Bommer et al. 2007; Chang et al. 2007;
He et al. 2007; Tarasov et al. 2007). miR-125b, a highly
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conserved homolog of lin-4 essential for the temporal
control of post-embryonic differentiation in Caenorhab-
ditis elegans (Olsen and Ambros 1999), was also recently
found to be elevated in several types of cancers (Nelson
et al. 2006; Bloomston et al. 2007; Shi et al. 2007,
Bousquet et al. 2008). Further understanding of the
expression and the function of miRNAs in cancers would
provide new approaches for diagnosis and therapies
against these diseases.

The p53 tumor suppressor is an important transcrip-
tion factor that safeguards the cell against tumorigenesis
and regulates multiple cellular processes (Foulkes 2007).
During development, p53 activity is maintained at a very
low level (Almog and Rotter 1997). Activation of p53 in
response to DNA damage or oncogene activation leads to
cell cycle arrest or apoptosis (Foulkes 2007). Inactivation
of the p53 pathway is often a key event in tumorigenesis,
found in ~50% of human cancers (Harris 1996). The
expression and activity of p53 are monitored by many
layers of regulation, mainly at the post-translational level
by ubiquitin ligases such as Mdm2 and Mdm4 (Foulkes
2007). Indeed, changes in the protein level of p53 were not
observed to correlate with the transcriptional activity of
the p53 gene during embryogenesis or differentiation,
indicating that post-transcriptional regulation is likely to
be involved (Dony et al. 1985; Klinken et al. 1988; Tchang
et al. 1993). Although an antisense RNA is implicated in
the maturation of p53 pre-mRNA, there is no evidence
that it modulates p53 expression (Khochbin and Lawrence
1989).

Here, we report for the first time a miRNA that directly
regulates p53. We identified miR-125b as a negative
regulator of p53 in both humans and zebrafish. miR-
125b binds directly to the 3’ UTR of human and zebrafish
p53 mRNAs, and represses p53 protein levels in a manner
dependent on its binding site in the p53 3’ UTRs. miR-
125b-mediated regulation of p53 is critical for modulating
apoptosis in human cells and in zebrafish embryos during
development and during the stress response. Our report
provides new insights into the function of miR-125b
during development and suggests a role in tumorigenesis
for this miRNA.

Results

miR-125b binds to the 3’ UTR of human and zebrafish
p53 mRNAs

To examine the possibility of p53 regulation by miRNAs,
we searched for potential miRNA-binding sites in the p53
mRNA by computational analysis. Searches by TargetS-
can (Lewis et al. 2005) and miRBase Target (Yoon and De
2006) yielded two different lists of miRNAs. Most of the
predicted binding sites (miRNA response elements,
MREs) of these miRNAs in the 3’ UTR of p53 are poorly
conserved. Only one specific miRNA, miR-125b, targeted
both human and zebrafish p53 when the predictions were
compared across distant species (Fig. 1A). The putative
MREs of miR-125b were also found in the 3’ UTRs of p53
in other vertebrates (Supplemental Fig. 1A). This suggests
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that miR-125b is likely to be an important regulator of
pS53.

We validated the binding of miR-125b to the 3’ UTR of
human and zebrafish p53 using a luciferase reporter assay
(Fig. 1A,B). Ectopic expression of miR-125b by transfec-
tion of miR-125b duplex into HEK-293T cells suppresses
by ~60% (P < 0.01) the activity of a Renilla luciferase
construct containing the miR-125b MREs of human or
zebrafish p53 at its 3’ end (Fig. 1B). Similarly, the activity
of a luciferase construct containing the entire 3' UTR of
human or zebrafish p53 was suppressed ~40%-50% (P <
0.01) by ectopic miR-125b (Fig. 1B). Suppression of
luciferase activity was abolished when the miR-125b-
MREs were deleted from the p53 3’ UTR, and when a
3-base mismatch mutation was introduced into the seed
region (Fig. 1B). These data indicate that the predicted
MREs are critical for the direct and specific binding of
miR-125b to the p53 mRNA.

To confirm the binding of miR-125b to human and
zebrafish p53 in vitro, we ectopically expressed the full-
length human/zebrafish p53 ¢cDNA in p53-null H1299
cells. Consistent with the luciferase reporter assays,
overexpression of miR-125b in H1299 cells significantly
repressed both human and zebrafish wild-type p53 pro-
tein (30%-40%, P < 0.05) but not when the MREs were
deleted from the 3’ UTRs of p53 mRNAs (Fig. 1C-E).

In addition, we validated the specificity and the efficacy
of the miR-125b duplex (125b-DP) and the miR-125b
antisense oligonucleotide (125b-AS) that were used in
our assays. We transfected into HEK-293T cells a lucifer-
ase reporter containing a perfect complementary MRE of
miR-125b to provide a site with high binding affinity for
the miRNA. Indeed, cotransfection of the cells with 125b-
DP suppresses the luciferase activity by ~95%, while no
suppression was observed with any of the control miRNA
duplexes (negative control duplex, NC-DP1/2/3) (Supple-
mental Fig. 1B). The luciferase activity suppression by
125b-DP was abrogated when 125b-AS was cotransfected;
this effect was not observed with the same concentration
of a negative control miRNA antisense oligonucleotide
(Supplemental Fig. 1B). Therefore, 125b-DP and 125b-AS
are effective and specific for modulating the level of miR-
125b. The transfection efficiency and the effect of these
oligonucleotides on miR-125b levels were also verified by
quantitative RT-PCR (qQRT-PCR) in each cell type. For
example, in H1299 cells, we found that the transfection of
125b-DP increased the level of miR-125b by ~2°-fold in
comparison with the endogenous miR-125b level (Sup-
plemental Fig. 1C).

miR-125b represses endogenous p53 and p53-induced
apoptosis in human neuroblastoma cells

To investigate the regulation of endogenous human p53
by miR-125b, we used the neuroblastoma cell line SH-
SY5Y, which is known to express wild-type p53 (Vogan
et al. 1993). The endogenous level of miR-125b in un-
differentiated SH-SY5Y is relatively low, and transfection
of miR-125b duplex brought miR-125b level up by ~27-
fold (Supplemental Fig. 2A). Ectopic expression of miR-125b
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Figure 1. miR-125b binds to the 3’ UTR of zebrafish and human p53 mRNAs. (A) Outline of luciferase reporter assay for validating the
interaction of miR-125b with the 3’ UTR of p53: The MREs of miR-125b in the 3’ UTR of human and zebrafish p53 mRNA were
predicted by TargetScan and miRBase Target. Shaded texts indicate the “seed” regions. Each predicted MRE or the whole p53 3" UTR
was inserted into a psiCheck2 vector, immediately downstream from the Renilla luciferase gene. In mutant reporter constructs, the
MRE was deleted or a three-mismatch mutation was introduced into the seed region. Each luciferase construct was cotransfected with
negative control duplex 1 (NC-DP1) or miR-125b duplex (125b-DP) into HEK-293T cells, and luciferase readings were obtained 48 h after
transfection. (B) Repression of luciferase activity due to the interaction between miR-125b and the predicted MREs in the luciferase-
MRE or in the luciferase-p53-3' UTR constructs. Repression was abolished when the MRE was deleted or mutated. Every Renilla
luciferase reading was normalized to that of the control firefly luciferase. The luciferase activities of 125b-DP-transfected cells were
presented as percentages relative to the level of luciferase in the NC-DP1-transfected cells (this control luciferase level is considered as
100% and is represented by the solid red line). The values represent average = SEM (n = 6). The dashed line represents the threshold of
luciferase activity (75%), suppression of luciferase level below which indicates positive binding. Two-tail t-test results are indicated by
(*) P<0.05 and (**) P < 0.01, relative to the NC-DP1-transfected controls. (C) Overexpression of miR-125b down-regulates the wild-type
but not the MRE-deleted human p53 (hp53) in H1299 cells: pPCDNA3.1* vector containing the full-length human p53 cDNA sequence
with or without the miR-125b MRE was transfected alone or cotransfected with negative control duplex 3 (NC-DP3) or 125b-DP into
H1299 cells. The level of human p53 was analyzed by Western blots 2 d after transfection. (D) Overexpression of miR-125b down-
regulates the wild-type but not the MRE-deleted zebrafish p53 (fp53) in H1299 cells: pPCDNAS3.1* vector containing the full-length
zebrafish p53 cDNA sequence with or without the MRE of miR-125b was transfected alone or cotransfected with NC-DP3 or 125b-DP
into H1299 cells. The level of zebrafish p53 was analyzed by Western blots 2 d after transfection. (E) p53 protein level was quantified
from the Western blot bands in C and D, normalized to GAPDH level, and presented as fold change + SEM (n = 3) relative to the p53
level of p53-only-transfected cells (solid red line). The dashed line represents the threshold of suppression (0.75-fold) corresponding to
threshold set in the luciferase reporter assay. Two-tail t-test results are indicated by (*) P < 0.05 and (**) P < 0.01, relative to the p53-
only-transfected controls.

