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INTRODUCTION
In developmental processes, embryonic induction and patterning
are strictly regulated in a spatiotemporal manner by the expression
of numerous genes. Gene expression can be regulated at multiple
steps, including transcription, mRNA stability and translation. For
gene expression to be established at an appropriate level, some of
these regulatory processes must be under rapid and precise control.
Because transcriptional regulation is not sufficient to determine the
level of gene expression and its duration, post-transcriptional
regulation is necessary for fine-tuning gene expression. Fine-tuning
mechanisms, such as the regulation of mRNA stability and
translational efficacy, are generally operated by cis-elements
present mostly in 3� untranslated regions (UTRs) and by trans-
acting factors, such as RNA-binding proteins and miRNA
(Kuersten and Goodwin, 2003; Sevignani et al., 2006). These
regulators can adjust the amounts of gene products and the duration
of gene expression more rapidly and precisely than can
transcriptional regulation. With respect to signal transduction,
maintaining certain levels of signal transduction components such
as ligands, receptors, co-receptors, cytoplasmic transducers and
transcription factors is thought to be crucial for transducing
appropriate levels of signaling. Thus, although post-transcriptional
regulation needs to be incorporated into the control mechanisms for
determining the levels of signal transduction components, its
mechanisms remain poorly understood.

RNA-binding proteins have been shown to play key roles in post-
transcriptional control. RNA-binding proteins are classified into
several families according to the types of RNA-binding domains
they contain: Zn finger proteins; RNA recognition motif (RRM)
proteins, such as ELAV/Hu, Musashi-1/Nrp1 and SRp38; and KH
(hnRNP K homology) domain proteins, such as Mex3. In vertebrate
development, for example, ELAV family members are involved in
neuronal differentiation by stabilizing target mRNAs (Perrone-
Bizzozero and Bolognani, 2002). RNA-binding proteins are also
involved in subcellular RNA localization in oocytes and
asymmetrically dividing cells (Minakhina and Steward, 2005).
Despite these studies, RNA-binding proteins have not been reported
to be involved in functions of early vertebrate development such as
anteroposterior (AP) patterning and signal transduction.

With respect to cis-elements in 3� UTRs and trans-acting factors
for the regulation of mRNA stability and translation, AU-rich
elements (AREs), typically the AUUUA sequence, and their binding
proteins have been well investigated. To date, many ARE-containing
mRNAs, such as those for Fos and Myc, have been reported to be
subject to rapid degradation by RNA-binding proteins, such as
AUF1 and Tristetraprolin (TTP) (Barreau et al., 2005; Chen and
Shyu, 1995). These mRNAs are all short-lived and are rapidly
degraded when transcription is stopped. However, other types of
destabilizing elements have not been fully investigated, especially
in developmental processes.

In the course of seeking novel genes from a Xenopus anterior
neuroectoderm cDNA library using expression pattern screening
(Takahashi et al., 2005), we identified a gene encoding an RNA-
binding protein, Mex3b, which possesses two KH domains and a
RING finger domain. A notable feature of this gene is the possession
of a long evolutionarily conserved region in the 3� UTR, named 3�
long conserved untranslated region (3�LCU), which is 800
nucleotides long and is highly conserved among vertebrates. Mex-
3 has been identified in Caenorhabditis elegans, ascidians and sea
urchins, and a family of four paralogous proteins, MEX3A,
MEX3B, MEX3C and MEX3D, has been identified in humans
(Buchet-Poyau et al., 2007). mex-3 mRNA is localized in the
anterior blastomeres of C. elegans embryos, and its product, MEX-
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3, determines anterior characteristics by repressing the expression
of pal-1, which encodes a Caudal-like homeodomain protein
(Draper et al., 1996; Huang et al., 2002). pem-3, an ascidian ortholog
of mex-3, plays a role in the differentiation of the brain of ascidian
larvae (Satou, 1999). However, the molecular mechanisms of MEX-
3 and PEM-3 functions remain to be elucidated. In humans, MEX3D
(also known as TINO or RKHD1) has been shown to destabilize
BCL2 mRNA by binding to its ARE (Donnini et al., 2004), and
MEX3C (also known as RKHD2) is putatively involved in the
congenital human disease ‘essential hypertension’ (Guzman et al.,
2006). However, the developmental role of mex3 genes in vertebrate
embryos has not yet been investigated, and the existence of the
3�LCU has not been reported.

In this study, we investigated the function of mex3b in early
Xenopus embryogenesis and the role of the 3�LCU in mRNA
regulation. We found that the 3�LCU controls the level of mex3b
expression through the regulation of both translational enhancement
and autoregulatory destabilization of the mRNA. Functional
analyses suggest that Mex3b is required for AP patterning and
mesoderm formation, and that Mex3b attenuates FGF
responsiveness by destabilizing the FGF signaling components
Syndecan 2 (Sdc2) and Ets1 through their 3� UTRs.

MATERIALS AND METHODS
Embryo manipulations, β-gal staining and whole-mount in situ
hybridization
Artificial fertilization, rearing of embryos and animal cap assays were
performed as described previously (Shinga et al., 2001; Taira et al., 1992).
FGF2/bFGF or activin were used. Embryonic stages were determined
according to Nieuwkoop and Faber (Nieuwkoop and Faber, 1967). β-Gal
staining and whole-mount in situ hybridization (WISH) was carried out as
described previously (Suga et al., 2006; Takada et al., 2005).

Plasmid construction and in vitro mRNA synthesis
The full-length clone of Xenopus mex3b (DDBJ accession no. AB499902)
was obtained from Open Biosystems. The following plasmids were
constructed for functional analysis. The mex3b coding sequence (CDS) was
PCR-amplified and cloned into the ClaI and EcoRI sites of pCS2+ to
construct pCS2+Mex3b. N-terminally Myc-tagged Mex3b constructs,
pCS2+Myc-Mex3b and pCS2+Myc-�KH1+2, were made by inserting PCR
products of the mex3b and �KH1+2 (aa 58-124 and 157-220 were deleted)
CDSs into the EcoRI and XbaI sites of pCS2+MTmcs (made by H.T. and
M.T.). C-terminally HA-tagged Mex3b constructs, pCS2+Mex3b-HA and
pCS2+�KH1+2-HA, were made by inserting PCR products of the coding
region of Mex3b and �KH1+2 CDSs into the ClaI site of
pCS2+mcs4HAmcs (made by S. Matsuda and M.T.). To construct
pCS2+myc-mex3b-3�LCU and pCS2+mex3b-HA-D for DNA expression,
PCR products of the 3�LCU and subregion D were inserted into the XbaI site
of pCS2+Myc-Mex3b and the EcoRI site of pCS2+Mex3b-HA,
respectively. The following constructs were used for GFP mRNA reporter
experiments. The 3�LCU (nucleotide nos 1-798), BCD (nos 244-798), CD
(nos 405-798), D (nos 577-798), ABC (nos 1-576), AB (nos 1-404), and A
(nos 1-243) were PCR-amplified with the N25A3 clone (DDBJ accession
no. AB499903) and inserted into the XbaI site downstream of the GFP CDS
of pCS2+AdN-GFP (made by M. Inamori and M. T.). To construct a
destabilized GFP reporter plasmid, pCS105-GFP-PEST, the region encoding
the PEST sequence of ornithine decarboxylase was PCR-amplified from a
stage 17/18 Xenopus cDNA library and inserted into the EcoRI and XbaI
sites downstream of the GFP CDS in pCS105+GFPn (made by S. Osada and
M. T.). To construct pCS105-GFP-PEST+3�LCU, +3�LCUrev, and
+nc3�UTR, the corresponding regions were PCR-amplified and inserted into
the XbaI site of pCS2+GFP-PEST. To construct pCS2+GFP+fgf20-3�UTR,
+sdc2-3�UTR, +ets1b-3�UTR, and +syntenin-3�UTR, those 3� UTR
sequences were PCR-amplified from a stage 17/18 Xenopus cDNA library,
and inserted into the XbaI site of pCS2+AdN-GFP.

Microarray analysis
The microarray tips that we used have 40,000 spots, each of which contained
a 60mer oligonucleotide designed based on unique sequences near the 3�
ends of known or unknown cDNA or expressed sequence tag (EST) clones
deposited in GenBank/DDBJ as Unigene. Total RNA was extracted from
dissected neural plate tissue and reverse-transcribed with the oligo(dT)
primer containing the T7 promoter. Cy3- or Cy5-labeled cRNA was
synthesized from a cDNA pool and purified with RNeasy (Qiagen). Cy-
labeled cRNA was then fragmented and hybridized to microarray glasses
(Agilent Technology) at 65°C overnight.

Western blot analysis
Injected embryos were homogenized with cell lysis buffer (20 mM Tris-HCl,
pH 8.0, 1 mM EDTA, 8 mM DTT, 40 μg/ml leupeptin, 20 μg/ml aprotinin,
2 mM PMSF, 0.1% NP-40). Protein bands on a polyvinylidene fluoride
(PVDF) membrane were visualized using anti-Myc (9E10; BIOMOL) and
anti-HA (Y-11; Santa Cruz) antibody as primary antibody and Alexa Fluor
680 anti-mouse IgG antibody (Molecular Probes) as secondary antibody, or
using anti-GFP antibody conjugated with Irdye800 (ROCKLAND), and
quantified with the Odyssey System (Aloka).

RNA immunoprecipitation
RNA immunoprecipitation experiments were performed as described
previously (Liu and Harland, 2005). Embryos were lysed at stage 8.5 with
homogenize buffer (15 mM HEPES, pH 7.6, 10 mM KCl, 1.5 mM MgCl2,
0.5 mM EGTA, 44 mM sucrose, 8 mM DTT, 40 μg/ml leupeptin, 20 μg/ml
aprotinin, 2 mM PMSF, 40 units/ml RNasin). Supernatants were incubated
with anti-HA antibody (prepared from ascites of 9E10 cell-inoculated mice
by Y. Goya, Y. Mii, M. Park and M.T.) for 1 hour, and then incubated with
protein G agarose beads for another hour. The beads were washed three
times with homogenize buffer, and treated with proteinase K in lysis buffer
(0.5% SDS, 5 mM EDTA, 50 mM Tris-HCl, pH 7.5, 50 mM NaCl) for 45
minutes. The resultant solution with the beads was treated with
phenol/chloroform, and nucleic acids were isolated for RT-PCR with a GFP
primer set (forwards: 5�-AACGGCCACAAGTTCAGCGTGTCCG-3�;
reverse: 5�-CAGGACCATGTGATCGCGCTTCTCG-3�).

Antisense morpholino oligo experiments
Two antisense morpholino oligos designed for 25-nucleotide sequences
upstream of the start codon of mex3b (Mex3bMO1, 5�-
GCTCACCTCAGTGCTACGTACAGAC-3�; and Mex3bMO2, 5�-
TTCCTTCCGTTACCCCTGAGTATTG-3�), and a five-base mismatched
control oligo for Mex3bMO1 (5mmMO, 5�-GFTgACCTgAG -
TcCTACcTACAcAC-3�) were purchased from Gene Tools.

Luciferase reporter assay
Embryos were co-injected with cdx4/Xcad3-luc, which contains the –546
promoter sequence and the entire intron 1 region of cdx4, or TOPFLASH
DNA reporter (Haremaki et al., 2003; van de Wetering et al., 1997) together
with mRNA or DNA expression plasmid into the two ventral animal
blastomeres at the four-cell stage. Five pools of three injected embryos or
animal caps were assayed for luciferase activity at stage 12.5/13 using the
luciferase assay system (Promega) according to the manufacturer’s protocol,
as described (Yamamoto et al., 2003).

Real-time PCR
Real-time PCR analysis for quantitative RT-PCR (qRT-PCR) was performed
using ABI PRISM 7000 or 7300 detection systems with Power SYBR Green
PCR Master Mix and PCR primers as follows: reporter mRNA (designed for
the SV40 polyadenylation region in the 3� UTR): forward, 5�-
TCGTATTACGTAGATCCAGACA-3�; reverse, 5�-TGGTTACAAA -
TAAAGCAATAGCATC-3�; ef1α: forward, 5�-CCCTGCTGGAAG -
CTCTTGAC-3�, reverse, 5�-GAGGCAGACGGAGAGGCTTAT-3�; SV40:
gapdh: forward, 5�-AGTTGGCGTGAACCATGAGA-3�, reverse, 5�-
CGTTGATGACCTTTGCGAGA-3�. All real-time PCR assay was
performed in triplicate. Values of reporter mRNA were quantitated using an
appropriate standard curve, and were normalized with those of the internal
control, ef1α or gapdh. Error bars of normalized values were calculated
using a standard technique from deviations of three values.
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RESULTS
Characterization and expression of Xenopus
mex3b
Our previous expression-pattern screening of an anterior
neuroectoderm cDNA library (Takahashi et al., 2005) identified a
clone, N25A3, which has a 0.8 kb conserved noncoding sequence.
EST analysis of N25A3 and sequencing of its full-length cDNA
clone revealed that the N25A3 sequence is a part of the 3� UTR of
an mRNA with a CDS that encodes 507 amino acids containing two
KH domains and a RING finger domain. This gene was
subsequently identified as the Xenopus ortholog of human MEX3B
(also known as RKHD3) (Fig. 1A). The 3� UTR of Xenopus mex3b
is 2.2 kb long and, notably, the last 0.8 kb sequence is highly
conserved among vertebrates and amphioxus (see Fig. S1 in the
supplementary material). This sequence will be referred to as ‘3�
long conserved UTR’ (3�LCU) (Fig. 1B,C). Database analysis
suggests that such a long evolutionarily conserved 3� UTR is very
unusual, implying that the 3�LCU plays an important and unique
role in the regulation of mex3b mRNA. Because KH domains are
believed to be an RNA-binding domain, we hypothesized that
Mex3b protein regulates its target RNAs through KH domains and
that the 3�LCU of mex3b mRNA is involved in post-transcriptional
regulation by RNA-binding proteins.