reduced the level of p53 protein in SH-SY5Y cells by ~40% enous activity of nuclear p53 is usually insufficient to
(P < 0.01) (Fig. 2A,B). The level of p53 mRNA was also modulate apoptosis (Moll et al. 1996). Thus, we predicted
reduced by 125b-DP transfection although the fold change that ectopic expression of miR-125b in SH-SY5Y cells

was smaller than that of p53 protein (Fig. 2C). The expres- will only suppress apoptosis when the p53 pathway is
sion of p21 and bax, the two main targets of p53, also fully activated by an exposure to the drug 1-(5-isoquino-
dropped significantly after 125b-DP transfection (Fig. 2C). linyl sulfonyl)-2-methyl piperazine (H-7). Exposure to H-7

Induction of p53 often leads to apoptosis (Almog and leads to an increased import of p53 into the nucleus,
Rotter 1997). However, in neuroblastoma cells, p53 pro- where p53 becomes active and induces apoptosis (Ronca
tein is mainly localized to the cytoplasm, so the endog- et al. 1997). Indeed, ectopic expression of miR-125b

GENES & DEVELOPMENT 3


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on March 17, 2009 - Published by Cold Spring Harbor Laboratory Press

Le et al.
£ 12
A e
o
a 1
NC-DP3 - + . 2 08
125b-DP - - + " :. *k
p53 SiRNA - - - + s 06
£ 04
p53 1 — - ‘ £ **
202
£ o
GAPDH l — ——— — ‘
NC-DP3 - + -
125b-DP - - + -
P53 siRNA - - - +
c 3 var ENC-DP1 D = 06 -1
H 0125b-DP i;
g £3
2 | M
i 4
= L §9 027 T 1
g’ 0.5 é a
£ @
Qo L]
- Q 4
2 NC-DP1 4+ - * 2
0 125b-DP - + - +
p33 pz1 bax H-7 treatment - - + +

Figure 2. miR-125b represses the endogenous p53 expression
and suppresses p53-induced apoptosis in human neuroblastoma
SH-SY5Y cells. (A) The endogenous p53 protein level in SH-
SY5Y cells 2 d after a transfection with mock (water), negative
control duplex 3 (NC-DP3), miR-125b duplex (125b-DP), or p53
siRNA. (B) The p53 protein level was quantified from the
Western blot bands in A, normalized to the GAPDH level, and
presented as fold change + SEM (n = 3) relative to the p53 level
of mock-transfected cells. (C) The mRNA expression levels of
p53, p21, and bax in SH-SY5Y cells 2 d after transfection with
NC-DP1 or 125b-DP. The expression was quantified by real-time
PCR, normalized to the expression of B-actin, and presented as
fold change = SEM (n = 4) relative to that in the cells
transfected with NC-DP1. (D) The percentage of SH-SY5Y cells
positive for active caspase-3 was quantified by the Cellomics
high-content screening system 2 d after a transfection with NC-
DP1 or with 125b-DP. The 10 pM H-7 treatment was applied 24
h before fixing. The values represent average = SEM (n = 3). For
each replicate, 20 images (including at least 10,000 cells) were
analyzed. In all panels, two-tail ¢-test results are indicated by (*)
P <0.05 and (**) P < 0.01, relative to the mock-transfected or
NC-DP-transfected controls.

significantly suppressed H-7-induced apoptosis, but did
not affect apoptosis in the untreated SH-SY5Y cells, as
quantified by the staining of active-caspase-3 (Fig. 2D).

miR-125b represses endogenous p53 and apoptosis
in primary human Iung fibroblasts

To further demonstrate the repression of human p53 by
miR-125b in a physiological context, we examined this
regulation in primary human lung fibroblasts that were
cultured from normal fetal lungs to homogeneity. The
level of miR-125b expression in human lung fibroblasts is
relatively high. We were able to knock down the endog-
enous miR-125b by ~2*-fold with 125b-AS or overexpress
miR-125b by ~2%fold with 125b-DP (Supplemental Fig.
2B). Consistently, overexpression of miR-125b repressed
p53 protein levels, while knockdown of miR-125b ele-
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vated p53 levels significantly (Fig. 3A,B). The expression
of p21 mRNA, a main target of p53, in human lung
fibroblasts was also modulated by miR-125b in the same
fashion as p53 protein (Fig. 3C). Here, the effect of miR-
125b on p21 mRNA level was solely dependent on p53
expression since knockdown of p53 by a siRNA was able
to rescue the increase in p21 expression caused by the
125b-AS (Fig. 3C). In addition, 125b-DP represses p21
expression in a dose-dependent manner, with significant
suppression still observable at a concentration as low as
10 nM of 125b-DP (Supplemental Fig. 3A). The level of
p53 mRNA in human lung fibroblasts, however, was not
affected by the changes in miR-125b expression (Fig. 3C).
This suggests that miR-125b inhibits the translation of
P53 but does not modulate the stability of p53 mRNA in
these cells. In addition, miR-125b knockdown led to
a substantial increase in apoptotic cells, as quantified by
active-caspase-3 staining, while miR-125b overexpres-
sion had the opposed effect (Fig. 3D). These data demon-
strate that miR-125b expression is both necessary and
sufficient for maintaining the physiological levels and the
activity of p53 in human lung fibroblasts.

Spatio-temporal expression of miR-125b during
zebrafish embryogenesis

To examine if miR-125b expression is inversely corre-
lated to p53 expression spatio-temporally during devel-
opment, we analyzed miR-125b expression at different
stages of zebrafish embryogenesis. Expression of miR-
125b was first detected at 19 h post-fertilization (hpf) by
whole mount in situ hybridization (Fig. 4A). miR-125b
was present in the whole embryo with enrichment in the
brain, the eyes, and the somites at different stages (Fig.
4A,B). The expression pattern in the brain is consistent
with previously published data (Wienholds et al. 2005).
However, no enriched expression was detected in the
spinal cord. Instead, we found a pronounced miR-125b
expression in the somites between 22 and 30 hpf (Fig. 4A).
By 22 hpf, miR-125b expression was enriched in the eyes,
the somites, the telencephalon, and the midbrain with
stronger expression in the tegmentum and hindbrain (Fig.
4A,B). Between 26 and 30 hpf, miR-125b was strongly
expressed in the hypothalamus, the tegmentum, the
midbrain-hindbrain boundary, and the hindbrain (Fig.
4B). miR-125b expression continues to increase in the
brain such that the optic tectum became the only region
with weak miR-125b expression by 48 hpf (Fig. 4A,B).
Analysis of miR-125b expression in whole embryo
lysate by qRT-PCR showed that the expression initiated
at 18 hpf and increased exponentially from 18 to 48 hpf
(Fig. 4C). Interestingly, p53 and p21 expression was in-
versely correlated with miR-125b up-regulation over time
(Fig. 4C). We also compared the spatio-temporal expres-
sion pattern of miR-125b (our in situ hybridization
analysis) with the expression pattern of p53 mRNA
(Yamaguchi et al. 2008). p53 and miR-125b were observed
to be coexpressed in the brain and the eyes at ~24 hpf. In
the brain, miR-125b expression increases steadily from 24
to 48 hpf, while p53 expression decreases gradually during
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Figure 3. miR-125b represses the endogenous p53
expression and suppresses apoptosis in human lung
fibroblast cells. (A) The endogenous p53 level in
human lung fibroblast cells 2 d after transfection with
mock (water), negative control duplex 2 (NC-DP2), or
miR-125b duplex (125b-DP); and 1 d after transfection
with mock, negative control antisense 1 (NC-AS1), or
miR-125b antisense (125b-AS). (B) The p53 protein
level was quantified from the Western blot bands in A,
normalized to the GAPDH level and presented as fold
change = SEM (n = 3) relative to the p53 level of
mock-transfected cells (dotted line). (C) The levels of
p53 mRNA and p21 mRNA in human lung fibroblast
cells 2 d after transfection with mock, NC-DP2, 125b-
DP, or NC-AS1,125b-AS, or a cotransfection of 125b-
AS and p53 siRNA. The expression was quantified
by real-time PCR, normalized to the expression of
B-actin and presented as fold change + SEM (n = 4)
relative to that in the mock-transfected cells (dotted
line). (D) The percentage of human lung fibroblast
cells positive for active caspase-3, 2 d after trans-
fection with mock, NC-DP2, 125b-DP, NC-AS1, or
125b-AS was quantified by the Cellomics high-content
screening system. The values represent average =

125b-AS

SEM (n = 3). For each replicate, 20 images (including at least 10,000 cells) were analyzed. In all panels, two-tail t-test results are
indicated by (*) P < 0.05 and (**) P < 0.01, relative to the mock-transfected controls.

that same period. In the somites, miR-125b expression is
enriched from 22 to 30 hpf, while p53 expression is not
observed. Western blots also showed that p53 protein can
be detected at 18 hpf and decreases to undetectable levels
by 48 hpf (data not shown). The inverse correlation
between miR-125b and p53 expression/activity supports
our hypothesis that p53 is down-regulated by miR-125b
during zebrafish embryogenesis.