In Xenopus embryos, mex3b mRNA was detected in the animal
region at the four-cell stage (Fig. 1D,E). At the early gastrula stages,
mex3b was expressed in the entire ectoderm and the equatorial region
(Fig. 1F,G). During gastrulation, the expression in the ectoderm region
gradually became restricted to the neural plate during gastrulation
(Fig. 1H,I). At later stages, expression was detected in the brain,
branchial arches and tailbud (Fig. 1J). This expression pattern implies
multiple functional roles of mex3b in embryogenesis.

The 3�LCU promotes translation and
destabilization of mRNA
The existence of 3�LCU in the mex3b 3� UTR prompted us to examine
the function of this region in the regulation of mex3b mRNA. Because
the 3�LCU contains several AREs, which are common RNA-
destabilizing elements, we first tested whether the 3�LCU promotes
mRNA degradation using GFP mRNA reporter constructs (Fig. 2A).
Reporter mRNA was injected into the prospective neuroectoderm of
Xenopus embryos at the four-cell stage and examined at the early
neurula stage (stage 13) using WISH. Notably, compared to control
mRNAs (GFP, GFP+3�LCUrev and GFP+nc3�UTR), GFP+3�LCU
mRNA was markedly degraded (Fig. 2B-E). qRT-PCR confirmed that
GFP+3�LCU but not GFP mRNA was significantly decreased
between stages 12 (late gastrula) and 13 (Fig. 2H). These data suggest
that the 3�LCU has a destabilizing element that responds to some
endogenous factors.

To narrow down the region required for the degradative activity,
the 3�LCU was divided into four subregions A, B, C and D, based
on sequence conservation among vertebrates (see Fig. S1A in the
supplementary material). The data showed that subregion A is
necessary and sufficient for the degradative activity (Fig. 2F,G), and
that this degradation occurs between stage 12 and 13 (see Fig. S2 in
the supplementary material). Therefore, we named this element ‘late
gastrula destabilizing element’ (LGDE).

We next examined whether the 3�LCU affects the level of GFP
protein. Surprisingly, embryos injected with GFP+3�LCU or
GFP+3�LCUrev mRNA showed stronger GFP fluorescence at the
neurula stage than those injected with GFP or GFP+nc3�UTR mRNA
(Fig. 2I-L). Because both GFP+3�LCU and GFP+3�LCUrev showed
translational enhancement, secondary structures of the 3�LCU RNA

may be important. Using the 3�LCU deletion constructs, however, we
could not assign this translational enhancement activity to a single
entity, because all deletion constructs examined had some activity (see
Fig. S3 in the supplementary material). Western blot analysis revealed
that the increased levels of GFP induced by the 3�LCU were already
detectable at the four-cell stage (1.5 hours after mRNA injection) and
continued to be observed at later stages (Fig. 2Q). These data suggest
that the 3�LCU has elements, named ‘translational enhancer elements’
(TLEEs), that are distributed in subregions A to D. To examine
whether the translational enhancement continued to the neurula stage,
we created a destabilized GFP, in which the degradation sequence
PEST of ornithine decarboxylase was fused to EGFP. GFP-
PEST+3�LCU mRNA-injected embryos exhibited decreased levels
of GFP fluorescence at stage 14 (Fig. 2N), consistent with the
expectation that GFP-PEST+3�LCU mRNA is degraded at this stage
and the GFP-PEST protein is unstable. By contrast, 3�LCUrev still
upregulated GFP-PEST protein levels compared with the non-
conserved 3�UTR (nc3�UTR) (Fig. 2O,P), suggesting that the TLEEs
(actually sequences complementary to TLEEs) also function at the
early neurula stage. Taken together, these results suggest that the
3�LCU has at least two types of regulatory elements: LGDE and
TLEE.

Mex3b promotes mRNA degradation through the
3�LCU and forms an autoregulatory loop
Because Mex3b has KH domains, we hypothesized that Mex3b
could regulate its own mRNA through the 3�LCU. To test this
possibility, we examined whether forced expression of Mex3b
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Fig. 1. Characterization of mex3b. (A,B) Schematic representations
of Xenopus and human Mex3b/MEX3B proteins (A) and mex3b/MEX3B
mRNAs (B). Sequence identities are indicated. Note that the identity of
the 3� long conserved UTR (3�LCU) is higher than that of the CDS.
(C) Sequence alignment of the 3�LCUs. (D-J) Expression patterns of
mex3b in Xenopus embryos at the four-cell (D,E), early gastrula (F,G),
late gastrula (H), early neurula (I) and tailbud (J) stages. (G) Sagittal-
hemisection of F. Arrowheads indicate the dorsal blastopore. A, animal
view; D, dorsal view; L, lateral view; V, vegetal view.
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affects the level of reporter mRNA. Although GFP+3�LCU mRNA
was degraded to some extent by endogenous factors through the
LGDE as shown above, we found that co-injection of mex3b mRNA
further promoted the degradation of GFP+3�LCU mRNA but not
GFP mRNA (Fig. 3A,B). We also showed that this degradation is
detectable at stage 9.5 as well as stage 12.5 (see Fig. S4A in the
supplementary material), which differs from the LGDE-dependent
degradation by endogenous factors after stage 12 (see Fig. S2 in the
supplementary material). This indicates that Mex3b destabilizes
reporter mRNA in a 3�LCU-dependent manner. By contrast, Mex3b
was not able to either promote or reduce the translation of reporter
mRNA at stage 7 (see Fig. S4B in the supplementary material)
before Mex3b-dependent mRNA degradation occurred, suggesting
that Mex3b does not affect the translational enhancement mediated
by the TLEEs.

We next assigned a region of the 3�LCU that responds to Mex3b.
As shown in Fig. 3C,D, Mex3b destabilized mRNAs, GFP+BCD,
+CD and +D, which possess subregion D (panel C; data for +BCD
and +CD are not shown), but did not destabilize mRNAs,
GFP+ABC, +AB, and +A (panel D; data for +AB and +A are not
shown). These data suggest that subregion D is necessary and
sufficient for mRNA degradation by Mex3b, and therefore this
element was named ‘Mex3b-responsive destabilizing element’
(MRDE). Thus, the 3�LCU has at least two distinct destabilizing
elements, LGDE and MRDE, residing in subregions A and D,
respectively.

To specify the sequence of MRDE, subregion D was divided into
five regions, D1-D5, each of which is about 60 nucleotides long (see
Fig. S5A in the supplementary material). Among them, only the D2
construct was destabilized, although weakly, by Mex3b (see Fig.
S5B in the supplementary material). Notably, this weak destabilizing
activity of D2 was enhanced by adding D1, D3 and D4 but not D5
(see Fig. S5B in the supplementary material). Furthermore, D2
contains a purine-rich stretch followed by a destabilizing sequence
AUUUUAUUUUA (see Fig. S5C in the supplementary material),
which is similar to the binding site of human MEX3D in the BCL2
3� UTR (Donnini et al., 2004). These data suggest that Mex3b binds

to the core sequence of the MRDE in subregion D2 and that the other
regions, D1, D3 and D4, are required for full destabilizing activity
of the MRDE by binding putative endogenous co-factors of Mex3b.

To examine the physical interaction between Mex3b and the
3�LCU, we next performed RNA immunoprecipitation experiments.
Embryos that had been injected with GFP+3�LCU or GFP mRNA
as a target and mRNA for HA-tagged protein, were lysed and
immunoprecipitated with the anti-HA antibody. Immunoprecipitated
protein-RNA complexes were then subjected to RT-PCR for the
GFP CDS. As shown in Fig. 3E, GFP+3�LCU mRNA was
immunoprecipitated by Mex3b-HA (lane 1). By contrast, smaller
amounts of GFP+3�LCU mRNA were brought down by the negative
control proteins, �KH1+2-4HA and 4HA-globin (lanes 3 and 5),
suggesting that Mex3b physically interacts with the 3�LCU through
the KH domains. In addition, GFP mRNA was not brought down by
Mex3b-4HA (lane 4), indicating that the KH domains of Mex3b
specifically bind to the 3�LCU. We conclude from these results that
Mex3b has autorepressive activity through the formation of a
complex with the 3�LCU, resulting in a negative autoregulatory
loop.

The 3�LCU acts as a system for fine-tuning gene
expression
We expected that translational enhancement initially predominates
over destabilization of mRNA to increase the amount of Mex3b,
whereas, when the level of Mex3b becomes high enough to
destabilize mex3b mRNA, the rate of production of Mex3b is
reduced. This combined regulation provides a buffering action,
which leads to fine-tuning gene expression. To test this hypothesis,
we designed the experiment that mimics the endogenous state, using
pCS DNA expression constructs that have the CMV promoter and
the CDS for tagged Mex3b with or without the 3�LCU or subregion
D (Fig. 4A,D). Expression levels of Mex3b were varied by injecting
different amounts of DNA expression constructs, and the amounts
of transcript and protein were analyzed at stage 12.5/13. In both
cases of the 3�LCU and subregion D, increased amounts of DNA
expression constructs led to increased levels of mRNA (Fig. 4B,E)
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Fig. 2. Reporter mRNA assay for the
3�LCU. (A) Schematic representations of GFP
mRNA reporter constructs. The GFP or GFP-
PEST (not shown) CDS was connected to the
3�LCU, the reverse 3�LCU (3�LCUrev), and a
non-conserved region of mex3b 3�-UTR
(nc3�UTR; positions 1787-2527) as indicated.
(B-H) Destabilization of reporter mRNA by the
3�LCU and subregion A. The amount of
remaining reporter mRNA in injected embryos
was examined at stage 13 by WISH using the
GFP probe (B-G) or at stages 12 and 13 by
qRT-PCR (H). *P<0.05. (I-P) Translational
enhancement by the 3�LCU and 3�LCUrev
using GFP (I-L) or GFP-PEST (M–P). GFP
fluorescence were observed at stage 13 (I-L)
or 14 (M-P). (Q) Western blot analysis.
Reporter mRNA was injected into two dorsal-
animal blastomeres at the four-cell stage. All
injected embryos were viewed dorsally at the
neurula stage. Injected embryos were
collected at indicated stages. Amounts of
injected reporter mRNA (pg/embryo): 100 (B-
P); 500 (Q).
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and protein (Fig. 4C,F), but both levels were much less with the
3�LCU or subregion D than the control. These data suggest that the
negative autoregulatory loop operates through the MRDE in the
3�LCU and subregion D. Timecourse experiments also confirmed
that the accumulation of Mex3b protein is delayed by subregion D
(see Fig. S6 in the supplementary material). We noticed that an
injection of 100 pg of CMV-myc-mex3b+3�LCU slightly
upregulated the Mex3b protein level compared with the control
(compare the protein bands of the western blot in Fig. 4C),
supporting the translational enhancement activity of the 3�LCU.
Taken together, these data suggest that the translational enhancement
and the negative autoregulatory loop through the 3�LCU form a fine-
tuning system to maintain an appropriate level of Mex3b protein by
their buffering action.