Loss of miR-125b leads to severe defects in zebrafish
embryos

To probe for the function of miR-125b in zebrafish, we
synthesized four different morpholinos against miR-125b
(Fig. 5A): one (m125bMO) targeting the mature guide
strand, and three (Ip125bMOs) targeting the precursors. In
zebrafish, mature miR-125b is derived from three differ-
ent precursor isoforms with sequence differences in the
loop region (Fig. 5A); Ip125bMOs were designed to bind to
each of these loops. According to Kloosterman et al.
(2007), binding of the morpholinos to the loop regions of
miRNA precursors is able to block processing of the
miRNAs, hence down-regulating the mature miRNA
level. Near-complete knockdown of mature miR-125b
was observed with m125bMO and also with a combina-
tion of the three 1p125bMOs (Fig. 5B). Individual
Ip125bMOs also suppressed the expression of miR-125Db,
albeit incompletely (Fig. 5B). As a control, injection of
a morpholino (misMO) with five mismatches different
from m125bMO did not cause in any significant change
in miR-125b expression (Fig. 5B).

Severe developmental defects were observed in the
miR-125b morphants, where the most apparent pheno-
type was the accumulation of dead cells in the brain (Fig.
5C). This phenotype was observed by 24 hpf in almost

all embryos microinjected with m125bMO or with
Ip125bMO1/2/3 (Fig. 5C; Table 1). Other morphological
defects upon miR-125b knockdown include smaller eyes,
a missing midbrain-hindbrain boundary, and deformities
in the somites. These data are consistent with the
expression pattern of miR-125b and demonstrate its
importance in zebrafish development.

Loss of miR-125b increases p53 and p53-dependent
apoptosis in zebrafish

As a result of miR-125b knockdown by injection of
m125bMO or 1p125bMO1/2/3 into one-cell-stage em-
bryos, the endogenous level of p53 protein was elevated
in zebrafish embryos at 24 hpf (Fig. 6A,B). p21 was also
up-regulated in both types of morphants (Fig. 6C). When
the morphants were coinjected with a morpholino block-
ing translation of p53, p21 expression was restored to
wild-type levels, indicating that the up-regulation of p21
by miR-125b required p53 (Fig. 6C).

At 24 hpf, an increase in terminal dUTP nick end
labeling (TUNEL)-positive apoptotic cells was observed
in the midbrain and hindbrain domains of both
m125bMO- and Ip125bMO1/2/3-injected embryos (Fig.
6D). Enhanced apoptosis was observed in the m125bMO
morphants only from 18 hpf, consistent with the stage
when miR-125b expression was first detected (Supple-
mental Fig. 5). Apoptosis reached a peak at 24 hpf, when
the brain defects were the most severe (Supplemental Fig.
5). Apoptosis decreased gradually by 30 hpf (Supplemen-
tal Fig. 5), but the hatched larvae were still defective, with
distorted heads and abnormal behaviors.

We then asked whether the cell death phenotype in
miR-125b morphants was caused by the elevation in p53
protein. To ablate p53 function, we used the zebrafish
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Figure 4. Spatio-temporal expression of miR-125b during
zebrafish embryogenesis. (A) Whole-mount in situ hybridization
of miR-125b in zebrafish embryos at 19 hpf, 22 hpf, 26 hpf, 30
hpf, and 48 hpf. Side view of the whole body excluding the tail is
shown. (B) Side view of zebrafish brain, in situ hybridization
with miR-125b at 22 hpf, 26 hpf, 30 hpf, and 48 hpf. In A and B,
each image shows the expression pattern of miR-125b in
a representative embryo. The same pattern was observed in all
20 embryos examined at each developmental stage. (ey) Eye; (hb)
hindbrain; (hyp) hypothalamus; (mhb) midbrain-hindbrain
boundary; (ot) optic tectum; (tel) telencephalon; (tg) tegmentum.
(C) The expression pattern of miR-125b, p53, and p21 during
zebrafish development: Transcript levels were quantified by
real-time PCR, normalized to internal controls (18S or B-actin),
and presented as log, fold change = SEM (n = 4) relative to the
expression at 18 hpf.

p53™M214K mutant, which is defective in p53 activity but

still undergoes normal embryogenesis (Berghmans et al.
2005). Remarkably, knockdown of miR-125b, whether by
m125bMO or by 1p125bMO1/2/3, had no observable
effects on brain apoptosis (Fig. 6D). Similar effect was
observed with the coinjection of p53 MO and miR-125b
MOs (Supplemental Fig. 6). Defects in the midbrain-
hindbrain boundary and the somites of miR-125b mor-
phants were also rescued in p53™2* mutants or by
coinjection of p53 MO (Supplemental Fig. 6). Addition-
ally, miR-125b morphants exhibited severe defects in

6 GENES & DEVELOPMENT

axonal pathfinding, as observed by anti-acetylated tubulin
immunostaining (Fig. 6D). Most major primary axonal
tracts were markedly reduced in the miR-125b morphants,
but they were rescued substantially by the loss of p53-
mediated apoptosis in the p53™2*¥ mutant (Fig. 6D).
Taken together, these data demonstrate that the excessive
P53 activity in miR-125b morphants is responsible for the
abnormal increase in apoptosis and most of the observed
morphological defects. Therefore, the p53 pathway is
likely to be the major target that mediates the function
of miR-125b during the early development of zebrafish.

Synthetic miR-125b duplex rescues apoptosis in miR-
125b morphants by restoring the normal Ievel of p53

In order to address the specificity of miR-125b morpho-
linos, we attempted to rescue the morphant phenotype
with coinjection of synthetic miR-125b duplex into
1p125bMO1/2/3 morphants. Indeed, the number of apo-
ptotic cells in the morphants was reduced significantly by
miR-125b duplex in a dose-dependent manner (Fig. 7A).
The efficiency of rescue was quantified by the number of
embryos with visible dead cells in the live brain at 24 hpf.
Both m125bMO and 1p125bMO1/2/3 injection caused
more than 90% of embryos to show neural cell death,
whereas coinjection of the miR-125b duplex reduced this
number to only 6% (Table 1). This rescue of apoptosis
corresponds to the reduction in p53 protein by miR-125b
duplex (Fig. 7B,C). Importantly, since this duplex does not
bind to the 1p125bMOs, rescue of the 1p125bMO1/2/3
morphants demonstrates that synthetic miR-125b duplex
produced mature miR-125b that replenished the endoge-
nous miR-125b to repress p53 and down-regulate apoptosis.

Stress-induced p53 and apoptosis are repressed by
ectopic miR-125b

To further elucidate the role of miR-125b in zebrafish
development, we examined the ability of miR-125b to
suppress p53 during the stress response in zebrafish
embryos. p53 can be induced quickly by agents that cause
DNA damage, leading to cell cycle arrest and apoptosis
(Kuerbitz et al. 1992; Langheinrich et al. 2002). To induce
DNA damage, we irradiated zebrafish embryos with 40
Gy of y-rays or treated them with 500 nM camptothecin
for 8 h. As expected, the p53 protein increases dramati-
cally after both treatments in wild-type embryos (Fig. 8A).
Interestingly, both treatments resulted in a significant
drop in miR-125b expression (Fig. 8B), suggesting that the
down-regulation of miR-125b allows a smooth up-regulation
of p53 in this stress response pathway.

To test whether an ectopic expression of miR-125b can
reduce the extent of the DN A damage stress response, we
exposed miR-125b-duplex-injected embryos to y-irradiation
or camptothecin treatment. As anticipated, the level
of p53 protein in the treated embryos was reduced
significantly by miR-125b duplex (Fig. 8A). Staining of
apoptotic cells in the embryonic brain further demon-
strated that the severe apoptosis induced by ~y-irradiation
or camptothecin was rescued significantly by the in-
jection of miR-125b duplex (Fig. 8C). In fact, the rescue
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Figure 5. Loss of miR-125b in zebrafish embryos. (A) Design of morpholinos targeting either the guide strand of mature miR-125b
(m125Db) or the loop regions of pre-mir-125b (Ip125b). Three different lp125b morpholinos (Ip125bMO1/2/3) were designed for the three
isoforms of pre-mir-125b. (B) qRT-PCR elucidating the effects of miR-125b morpholinos on the endogenous level of zebrafish miR-125b
at 24 hpf. One-cell-stage embryos were injected with m125bMO or Ip125bMO1/2/3 (individually or together). A morpholino (misMO)
with 5 nt different from m125bMO was used as control. Total RN A was obtained from the embryos at 24 hpf. All the expression values
were normalized to 7185 RNA levels and presented as average percentage = SEM (n = 4) relative to the expression values in uninjected
controls. Two-tail t-test results are indicated by (**) P < 0.01, relative to the uninjected control. (C) Loss-of-function morphology at 24
hpf: Morphants typically exhibit severe cell death in the brain (brackets), absence of the midbrain-hindbrain boundary (*), smaller eyes
(blue arrows), and deformed somites (green arrows). Each control/morphant embryo is shown with a lateral view of the whole body and
a magnified view of the head. The total number of embryos (n) in each treatment and the percentage of embryos having the same
phenotype as in the representative picture are indicated below each image.

effects of miR-125b duplex during the DNA damage
response were nearly as great as the effects of p53
knockdown via a morpholino (Fig. 8C). A negative control
duplex had no effect (Fig. 8C).

Discussion

The function of miR-125b in regulating p53 and
p53-dependent-apoptosis

Our data establish miR-125b as a bona fide negative
regulator of p53. We validated this interaction in two
vertebrate species, humans and zebrafish, suggesting that
this interaction is an essential negative regulatory ele-
ment of the p53 pathway. The direct interaction between

miR-125b and p53 mRNA was elucidated by several lines
of evidence: (1) The 3’ UTR of both human and zebrafish
mRNAs contain a putative binding site (the MRE) for
miR-125b with significant seed match. (2) miR-125b
suppresses the activity of a luciferase reporter fused with
the 3’ UTR of human/zebrafish p53 mRNA in a MRE-
dependent manner. (3) miR-125b represses the ectopic
expression of human/zebrafish wild-type p53 cDNA but
not the MRE-deleted p53 ¢cDNA in a p53-null background
(H1299 cells). Our report is the first to identify a miRNA
that directly regulates p53.

Moreover, we showed that the negative regulation of
p53 by miR-125b is physiologically relevant to cell
function and embryonic development. Ectopic expression
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Table 1. Percentage of embryos with neural cell death

Negative control MO + - - - - -
125b-DP (fmol) - 375 - - 125 375
m125bMO - - + - - -
1p125bMO1/2/3 - - - + + +
Total survived embryos 91 95 85 112 90 121
Embryos with neural cell

death 0% 0% 95% 98% 54% 6%

Neural cell death was observed in 24-hpf live embryos as the
accumulation of dark cells in the brain (example shown in Fig.
5C). The embryos were counted in a double-blind manner.

of miR-125Db is able to repress p53 protein modestly but
significantly in human fetal lung fibroblasts and human
neuroblastoma SH-SY5Y cells. An increase of miR-125b
also represses apoptosis, whereas knockdown of miR-
125D increases the level of p53 protein and apoptosis in
both in human cells and during zebrafish embryogenesis.
In particular, zebrafish embryos displayed a specific neu-
ral cell death phenotype upon miR-125b knockdown.
These data are consistent with a prior report showing
that Drosophila mutants lacking functional miR-125b
and let-7 exhibit increased cell death during pupal de-
velopment (Caygill and Johnston 2008). Therefore, miR-
125b may well be a conserved survival factor that directly
or indirectly keeps the level of p53 low during develop-
ment to support normal tissue growth.

A reduction in miR-125b level is also important for the
in vivo p53-dependent stress response. We demonstrated
that miR-125b was down-regulated in zebrafish embryos
just 8 h after y-irradiation or camptothecin treatment,
while p53 protein level was elevated dramatically. Fur-
thermore, the DNA damage stress-induced p53 and
apoptosis in zebrafish embryos was repressed by miR-
125b ectopic expression. Similarly, we also observed
a down-regulation in miR-125b in human neuroblastoma
SH-SY5Y cells after a 24-h treatment with etoposide,
a topoisomerase inhibitor known to induce DNA damage
and activate p53 (Supplemental Fig. 3B,C). Our data
suggest that the down-regulation of miR-125b in response
to the stress of DNA damage is conserved in both zebra-
fish and humans. It would be interesting to further
characterize the mechanism of miR-125b down-regulation
in response to DNA damage.

Specificity versus off-target effects

We demonstrated that miR-125b acts as a direct negative
regulator of p53 in human and zebrafish. The induction of
p53 and the increase in apoptosis is an expected pheno-
type of miR-125b knockdown. However, the dramatic
effects of the miR-125b morpholinos in zebrafish raised
concerns of a possible off-target effect.

Morpholinos are a useful tool for loss-of-function
studies in zebrafish; however, their frequent off-target
effect is a main concern for functional analysis (Ekker and
Larson 2001). Particularly, increase in neural cell death by
24 hpf has been considered a nonspecific effect of 15%—
20% of the morpholinos used in zebrafish (Ekker and
Larson 2001). Recently, Robu et al. (2007) demonstrated
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that this effect is mediated through the p53 pathway
since the increase in apoptosis is associated with p53
activation and can be completely reversed by coinjection
of p53 morpholino. The specific mechanism by which
p53 is activated by mistargeting of morpholinos was not
explained (Robu et al. 2007). The question is whether
activation of p53 and increase in neural cell death is
always an off-target effect. There are many examples
showing that the overexpression of p53 or knockdown
of p53’s negative regulators can lead to the same pheno-
type in zebrafish (Langheinrich et al. 2002; Campbell
et al. 2006; Ghiselli 2006; Bretaud et al. 2007). Robu et al.
(2007) suggested that even if the morpholino targets
a known regulator of p53, it can also have some off-target
effect, as in the case of a Mdm2 morpholino. They believe
that a morphant phenotype can be considered as on-target
only if it can be rescued by overexpression of the targeted
gene (Robu et al. 2007). This approach has been used
previously to identify new regulators of p53 in zebrafish
(Ghiselli 2006).

In order to address the specificity of miR-125b morpho-
linos, we followed two approaches. First, two different sets
of morpholinos were used to knock down miR-125b: the
m125bMO (targets the mature miR-125b) and the three
Ip125bMOs (target the loop region of the three pre-mir-
125b isoforms). The sequence of m125bMO overlaps with
the 1p125bMOs by only 3-4 nucleotides (nt) (Fig. 5A).
Thus, the probability of all of these morpholinos having
the same off-target effect is very low (2%-4%). Second,
and importantly, we were able to rescue miR-125b
morphants specifically with synthetic miR-125b duplex,
as suggested by Robu et al. (2007).