Effects of overexpression and knockdown of
Mex3b on its own mRNA and on early
embryogenesis
We next asked whether this negative autoregulatory loop through the
3�LCU operates in vivo and what the role of Mex3b is in early
Xenopus embryogenesis. To address these questions, we first
overexpressed Mex3b in the dorsal mesoderm or dorsal ectoderm
region by injecting mRNA into the dorsal equatorial region or the

dorsal animal pole region, respectively, at the four-cell stage (Takada
et al., 2005). Overexpression of Mex3b in the dorsal mesoderm
resulted in the loss of Xbra expression at the early gastrula stage
(Fig. 5A), but it did not affect the expression of gsc and Xlim1 (see
Fig. S7A,B in the supplementary material). Because Xbra
expression is known to be induced by both FGF and activin/Nodal
signaling (Smith et al., 1991), whereas gsc and Xlim1 are induced
by activin/Nodal but not by FGF signaling (Cho et al., 1991; Taira
et al., 1992), the data suggest that Mex3b specifically inhibits FGF
signaling. Overexpression of Mex3b in the neuroectoderm reduced
endogenous mex3b expression (Fig. 5B), which is in good
agreement with its autorepression activity. Mex3b also decreased,
although not strongly, the expression of the anterior marker otx2
(Fig. 5C) and the posterior marker genes cdx4/Xcad3 and hoxd1
(Fig. 5D,E) at the neurula stage, but did not affect a pan-neural
marker, sox2 (Fig. 5F), a neural crest marker, msx1, and an anterior
mesoderm marker, crescent (data not shown). Notably, forced
expression of Myc-�KH1+2, which lacks KH domains, increased
the level of the endogenous mex3b mRNA (Fig. 5G), suggesting that
Myc-�KH1+2 functions as a dominant-negative mutant. At tailbud
stages, overexpression of Mex3b in the dorsal mesoderm and
neuroectoderm both exhibited a short axis phenotype (Fig. 5H-J).
These data suggest that Mex3b is involved in AP patterning of the
neural plate and in mesoderm formation.

To analyze the requirement for Mex3b during early
embryogenesis, we next performed loss-of-function experiments
using antisense morpholino oligos (MOs). We designed two MOs,
mex3bMO1 and mex3bMO2, which targeted different sites of the
mex3b 5� UTR, and a five-base mismatched MO (5mmMO) as a
control. We first examined the specificity of mex3bMO1 and
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Fig. 3. Destabilization of reporter mRNA by Mex3b through the
3�LCU. (A-D) Destabilization by Mex3b through the 3�LCU and
subregion D. Injection and WISH were performed as described in Fig. 2.
mex3b mRNA (63 pg/embryo) was co-injected with reporter mRNA
(right panels). (E) Co-immunoprecipitation of GFP+3�LCU mRNA with
Mex3b. GFP+3�LCU or GFP reporter mRNA (100 pg) was co-injected
with mRNA for mex3b-HA, �KH1+2-HA or HA-globin (1 ng). Reporter
mRNA was co-immunoprecipitated with the anti-HA antibody and
analyzed by RT-PCR.

Fig. 4. A negative autoregulatory loop of Mex3b. (A-C) myc-
mex3b and the 3�LCU. (D-F) mex3b-HA and subregion D. Schematic
representations of expression constructs are shown (A,D). Myc-Mex3b
and Mex3b-HA exhibited basically the same activity. Embryos injected
with each DNA construct were lysed at stage 13. Transcripts were
quantitated by qRT-PCR using the SV40 primer set (B,E). Proteins were
quantitated by immunoblotting with the anti-Myc (C) or anti-HA (F)
antibody. The abscissa, amounts of injected DNA (pg/embryo); the
ordinate, relative expression (arbitrary units).
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showed that it specifically inhibited the protein synthesis from
5�UTR-mex3b mRNA (see Fig. S7D in the supplementary material).
Because both mex3bMO1 and mex3bMO2 gave similar phenotypes,
we used a mixture of them (referred to as mex3bMOs) for
subsequent experiments.

Injection of mex3bMOs in the dorsal equatorial region markedly
decreased the expression of Xbra (Fig. 5K) but not of chordin, gsc
and Xlim1 (see Fig. S7J-L in the supplementary material) and caused
severe open-yolk-plug phenotypes at the tailbud stages (Fig. 5P).
This result is somewhat unexpected, because overexpression of
Mex3b also inhibits Xbra expression (Fig. 5A; and see Discussion).
However, the effect of mex3bMOs on Xbra expression is specific,
because rescue experiments showed that the inhibition of Xbra
expression by the MOs was recovered by co-injection with mex3b
mRNA (see Fig. S7E-I in the supplementary material).

Importantly, injection of mex3bMOs into the prospective
neuroectoderm region increased the endogenous expression of
mex3b, strongly suggesting that Mex3b destabilizes its own mRNA
in vivo. We also found that mex3bMOs decreased the expression of
anterior markers, otx2 and rax (Fig. 5M,N) possibly by increasing
posteriorizing signals. However, mex3bMOs did not expand cdx4
expression in an anterior direction (Fig. 5O), leading to the
possibility that the anterior boundary of cdx4 is determined by
negative regulation, which could not be overcome by increasing
posteriorizing signals. In fact, we have observed that FGF20, which
has the ability to inhibit otx2 expression (see Fig. S7M in the
supplementary material), was not able to expand cdx4 expression in
the dorsal region (see Fig. S7N in the supplementary material;
indicated by black arrow), but expanded it in the lateral region (see
Fig. S7N in the supplementary material; indicated by magenta
arrow), implying that cdx4 is positively regulated by FGF signaling
but negatively regulated for the anterior boundary by other signaling

pathways. At the tailbud stage, small eye phenotypes were observed
(Fig. 5Q,Q�), consistent with otx2 and rax reduction at the neurula
stage. Together with the results of the gain-of-function experiments,
these data suggest that Mex3b is required for AP patterning in the
neural plate and mesodermal differentiation in the marginal zone,
and that the negative autoregulatory loop of Mex3b is operating in
vivo.

We hypothesized that the negative autoregulation of mex3b
mRNA occurs through the 3�LCU in vivo. If this is the case, excess
amounts of 3�LCU should deplete possible 3�LCU-binding
proteins (3�LCU-BPs), including Mex3b, from the cell, and excess
amounts of the complementary strand of the 3�LCU (3�LCUrev)
should hybridize to the 3�LCU of mex3b mRNA to prevent
3�LCU-BPs from binding. To test this possibility, we injected a
large amount of GFP+3�LCU or GFP+3�LCUrev mRNA into
embryos and showed that both injected mRNAs increased the
amount of endogenous mex3b mRNA (Fig. 5R–T). These data
indicate that the level of mex3b mRNA in vivo is negatively
regulated through the 3�LCU.

Mex3b affects the FGF responsiveness of the cell
The phenotypes caused by overexpression and knockdown of
Mex3b suggest the possible relationship between Mex3b and FGF
signaling, because cdx4 and Xbra are direct targets of FGF signaling
(Haremaki et al., 2003; Northrop and Kimelman, 1994; Pownall et
al., 1996; Smith et al., 1991). To examine whether Mex3b inhibits
FGF signaling, we first performed animal cap assays. As shown in
Fig. 6A, Mex3b inhibited Xbra expression induced by FGF2, similar
to a dominant-negative FGFR1, XFD. In control experiments,
Mex3b did not inhibit gsc expression induced by activin (Fig. 6B),
suggesting that Mex3b specifically inhibits FGF signaling. To
further address this, we performed reporter analysis using cdx4-luc,
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Fig. 5. Functional analysis of Mex3b in early
embryogenesis. (A-J) Overexpression of mex3b by
mRNA injection. (K-Q�) Knockdown of mex3b by MO
injection. mRNA (1 ng) or MO (50 ng) was co-injected
with nβ-gal mRNA as a tracer into one blastomere in
the dorsal equatorial region (A,I,K,P; indicated by DER)
or the neuroectoderm (the rest). nβ-gal staining (red)
indicates the injected side. Arrows in blue or magenta
indicate reduced or increased expression, respectively.
Frequency of specimen with the indicated phenotype
is shown in the right bottom of each panel in blue
(reduction), magenta (enhancement) or black (no
change). Embryos were injected with globin (upper
panels of A-F,H), mex3b (lower panels of A-F,I,J) or
Myc-�KH1+2 (G) mRNA as indicated, and were
subjected to WISH for genes as indicated at stage
10.5 (A) or stage 13 (B-G), or to immunostaining of
somites with the 12/101 antibody followed by
clearing with benzyl benzoate/benzyl alcohol (H-J).
5mmMO- or mex3bMO-injected embryos were
subjected to WISH at stage 10.5 (K) and stage 13
(L-O), or observed for morphological appearances at
stage 35 (P,Q). Transverse section (Q�) of Q indicates
small eye (arrowheads in Q,Q�) (R-T) Effects of the
3�LCU on mex3b expression. Embryos were injected
with GFP, GFP+3�LCU or GFP+3�LCUrev mRNA (3
ng/embryo), and subjected to WISH for endogenous
mex3b mRNA at stage 12.5. Arrows in S and T
indicate increased expression.
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in which the luciferase gene is driven by the cdx4 promoter and
intron 1 containing FGF response elements; this reporter is
upregulated in the dorsal ectoderm in an FGF-dependent manner or
activated by FGF signaling in dissociated animal cap cells
(Haremaki et al., 2003). As shown in Fig. 6C, expression of fgf8 or
fgf4 upregulated luciferase activity of cdx4-luc in the ventral
ectodermal region, and this activity was inhibited by co-injection of
mex3b mRNA (Fig. 6C). Conversely, mex3bMOs further
upregulated luciferase activity induced by FGF8 (Fig. 6D). Because
expression of cdx4-luc is reportedly affected by Tcf3 or β-catenin
(Haremaki et al., 2003), we asked whether Mex3b modulates
canonical Wnt signaling. TOPFLASH reporter analysis showed that
Mex3b did not inhibit activation of the reporter gene by Wnt8 (data
not shown), suggesting that Mex3b or mex3bMOs affect cdx4-luc
through modulation of FGF signaling. These data suggest that higher
or lower levels of Mex3b determine lower or higher sensitivity,
respectively, of recipient cells to FGF.

To analyze where Mex3b acts in FGF signaling, cdx4-luc was
activated in different ways. Luciferase activity induced by
constitutively active (ca)-FGFR1 or ca-Ras was decreased by
Mex3b, suggesting that Mex3b acts downstream of Ras (see Fig.
S8A in the supplementary material). We next examined whether
Mex3b inhibits ERK phosphorylation by FGF4 using animal cap

assays but it did not do so (see Fig. S8B in the supplementary
material), suggesting that Mex3b mainly affects a FGF signal
transducer(s) downstream of, or parallel with, ERK, or both.

Microarray screening of Mex3b target mRNAs
The data so far suggest that Mex3b regulates FGF signaling by
destabilizing some mRNAs in a similar manner to autorepression.
To identify such putative target mRNAs of Mex3b, we performed
differential screening using Xenopus oligo DNA microarray.
Target mRNAs, if any, would be expected to be regulated in a
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Fig. 6. Inhibition of FGF signaling by Mex3b. (A,B) Animal cap
assay. Animal caps were dissected from embryos injected with globin or
mex3b or XFD mRNA (1 ng/embryo) and treated with FGF2 (100 ng/ml)
or activin (20 ng/ml). Xbra or gsc expression was examined by WISH at
stage 10.5 equivalent. (C,D) FGF reporter assay. Reporter DNA
cdx4/Xcad3-luc (100 pg) with or without fgf8 mRNA (100 pg) or fgf4
DNA (10 pg) was co-injected with mex3b mRNA (1 ng; C) or
mex3bMOs (50 ng; D), and injected embryos were assayed for
luciferase activity at stage 12.5/13. Bars represent the mean±s.e.m.

Fig. 7. Analysis of sdc2 and ets1b for Mex3b targets and FGF
signaling. (A-E) Response of the 3� UTRs of sdc2 and ets1b to Mex3b-
mediated destabilization. Injection, WISH (A-D) and qRT-PCR (E) were
performed as described in Fig. 2. GFP reporter mRNA containing the 3�
UTR of indicated genes (100 pg/embryo) was co-injected with (right
panel) or without (left panel) mex3b mRNA (63 pg). Reporter mRNA
remaining in the embryos were examined at stage 12.5/13. Note that
the 3� UTR of fgf20 (A), syntenin (B), sdc2 (C) or ets1 (D) destabilized
reporter mRNA to some extent in respond to endogenous factors (left
panels), but only the 3� UTR of sdc2 (C) or ets1 (D) responded to
Mex3b for mRNA destabilization (right panels). (F) FGF reporter assay.
Reporter DNA cdx4/Xcad3-luc (100 pg) was co-injected with fgf4 DNA
(10 pg), sdc2 mRNA (100 pg) and ets1 (100 pg) as indicated, and
injected embryos were assayed for luciferase activity at stage 12.5/13.

D
E
V
E
LO

P
M
E
N
T



2420

fashion similar to that of mex3b mRNA and to be decreased in
Mex3b-overexpressed embryos and increased in mex3bMOs-
injected embryos. Based on this expectation, we carried out two sets
of differential screening with (1) wild-type Mex3b versus Myc-
�KH1+2 and (2) 5mmMO versus mex3bMOs. mRNA or MO was
injected into the prospective neuroectoderm region of embryos with
GFP mRNA as a tracer, and the embryos in which GFP
fluorescence was detected in the neural plate were collected at the
early neurula stage. To maximize the difference in the levels of
affected mRNAs, the neural plate was isolated from these embryos.
Total RNA was extracted from these neuroectoderm pieces and
verified by semi-quantitative RT-PCR for mex3b mRNA.