In the first approach, our data showed that knockdown
of miR-125b by either m125bMO or Ip125bMOs resulted
in the same phenotype: up-regulation of p53 protein and
increase in neural cell death at 24 hpf (Figs. 5C, 6A-D). In
fact, the severity of the phenotype was dependent on the
dose and the efficacy of the morpholinos. For m125bMO
or for the combination of Ip125bMO1/2/3, injection of
0.25 pmol of morpholino had no effect; 0.5 pmol of
morpholino induced a mild neural cell death in ~80%
of injected embryos; and 0.75 pmol of morpholino pro-
duced severe neural cell death in ~95% of the embryos.
m125bMO reduced the level of mature miR-125b to
almost zero (Fig. 5B), and the apoptotic phenotype was
the most severe in embryos injected with this morpholino.
Injection of all three Ip125bMOs resulted in a comparable
effect to that of m125bMO because this coinjection
would inhibit the processing of all pre-mir-125b isoforms.
Injection of each lp125bMO individually resulted in an
incomplete knockdown of miR-125b (Fig. 5B) and led
to a mild neural cell death. In particular, the level of ma-
ture miR-125b was reduced more by Ip125bMOI1 and
Ip125bMO2 than by 1p125bMO3, probably due to the
lower expression of pre-mir-125b-3 in the embryos. As
a consequence, injection of 1p125bMO1 or 1p125bMO2
resulted in more cell death than that of Ip125bMO3. In
addition, to test whether sequence specificity was impor-
tant for knockdown of miR-125b, we designed a control
morpholino that had the same length and GC content as
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Figure 6. Loss of miR-125b elevates p53 and triggers p53-dependent apoptosis in zebrafish embryos. (A) Elevation of p53 protein caused
by loss of miR-125b in zebrafish embryos: Embryos were injected with misMO, m125bMO, or Ip125bMO1/2/3. Western blotting was
performed at 24 hpf. (B) The p53 protein level was quantified from the Western blot bands in A, normalized to tubulin level, and
presented as fold change + SEM (n = 3) relative to the p53 level in the misMO-injected embryos. Two-tail t-test results are indicated by
(**) P < 0.01, relative to the misMO-injected control. (C) gqRT-PCR of p21 transcripts at 24 hpf in embryos injected with different
combinations of morpholinos. p53MO indicates a morpholino blocking translation of p53. The values were normalized to the
expression level of B-actin and represented as average fold change + SEM (n = 4) relative to the expression level in misMO-injected
embryos (dashed line). Two-tail t-test results are indicated as (**) P < 0.01. (D) TUNEL assay for detecting apoptotic cells (visualized as
red spots) in the 24-hpf brains and acetylated tubulin staining (¢ AT) marking mature neurons and axonal tracts in the 48-hpf brains of
wild-type and p53™21*% mutant embryos microinjected with misMO, m125bMO, or Ip125bMO1/2/3. Each image is a projection of
multiple optical slides obtained from a representative embryo. Three embryos were observed for each condition for the TUNEL assay,
and five were observed for each condition in the «AT staining. All of them had a similar phenotype as the representative images. (AC)
Anterior commissure; (d) diencephalon; (fb) forebrain; (hb) hindbrain; (mb) midbrain; (MLF) medial longitudinal fasciculus; (ot) optic
tectum; (SOT) supraoptic tract; (TPC) tract of posterior commissure; (TPOC) tract of postoptic commissure; (t) telencephalon. Bar, 50 pwm.

the m125bMO but contained five mismatches. This
mismatched morpholino (misMO) was not able to knock
down miR-125b (Fig. 5B). Moreover, embryos injected
with misMO exhibited no difference in morphology from
those of uninjected controls (Fig. 5C).

The specificity of knockdown was further demon-
strated by the second approach: Overexpression of miR-
125b by injection of synthetic miR-125b duplex rescued
the effect of Ip125bMO1/2/3 in a dose-dependent manner.
Specifically, injection of 37.5 fmol of the miR-125b
duplex reduced the level of p53 protein and the number

of apoptotic cells significantly (Fig. 7A-C). With this dose,
the percentage of embryos with neural cell death dropped
from 98% in the Ip125bMO1/2/3 morphant population,
to 6% in the rescued embryos in which Ip125bM0O1/2/3
was coinjected with the miR-125b duplex (Table 1).
Because Ip125bMO1/2/3 can only bind to the loop regions
of mir-125b precursors and block processing of endoge-
nous miRNA precursors, it cannot interact with the
synthetic miR-125b duplex. Moreover, 1p125bMO1/2/3
was injected at a 20- to 30-fold (750:37.5 to 750:12.5)
higher dose than the miR-125b duplex; hence, the rescue
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Figure 7. Synthetic miR-125b rescues apoptosis in miR-125b
morphants. (A) TUNEL assay for detecting apoptotic cells in the
24-hpf brains: Embryos were injected with a standard negative
control morpholino, miR-125b duplex (125b-DP), m125bMO, or
1p125bMO1/2/3. Two different concentrations of 125b-DP (12.5
fmol and 37.5 fmol per injection) were used to rescue the
embryos injected with 1p125bMO1/2/3. Each image is a pro-
jection of multiple optical slides from a representative embryo.
Three embryos were observed for each condition, and all of
them had a similar phenotype as the representative images. (fb)
Forebrain; (hb) hindbrain; (mb) midbrain. Bar, 50 um. (B)
Regulation of p53 protein in the morphants and the rescued
embryos. Western blotting was performed at 24 hpf. (C) p53
protein level was quantified from the Western blot bands in B,
normalized to tubulin level, and presented as fold change + SEM
(n = 3) relative to the p53 level in the embryos injected with
misMO. Two-tail t-test results are indicated by (**) P < 0.01.

could not be due to a titration of the morpholino. Instead,
this result implies that the mature miR-125b processed
from the injected synthetic duplex was able to replenish
endogenous miR-125b, and thus repress p53 and down-
regulate apoptosis in the embryos.

These two lines of evidence strongly suggest that the
miR-125b morpholinos used in our experiments were on-
target. Additionally, the phenotype of the miR-125b
morphants is also explained by the temporal and spatial
expression pattern of miR-125b. Defects in the miR-125b
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morphants appear precisely in the regions where miR-
125b is normally strongly expressed; e.g., the brain, the
eyes, and the somites (cf. Figs. 5C and 4A). The onset of
increased apoptosis in the morphants is also correlated to
the stage (18 hpf) when miR-125b begins to express in the
embryos (cf. Supplemental Fig. 5 and Fig. 4C).

Moreover, the expression of miR-125b was up-regulated
during development, while the activity of p53 was de-
creasing (Fig. 4C). In contrast, miR-125b was down-
regulated in response to DNA damage, while p53 was
up-regulated under the same condition (Fig. 8). The
inverse correlation between miR-125b expression and
p53 strengthens our conclusion that miR-125b is a phys-
iological regulator of p53 in zebrafish.

Conservation of miR-125b targets in the p53 network

Besides p53, miR-125b may also target other components
of the p53 network. Sinha et al. (2008) suggested that
miR-125D targets seven genes that, with the exception of
bak1, are upstream regulators of p53. The mRNAs of
these genes all contain putative binding sites for miR-
125b in their 3’ UTRs. One of these targets, bakl mRNA,
has been shown to bind to miR-125b in human prostate
cancer cell lines (Shi et al. 2007). We compared the
putative binding sites of the seven targets across a number
of vertebrates and found that each site is broadly (al-
though not strictly) conserved among vertebrates (Sup-
plemental Table 3). Each species has a binding site for
miR-125Db in the sequence of at least one of the seven
targets. Supporting these findings, we demonstrated that
these seven genes in the p53 network were indeed down-
regulated by miR-125b ectopic expression in the human
neuroblastoma SH-SY5Y cells and/or in mouse fibroblast
Swiss-3T3 cells (Supplemental Fig. 4C). Hence, these
genes are likely to be targets of endogenous miR-125b
in both human and mouse. Furthermore, miR-125b
ectopic expression also down-regulated p53 mRNA as
well as the p53 targets, p21 and bax mRNAs in mouse
fibroblast Swiss-3T3 cells. Since the binding site for miR-
125b in the 3’ UTR of p53 mRNA is not conserved in
mouse, the down-regulation of p53 expression by miR-
125b may be mediated indirectly by the down-regulation
of the genes upstream of p53 in mouse Swiss-3T3 cells.
Although further experiments are required to validate the
direct targets of miR-125b in the p53 network, our
analysis strongly suggests that the p53 network, as a
whole, is a broadly conserved target of miR-125b reg-
ulation in vertebrates.