To select possible Mex3b target mRNAs, we used criteria of a
1.5-fold difference in set 1 (wt-Mex3b/Myc versus �KH1+2) and
a 1.2-fold difference in set 2 (5mmMO versus mex3bMOs) so that
selected genes include mex3b, which is considered as an internal
positive control in this microarray experiment. We assigned
Xenopus and/or mouse RefSeq ID(s) for 6826 genes from the
28,310 tags in total. These genes were divided into three groups
according to the following conditions: group 1, candidates of
Mex3b target genes (ΔKH1+2/Mex3b ratio of more than 1.5 or a
mex3bMOs/5mmMO ratio of more than 1.2; 221 genes; see the
footnote of Table S1 in the supplementary material); group 2,
negative controls, the genes with expression that would not be
regulated by Mex3b (ΔKH1+2/Mex3b ratio of less than 1.1 and a
mex3bMOs/5mmMO ratio of less than 1.1; 155 genes); and group
3, the remaining 6447 genes. We performed GOstat analysis
(Beissbarth and Speed, 2004), which categorizes genes based on
gene ontology (GO) terms. However, we could not find any
specific GO terms concentrated in the group 1 genes, and thereby
could not expect any common functions of Mex3b targets from
microarray analysis (see the footnote of Table S2 in the
supplementary material). These data imply that Mex3b directly or
indirectly regulates various mRNAs, which are involved in
diverged cellular functions.

sdc2 and ets1 as Mex3b target mRNAs
Because functional analyses suggest the involvement of Mex3b in
FGF signaling, we used the microarray data to seek possible FGF-
signaling components. We picked fgf20, ets1 and syntenin
(syndecan-binding protein) from the 221 possible targets (in both set
1 and set 2), and sdc2 from set 1 (752 tags). We first focused on
fgf20. However, although fgf20 mRNA was downregulated by
forced expression of Mex3b in the whole embryo (see Fig. S7C in
the supplementary material), mRNA reporter analysis showed that
the 3� UTR of fgf20 did not respond to Mex3b for destabilization
(Fig. 7A). Therefore, we directly analyzed 3� UTRs of sdc2, ets1b
and syntenin. We found that Mex3b specifically destabilizes the

3� UTRs of sdc2 and ets1b but not of syntenin mRNAs (Fig. 7B-D).
qRT-PCR analysis confirmed the above results (Fig. 7E). Because
sdc2 and ets1b are reportedly expressed in the neural plate and the
posterior region at the gastrula stage, respectively (Meyer et al.,
1997; Teel and Yost, 1996), their expression domains overlap with
that of mex3b, supporting the idea that sdc2 and ets1b mRNAs can
be regulated by Mex3b.

Using the cdx4-luc reporter construct, we showed that Sdc2 or
Ets1 enhances luciferase activity induced by FGF4 (Fig. 7F).
Furthermore, co-expression of Sdc2 and Ets1 upregulated the
reporter gene, which was further enhanced by FGF4 (see Fig. S8C
in the supplementary material). These data suggest that Sdc2 and
Ets1 are signal transduction components of FGF, and that sdc2 and
ets1b mRNAs are likely to be direct targets of Mex3b and therefore
at least partly involved in the attenuation of FGF responsiveness by
Mex3b.

DISCUSSION
In this study, we have analyzed the function of the RNA-binding
protein Mex3b and its 3�UTR regulatory region, the 3�LCU, in early
Xenopus embryogenesis. Based on our data, we propose the
following model of post-transcriptional regulation of mex3b mRNA
(Fig. 8). The 3�LCU has at least three distinct elements. The first
type is the translational enhancer element (TLEE), distributed in
four subregions A to D; the second type is the late gastrula
destabilizing element (LGDE) in subregion A; and the third type is
the Mex3b-responsive destabilizing element (MRDE) in subregion
D. Of these elements, the negative autoregulatory loop through the
MRDE is a key component in the maintenance of the level of Mex3b
protein. The TLEEs also contribute to the maintenance of the protein
level by rapid upward regulation of mex3b mRNA translation when
the protein level is decreased. The LGDE affects the mRNA level
through some as yet unidentified trans-acting factors, which act at
the late gastrula stage and perhaps later. Thus, these three distinct
elements constitute a fine-tuning system for mex3b mRNA that
determines and maintains an appropriate level of Mex3b by
providing a buffering action against fluctuations. Mex3b at a certain
level in turn controls the half-life of target mRNAs including sdc2
and ets1b, which are probably involved in FGF responsiveness. This
model provides a new mechanism for fine-tuning the control of
mRNAs as well as a novel role of post-translational regulation in
determining the level of cellular responsiveness to signaling
molecules.

Several types of post-transcriptional autoregulation by RNA-
binding proteins have been reported. For example, Drosophila
ELAV binds to its own 3�UTR, as does the mouse homolog Mel-N1,
and this binding increases the stability of mRNA by competing with
other factors that destabilize the mRNA (Abe et al., 1996; Borgeson
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Fig. 8. A model for post-transcriptional regulation by
Mex3b. Mex3b protein levels are determined by fine-tuning
mechanisms involving TLEEs and the LGDE, and a negative
autoregulatory loop through the MRDE. Mex3b in turn
controls the stability of target mRNAs such as ets1b and
sdc2, which may contribute to regulate FGF responsiveness.
An, poly(A) tail.
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and Samson, 2005; Samson, 1998). TTP destabilizes its own mRNA
as well as other mRNAs through binding to AUUUA sequences
(Brooks et al., 2004). The poly(A) binding protein PABP
downregulates its own translation or decreases the amount of its own
mRNA in a cell-type-specific manner (Hornstein et al., 1999).
Among them, the Mex3b autoregulation mechanism is similar to
that of TTP. However, Mex3b has a characteristic 3�UTR, 3�LCU,
that possesses translational enhancer elements in addition to
autoregulatory elements. 

Derepression mechanisms for translational enhancement are well
known. The best example of a derepression mechanism is that of the
cytoplasmic polyadenylation element (CPE) during oocyte
maturation. Before maturation, the CPE-binding protein (CPEB)
inhibits translation by binding to the CPE, whereas, when
maturation begins, translation is initiated by derepression of CPEB
activity upon its phosphorylation by Aurora kinase (Kuersten and
Goodwin, 2003). By contrast, the 3�LCU of mex3b enhances
translation, possibly by the binding of trans-acting factors to the
secondary structures of the 3�LCU. Recently, it has been reported
that the 3� UTR of nanos2 enhances its translation, as distinct from
derepression (Tsuda et al., 2006), but the mechanism of
enhancement is unknown. More recently, it has been revealed that
microRNAs upregulate the translation of TNFα mRNA through
recruiting Argonaute and FXR1 (Vasudevan et al., 2007). In all
cases, further studies are necessary to clarify the mechanisms of
translational enhancement through the 3� UTR. Thus, our data
provide a novel 3�-regulatory module that is composed of elements
for both positive regulation and negative autoregulation.
Furthermore, we have shown that this regulatory module is actually
operating in developing embryos.