Most miRNAs and their mRNA-binding motifs (the
seed regions) are strictly conserved across species, but
their targets are less well-conserved (Chan et al. 2005;
Rajewsky 2006). The loss/gain during evolution of an
individual mRNA target may make very little impact on
the function of a miRNA with multiple targets (Chen and
Rajewsky 2006). This corroborates our finding that miR-
125b targets multiple genes in the p53 network, where
the redundancy of these targets allows for their relatively
neutral loss/gain across various species. While not every
target is strictly conserved, the overall regulation of p53
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Figure 8. Overexpression of miR-125b rescues stress-induced apoptosis. (A) Regulation of p53 protein in zebrafish embryos injected with
negative control duplex 1 (NC-DP1), p53 morpholino (p53 MO), or miR-125b duplex (125b-DP). At 24 hpf, uninjected and injected embryos
were treated with 500 nM camptothecin for 8 h or subjected to 40 Gy of y-irradiation. Protein lysate from the two treatments with two sets
of untreated control were loaded on two separate gels. The bar chart presents quantification of p53 Western blot band intensity, normalized
to tubulin levels, and presented as fold change relative to the uninjected untreated control of each blot. (B) Regulation of miR-125b in
uninjected embryos or those treated with 500 nM camptothecin for 8 h or subjected to 40 Gy of y-irradiation, normalized to 18S RNA level,
and presented as average fold change relative to untreated control + SEM (n = 6). Two-tail t-test results are indicated as (**) P<0.01, relative
to the untreated control. (C) Staining of apoptotic cells in embryos uninjected or injected with NC-DP1, p53 MO, or 125b-DP, treated with
500 nM camptothecin for 8 h or with 40 Gy of y-irradiation. Embryos were fixed at 32 hpf and subjected to TUNEL assay. Each image is
a projection of multiple optical slides from a representative embryo. Three embryos were observed for each condition, and all of them had
a similar phenotype as in the representative image. (fb) Forebrain; (hb) hindbrain; (mb) midbrain. Bar, 50 pm.

activity by miR-125b may still be conserved during
evolution via one or another component of the p53
network.

Other targets and other functions of miR-125b

Genes in the p53 network are most probably not the only
targets of miR-125b. We observed several defects in
zebrafish embryos after ectopic expression of miR-125b,
including a delay in growth, rounding of the body,
thickening of yolk extension, and loss of brain ventricles
and of the midbrain-hindbrain boundary (data not
shown). These phenotypic effects are not observed in
p53-deficient zebrafish. In addition, we also found that
ectopic expression of miR-125b promotes neuronal dif-

ferentiation in human neural progenitors and neuroblas-
toma cells (M.T.N. Le, H. Xie, B. Zhou, P.H. Chia, M. Um,
G. Udolph, H. Yang, B. Lim, and H.F. Lodish, in prep.).
This phenotype was not recapitulated by knockdown of
p53. Additional targets that mediate the function of miR-
125b in zebrafish and in human neural cells remain to be
identified.

The implication of miR-125b in tumorigenesis

Recent reports suggest that miR-125b acts as a tumor sup-
pressor in several types of cancers but as an oncogene in
other types. The expression of miR-125b is down-regulated
in ovarian carcinoma and thyroid carcinoma (Iorio et al.
2007; Nelson et al. 2006; Volinia et al. 2006; Nam et al.
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2008) but elevated in pancreatic cancer, oligodendroglial
tumors, prostate cancer, myelodysplastic syndromes
(MDS), and acute myeloid leukemia (AML) (Nelson
et al. 2006; Bloomston et al. 2007; Shi et al. 2007;
Bousquet et al. 2008). Particularly in MDS and AML
patients, a t(2:11)(p21:q23) translocation with the break-
point mapped near the genomic location of mir-125b-1
locus leads to a sixfold to 90-fold up-regulation of miR-
125b (Bousquet et al. 2008). In addition, miR-125b was
shown to suppress cell cycling in hepatocellular carcino-
mas (Li et al. 2008) but to promote proliferation of
prostate cancer cells (Shi et al. 2007). Our study supports
the notion that miR-125b acts as an oncogene by nega-
tively regulating p53 and suppressing p53-dependent
apoptosis. It would be interesting to further examine
how p53 activity is affected by the elevated level of
miR-125Db in prostate cancer and in AML and whether
miR-125b-p53 dysregulation represents a new mechanism
for cellular transformation in certain types of cancer.

Materials and methods

Cloning and mutagenesis of the luciferase reporters and
the p53 expression constructs

The MREs or the whole 3" UTR of p53 were cloned into the
psiCHECK-2 vector (Promega), between the Xhol and NotI sites,
immediately 3’ downstream from the Renilla luciferase gene.
The top (sense) and bottom (antisense) strands of each MRE were
designed to contain Xhol and Notl sites, respectively (Supple-
mental Table 1). They were synthesized, annealed, and ligated
into the psiCheck-2 vector. The 3’ UTR of human p53 was
amplified from the total cDNA of SH-SY5Y cells by a nested PCR
and inserted into TOPO PCR2.1 (Invitrogen). Subsequently, the
UTR was released from the TOPO vector by XhoI and NotI and
ligated into the psiCheck2 vector. The 3’ UTR of zebrafish p53
was amplified from total cDNA of 18-hpf zebrafish embryos,
digested with Xhol/Notl, and ligated directly into the psiCheck2
vector. The full-length cDNA encoding human and zebrafish p53
was cloned into a pcDNA3.1* vector, in between the EcoRI and
Xhol sites, downstream from the CMV promoter. The human
p53 cDNA was PCR-amplified from the total cDNA of SH-SY5Y
cells. The zebrafish p53 cDNA was PCR-amplified from the total
cDNA of 18hpf zebrafish embryos, using fp53Fe/ {p53Rx primers.

Deletion or mutation of the miR-125b MRE in the p53
construct was performed using the QuickChange site-directed
mutagenesis kit (Promega) according to the manufacturer’s
instructions. The sequences of all primers are provided in
Supplemental Table 1.

Luciferase reporter assay

miRNA duplexes including negative control duplex 1 and 2 (NC-
DP1/2, negative control PremiR #1 and #2), negative control
duplex 3 (NC-DP3, miR-7 PremiR), and miR-125b duplex (125b-
DP, miR-125b PremiR); miRNA antisense oligonucleotide in-
cluding negative control antisense 1 (NC-AS1, negative control
AntimiR 1) and miR-125b antisense (125b-AS, miR-125b Anti-
miR) were purchased from Ambion and dissolved in water. miR-
7 duplex was used as a negative control in our experiments
because no seed match of miR-7 of can be found in the 3' UTR of
human and zebrafish p53 mRNAs. Ten nanograms of each
psiCHECK-2 construct were cotransfected with 10 nM miRNA
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duplexes or 100 nM miRNA antisenses into HEK-293T cells in
a 96-well plate using lipofectamin-2000 (Invitrogen). After 48 h,
the cell extract was obtained; firefly and Renilla luciferase
activities were measured with the Dual-Luciferase reporter
system (Promega) according to the manufacturer’s instructions.

Cell culture, transfection, and drug treatments

Human HEK-293T cells, human neuroblastoma SH-SY5Y cells,
p53-null human lung carcinoma H1299 cells, mouse Swiss-3T3
cells, and human lung fibroblast cells were maintained in DMEM or
RPMI media, supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin (Invitrogen). H1299 cells, SH-SY5Y cells,
Swiss-3T3 cells, and human lung fibroblast cells were transfected in
suspension with 4 X 10° cells per well in six-well plates using
lipofectamin-2000 (Invitrogen). Plasmids (human/zebrafish wild-
type or mutant p53 constructs) were transfected into H1299 cells at
a final concentration of 0.5 pg/mL. miRNA duplexes and antisense
oligonucleotides were transfected at a final concentration of 80 nM
and 100 nM, respectively (unless otherwise stated). p53 siRNA
(Dharmacon) was transfected at 60 nM final concentration.

H-7 and etoposide (Sigma) were dissolved in water and di-
methyl sulfoxide (DMSO), respectively. SH-SY5Y cells (untrans-
fected or 24 h after transfection with miRNA duplexes) were
treated with 10 pM H-7 or 10 uM etoposide for 24 h. Control
cells were treated with water or DMSO, respectively.

Active caspase-3 assay

Two days after transfection, SH-SY5Y cells and human lung
fibroblast cells were fixed with 4% paraformaldehyde and treated
with cold methanol for 10 min at —20°C. After 1-h blocking with
0.3% Triton X-100 and 3% goat serum in phosphate-buffered
saline (PBS), the cells were incubated with anti-active-caspase-3
antibody (BD Biosciences) overnight at 4°C and then incubated
with Alexa Fluor 568 goat anti-rabbit secondary antibody (Invi-
trogen) and Hoechst (Invitrogen). Fluorescent images of the cells
were collected and analyzed by the Cellomics high content
screening system.

Whole mount in situ hybridization

Whole mount in situ hybridizations with double-Dig-labeled
miR-125b miRCURY LNA probe (Exiqon) on zebrafish embryos
were performed essentially as described (Wienholds et al. 2005).
Modifications to the protocol include an incubation of the 19-,
22-, and 24-hpf embryos for 30 sec and of the 30-hpf embryos for 1
min with PCR-grade proteinase K (Roche) after fixing. The
hybridization mix was prepared by adding 20 pmol of miR-
125b doubled-labeled LNA probe to every 1 mL of hybridization
solution. The hybridization temperature used was 20°C below
the melting temperature of the miR-125b LNA probe. Optimal
signal-to-noise ratio during color development was obtained by
washing the embryos with 5X Tris-buffered saline containing
0.1% Tween 20 (TBST buffer) between color reactions. This cycle
of washing with 5X TBST followed by color development was
repeated thrice. As a control, the same protocol was used for
double-Dig-labeled miR-7 miRCURY LNA probe (Exiqon) on
zebrafish embryos, and no signal was observed before 48 hpf,
consistent with the prior report (Wienholds et al. 2005).

Microinjection in zebrafish embryos

Wild-type and p53™21*¥ mutant zebrafish were maintained by
standard protocols (Brand et al. 2002). All injections were carried
out at the one- to four-cell stage with 2 nL of solution into each
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embryo. In the knockdown experiments, miR-125b morpholinos
were injected at 0.75 pmol per embryo (lpl125bMMO1/2/3
indicates the coinjection of three Ip125bMOs, 0.25 pmol each);
p53 morpholino was coinjected at 1 pmol per embryo; miR-125b
duplex was injected at 12.5 fmol or 37.5 fmol per embryo. In the
stress response experiments, the embryos were injected with
37.5 fmol per embryo of NC-DP1 or 125b-DP or with 0.5 pmol
per embryo p53 MO. Sequences of all morpholinos (GeneTools)
are shown in Supplemental Table 2.

gRT-PCR

RNA was extracted from cells or zebrafish embryos using Trizol
reagent (Invitrogen) and subsequently column-purified with
RNeasy kits (Qiagen). For qRT-PCR of miR-125b, 100 ng of total
RNA was reverse-transcribed and subjected to Tagman miRNA
assay (Applied Biosystems). For qRT-PCR of mRNAs, cDNA
synthesis was performed with 1 pg of total RNA using the High
Capacity cDNA Archive Kit (Applied Biosystems). Subsequently,
human p53 and zebrafish 18S expression was analyzed by Tag-
Man assay; the expression of all other genes was analyzed by
SYBR assay (Applied Biosystems) following the manufacturer’s
protocol.

Western blot assay

Cells were lysed in RIPA buffer (Pierce). Zebrafish embryos were
dechorionated, deyolked, and homogenized in T-PER reagent
(Thermo Fisher Scientific) containing protease inhibitor (Roche).
Protein was separated by a 10% polyacrylamide gel and trans-
ferred to a methanol-activated PVDF membrane (GE Healthcare).
The membrane was blocked for 1 h in PBST containing 7.5%
milk and subsequently probed with 0.5 pg/mL anti-p53 antibody
(Santa Cruz Biotechnologies) or 1.4 ug/mL Zfp53-9.1 antibody
(Lee et al. 2008), anti-Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) antibody (Abcam), or 1 pg/mL anti-a-tubulin
antibody (Sigma Aldrich) overnight at 4°C. After 1-h incubation
with goat-anti-mouse HRP-conjugated secondary antibody
(Santa Cruz Biotechnologies), the protein level was detected
with luminol reagent (Santa Cruz Biotechnologies). Intensity of
the protein bands was quantified using Image].

TUNEL assay

Embryos were dechorionated and fixed in 2% paraformaldehyde
(Fluka) overnight at 4°C. They were then dehydrated in methanol
(50%, 75%, 95%, 100% series) and incubated with cold acetone
for 10 min at —20°C. After permeabilization in PBST containing
fresh 0.1% sodium citrate for 15 min, they were assayed using
the in situ cell death detection kit TMR red (Roche) according to
the manufacturer’s instructions. High-resolution images were
obtained by confocal microscope.

Immunostaining

Embryos were dechorionated and fixed in 4% paraformaldehyde
overnight at 4°C. After three washes with PBDT (PBS containing
2% BSA, 1% DMSO and 0.5% Triton X-100), the embryos were
incubated with cold acetone for 20 min at —20°C followed by
three additional PBDT washes. Subsequently, the embryos were
blocked with 1x blocking buffer (Roche) for 1 h, then incubated
with mouse anti-acetylated tubulin monoclonal antibody, 1:200
(Sigma) overnight at 4°C. The embryos were washed extensively
in PBDT (30 min, six times) and incubated with Alexa Fluor 568
goat-anti-mouse IgG antibody, 1:200 (Molecular Probe) for 4 h.

MicroRNA-125b is a novel regulator of p53

After five washes in PBDT (30 min each), the embryos were
refixed in 4% paraformaldehyde overnight at 4°C.

Image acquisition and microscope settings

Fluorescent images of the TUNEL assays and the acetylated
tubulin staining were obtained with an LSM510 confocal laser-
scanning microscope (Carl Zeiss Vision GmbH). A bright-field
image was acquired at the same time as the fluorescent image.
Projection of image stacks was made by the Zeiss image browser.
Images were then imported into Adobe Photoshop for cropping,
resizing, and orientation. Contrast and brightness were adjusted
equally for all images of the same figure.

Images of live embryos were obtained by an SZX12 stereomi-
croscope (Olympus) and a MagnaFIRE SP camera (Olympus). The
embryos were mounted in 3% methyl-cellulose. Images were
acquired with a 65X objective, at a resolution of 1280 X 1024,
with ~100-msec exposure and 8-bit depth at room temperature.
The image set of each embryo was combined, resized, cropped,
and oriented using Adobe Photoshop.

Statistical analysis

Two-tail t-tests were used to determine the significance of
differences between the treated samples and the controls where
values resulted from luciferase reporter assay, qQRT-PCR, West-
ern blots, or high content screening. The tests were performed
using Microsoft Excel, where the test type is always set to two-
sample equal variance.
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Supplementary Figure 1
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Supplementary Figure 1| (A) Predicted miRNA response elements (MREs) of miR-125b in the p53
mMRNAs of monkey, rabbit, horse and frog. Shaded text indicates the seed regions. (B) Luciferase
reporter assay validating the specificity and efficacy of miR-125b duplex and antisense. 293T cells were
transfected with a Renilla luciferase reporter construct containing a sequence perfectly complementary to
human miR-125b. The cells were co-transfected with negative control duplex 1/2/3 (NC-DP1/2/3) or miR-
125b duplex (125b-DP) at a final concentration of 10 nM; negative control antisense 1 (NC-AS1) or miR-
125b antisense (125b-AS) at a final concentration of 100 nM. The assay was performed two days after
transfection. Every Renilla luciferase reading was normalized to that of the control firefly luciferase. The
luciferase activity is presented as percentages relative to the level of luciferase in NC-DP1 transfected
cells (dashed line). The values represent average = s.e.m. (n = 6). (C) The level of miR-125b in H1299
cells two days after a transfection with NC-DP3 or 125b-DP and plasmids expressing human wild-type
p53 or human MRE-deleted p53. The level of miR-125b was quantified by real-time PCR, normalized to
the expression of U6 RNA and presented as log, fold change = s.e.m. (n = 4) relative to that in the p53-
only-transfected cells. Two-tail T-test results are indicated by *P < 0.05 and ** P < 0.01. 1
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Supplementary Figure 2 | Validation of miR-125b overexpression and knockdown in SH-
SY5Y cells and in human lung fibroblast cells

(A) The level of miR-125b in SH-SY5Y cells two days after a transfection with negative control
duplex 3 (NC-DP3) or miR-125b duplex (125b-DP).

(B) The level of miR-125b in human lung fibroblast cells two days after a transfection with NC-
DP2, 125b-DP, negative control antisense 1 (NC-AS1) or miR-125b antisense (125b-AS).

For both (A) and (B), the level of miR-125b was quantified by real-time PCR, normalized to the
expression of U6 RNA and presented as log, fold change + s.e.m. (n 2 4) relative to miR-125b
level in the mock-transfected cells. Two-tail T-test results are indicated by ** P < 0.01, relative
to the mock-transfected control.
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Supplementary Figure 3

(A) Real-time PCR analysis of p21 mRNA levels in human lung fibroblasts transfected
with miR-125b duplex (125b-DP) at different concentrations. The level of p21 mRNA was
normalized to the expression of B-actin and presented as fold change + s.e.m. (n = 4)
relative to the p21 level in mock transfected cells. Two-tail T-test results are indicated by *
P <0.05 and ** P < 0.01.

(B) Western blot analysis of p53 protein in SH-SY5Y cells treated with 10 pM etoposide
or with DMSO vehicle control for 24 hours. Tubulin was used as a loading control.

(C) Real-time PCR analysis of miR-125b expression level in SH-SY5Y cells treated as in
(B). The level of miR-125b was normalized to the expression of U6 RNA and presented
as fold change = s.e.m. (n 2 4) relative to miR-125b level in DMSO treated cells. Two-tail
T-test results are indicated by ** P < 0.01.
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Supplementary Figure 4

(A) The level of miR-125b in Swiss-3T3 cells two days after a transfection with miR-125b duplex
(125b-DP). The level of miR-125b was quantified by real-time PCR, normalized to the expression
of U6 RNA and presented as log, fold change + s.e.m. (n 2 4) relative to miR-125b level in the
mock-transfected cells.

(B) The mRNA levels of p53, p21 and bax in Swiss-3T3 cells two days after a transfection with
mock or 125b-DP. The expression was quantified by real-time PCR, normalized to the
expression of S-actin and presented as fold change + s.e.m. (n = 4) relative to that in the mock-
transfected cells .

(C) Real-time PCR analysis of seven miR-125b putative targets in the p53 pathway. The
expression of seven genes was measured in human SH-SY5Y cells transfected with negative
control duplex 1 (NC-DP1) or 125b-DP or in mouse Swiss-3T3 cells transfected with mock or
125b-DP. The level of each mRNA was normalized to the expression of B-actin and presented as
fold change + s.e.m. (n = 4) relative to the mock/NC-DP1. Two-tail T-test results are indicated by
*P <0.05 and ** P < 0.01. The expression of PLAGL1 was not detected in Swiss-3T3 cells.
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Supplementary Figure 5 | Developmental onset of apoptosis in miR-125b morphants: Embryos
were injected with either misMO or m125bMO. Cell death was observed in the brain by live imaging of
the head and fluorescent imaging of fixed embryos where apoptotic cells were stained by a TUNEL
assay. Each fluorescent image is a projection of multiple optical slides from a representative embryo.
Three embryos were observed in each condition and all of them have a similar phenotype as in the
representative image. Scale bar, 50 um. 5
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Supplementary Figure 6 | Rescue of miR-125b morphants by the loss of p53

The phenotype of miR-125b morphants were reversed by co-injection of miR-125b morpholinos with p53 morpholino, or by injecting miR-125b
morpholinos into p53"2** homozygous mutants. Images were captured at 24 hpf. Morphants typically exhibit severe cell death in the brain (brackets) and
absence of midbrain-hindbrain boundary (*), smaller eyes (blue arrows) and deformed somites (green arrows). Each control/morphant embryo is shown
with a lateral view of the whole body and a magnified view of the head. The total number of embryos (n) in each treatment and the percentage of embryos

having the same phenotype as in the representative embryo are indicated below each image.
6
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Supplementary Table 1. Primer sequences

Red text indicates restriction enzyme sites; green text indicates the overhang sequences

for binding of restriction enzymes; lower case text indicates mismatched mutations.

Name
Luc-hP53-mreF
Luc-hP53-mreR
Luc-fP53-mreF
Luc-fP53-mreR
hP53-UTR-F1
hP53-R1
hP53-UTR-Fx
hP53-UTR-Rn
fP53-UTR-Fx
fP53-UTR-Rn
hp53-F1
hp53-Fe
hp53-Rx
fp53-Fe
fp53-Rx
hp53XhoMutF
hp53XhoMutR
hP53-3misF
hP53-3misR
hP53delF
hP53delR
fP53-3misF
fP53-3misR
fP53-delF

fP53-delR

fActinF
fActinR
fp21F
fp21R
hp21F
hp21R
hbaxF
hbaxR

Type

MRE top strand
MRE bottom strand
MRE top strand
MRE bottom strand
PCR forward primer
PCR reverse primer
PCR forward primer
PCR reverse primer
PCR forward primer
PCR reverse primer
PCR forward primer
PCR forward primer
PCR reverse primer
PCR forward primer
PCR reverse primer
Mutagenesis primer
Mutagenesis primer
Mutagenesis primer
Mutagenesis primer
Mutagenesis primer
Mutagenesis primer
Mutagenesis primer
Mutagenesis primer

Mutagenesis primer
Mutagenesis primer

SYBR forward primer
SYBR reverse primer
SYBR forward primer
SYBR reverse primer
SYBR forward primer
SYBR reverse primer
SYBR forward primer

SYBR reverse primer

Sequence

5-TCGAGAAGACTTGTTTTATGCTCAGGGTGC-3
5-GGCCGCACCCTGAGCATAAAACAAGTCTTC-3
5-TCGAGTGAAATGTCAAATACTCAGGGCAGC-3
5-GGCCGCTGCCCTGAGTATTTGACATTTCAC-3’

5’- AAGTCCAAAAAGGGTCAGTCTACCTCCC-3’

5- GCTCACAATTGTAATCCCAGCACTCTGG-3
5-CCGCTCGAGACCCAGGACTTCCATTTGCTTTGTC-3’
5-TTCCTTTTGCGGCCGCGATCGCCTGAGCCCAGGAGTTT-3

5'- CCGCTCGAGATG CTA AGA GAG AAA GAA ACT GG -3
5-TTCCTTTTGCGGCCGCGCAAATGCGTGTAAACAGTAATAAG-3"
GTCATGGCGACTGTCCAGCTTTGTG-3'

5'- CCGGAATTCGTTCGGGCTGGGAGCGTGCTTT-3’

5'- CCGCTCGAGTCTGGGAGGCTGAGACAGGTGGAT-3
5-CCGGAATTCGTTTAGTGGAGAGGAGGTC-3'
5'-CCGCTCGAGAGTTTTATCAAGATTTCCAGGAGG -3'
5'-CAGCCTTTGCCTCCCCGGGtGaTgCAGTCCTGCCTCAGCC-3’
5'-GGCTGAGGCAGGACTGCACCACCCGGGGAGGCAAAGGCTG -3'
5-GGATCCACCAAGACTTGTTTTATGCT9cGGCTCAATTTCTTTTTTC-3
5- GAAAAAAGAAATTGAGCCGCAGCATAAAACAAGTCTTGGTGGATCC-3’
5-GTATATGATGATCTGGATCCACCAAGTCAATTTCTTTTTTC-3'

5'- GAAAAAAGAA ATTGACTTGG TGGATCCAGA TCATCATATAC-3’
5-GCAAATGAAATGTCAAATACTAACGCCATGTACAAGTCCCTCC-3'

5- GGAGGGACTT GTACATGGCG TCAGTATTTG ACATTTCATT TGC -3’

5'GATTGGATGTCTAAATATGAGCAAATGTACAAATGTACAAGTCCCTCCTG
GAAATCTTGATAAAAC-3’

5'GTTTTATCAAGATTTCCAGGAGGGACTTGTACATTTGTACATTTGCTCATATT
TAGACATCCAATCC-3'

5'-CCAGACATCAGGGAGTGAT-3’
5-TCTCTGTTGGCTTTGGGATT-3

5'- CGGAATAAACGGTGTCGTCT-3’

5'- CGCAAACAGACCAACATCAC-3
5-TTTCTCTCGGCTCCCCATGT-3

5- GCTGTATATTCAGCATTGTGGG-3’
5- CCGATTCATCTACCCTGCTG-3'

5- CAATTCCAGAGGCAGTGGAG-3
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Supplementary Table 2. Morpholino sequences

Name
m125bMO
misMO
Ip125bMO1
Ip125bMO2
I[p125bMO3
p53MO
Negative
control MO

Type

Blocking mature mir-125b
Mismatched control
Blocking pre-mir-125b-1
Blocking pre-mir-125b-2
Blocking pre-mir-125b-3
Blocking p53 translation

Standard negative control

designed by Gene Tools

Sequence
5-TCACAAGTTAGGGTCTCAGGGA-3'
5'-TCAgAAGaTAGGCTCTCtGGCA-3’

5- GTGCACATAACAGGAAAACGTCACA -3
5'-CGTGGACATCGAAGCAGAACGTCAC -3'
5- GTGATTTTTAGCACACAAAGCTCAC-3
5-GCGCCATTGCTTTGCAAGAATTG-3
5-CCTCTTACCTCA GTTACAATTTATA 3’
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Supplementary Table 3. Putative miR-125b targets in the p53 pathway

Human

Mouse

Rabbit

Horse

Lizard

Frog
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