We have shown that Mex3b can destabilize mRNAs for sdc2 and
ets1 and inhibits FGF signaling. To date, various negative and
positive regulators of FGF signaling have been reported, including
the negative regulators Sprouty, Sef and Mkp3 (Furthauer et al.,
2002; Hacohen et al., 1998; Kawakami et al., 2003) and the positive
regulator xHtrA1 (Hou et al., 2007), which stimulates long-range
FGF signaling by cleaving proteoglycans. All of these are induced
by FGF and regulate the range of FGF signaling through protein
modification of FGF signal components, providing the feedback
regulation of FGF signaling. Another type of regulator for FGF
signaling is p53, which inhibits the translation of fgf2 mRNA by
preventing the formation of 80S ribosome through its binding to the
5� UTR of fgf2 mRNA (Galy et al., 2001a; Galy et al., 2001b).
However, to our knowledge, post-transcriptional regulation of FGF
signaling components has not been reported. Thus, our data provide
the first evidence of the regulation of FGF responsiveness through
mRNA degradation by RNA-binding proteins.

What is the role of Mex3b in FGF signal transduction? In AP
patterning of the neuroectoderm, FGF signals act as morphogens to
regionalize the neuroectoderm along the AP axis in a concentration-
dependent manner (Dubrulle and Pourquie, 2004; Kengaku and
Okamoto, 1995). In this context, Mex3b is required to control the
levels of key FGF components at the mRNA level to fine-tune the
level of FGF signaling. The effects of such fine-tuning mechanisms
at post-transcriptional levels may be relatively subtle compared with
transcriptional regulation, but they are absolutely necessary for
normal development, as we have shown in this study using
overexpression and knockdown of Mex3b. In the mesoderm,
overexpression of Mex3b decreases Xbra expression, which is
consistent with the requirement of FGF signaling for Xbra
expression. However, knockdown of Mex3b also decreases Xbra
expression. We do not have sufficient data to explain this result, but

one possibility is that Mex3b morpholino downregulates Xbra
expression through upregulation of some unidentified Mex3b
targets, which directly or indirectly inhibits Xbra expression.

Our data indicate that subregion D of the 3�LCU is necessary
and sufficient for the negative autoregulation of Mex3b.
Interestingly, only subregion D is conserved among human
MEX3B, MEX3C, MEX3D and Xenopus mex3c, suggesting that
the autoregulation is a common mechanism of Mex3 family
members. Supporting this idea, we found that Mex3b can
destabilize GFP reporter mRNA containing subregion D of
Xenopus mex3c (see Fig. S5 in the supplementary material). We
also found that the amphioxus mex3 gene has the 3�LCU-like
sequence (see Fig. S1 in the supplementary material). Therefore,
the entire 3�LCU was probably acquired in the ancestral mex3
gene before two rounds of whole genome duplication occurred
during vertebrate evolution, and subregions A-C have been
changed or lost in mex3 family members other than mex3b. In
invertebrates, C. elegans mex-3 does not have the 3�LCU. Mex-3
is anteriorly localized in C. elegans embryos and inhibits the
posterior fate. Thus, even if the protein level of Mex-3 is in excess
in the anterior region, it does not affect the posterior formation,
implying that C. elegans Mex-3 does not require the fine-tuning
mechanisms through the 3�LCU. By contrast, Xenopus Mex3b is
expressed in the entire neuroectoderm and is likely to be involved
in maintaining an appropriate level of FGF signaling. In this
situation, for AP patterning to be precisely determined, an
appropriate level of Mex3b protein is necessary. It should be
noted that in C. elegans Mex-3 downregulates mRNA of caudal,
possibly by directly binding to its 3� UTR, whereas in Xenopus
Mex3b indirectly downregulates Cdx4/Xcad3, probably through
inhibiting FGF signaling. Thus, our data suggest the interesting
possibility that the existence of the 3�LCU enables Mex3b to
regulate the AP patterning of neural tissue through the fine-tuning
of FGF responsiveness.

To date, it has been shown that human MEX3D (TINO)
destabilizes the mRNA for BCL2, which inhibits apoptosis, and
that MEX3C is putatively involved in ‘essential hypertension’.
Because subregion D is conserved in MEX3C and MEX3D
mRNAs, our data concerning mex3b autoregulation may be
applicable to the understanding of molecular mechanisms of other
developmental processes and human diseases in which mex3
genes are involved.
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Table S1. Gene assignment of possible Mex3b target genes

Accession
number Method Xenopus RefSeq ID Xenopus symbol Mouse_RefSeq ID Mouse symbol Definition
AB012615 1 NM_001090297 XFGF-20 NM_030610 Fgf20 Mus musculus fibroblast growth factor 20 (Fgf20),

mRNA.
AB014611 1 NM_001085557 foxd3-A NM_010425 Foxd3 Mus musculus forkhead box D3 (Foxd3), mRNA.
AB211545 1 NM_001095626 esr3/7b NM_010419 Hes5 Mus musculus hairy and enhancer of split 5

(Drosophila) (Hes5), mRNA.
AF183571 1 NM_001085702 six3-A NM_011381 Six3 Mus musculus sine oculis-related homeobox 3

homolog (Drosophila) (Six3), mRNA.
AF245221 1 NM_001086401 MGC69051 NM_023053 Twsg1 Mus musculus twisted gastrulation homolog 1

(Drosophila) (Twsg1), mRNA.
AF297867 1 NM_001088572 LOC398192 NM_175554 Clspn Mus musculus claspin homolog (Xenopus laevis)

(Clspn), mRNA.
AF308152 1 NM_001088598 LOC398206 NM_011026 P2rx4 Mus musculus purinergic receptor P2X, ligand-

gated ion channel 4 (P2rx4), mRNA.
AF353715 1 NM_001088664 LOC398243 NM_008452 Klf2 Mus musculus Kruppel-like factor 2 (lung) (Klf2),

mRNA.
AF368043 1 NM_001088649 LOC398235 NM_011415 Snai2 Mus musculus snail homolog 2 (Drosophila)

(Snai2), mRNA.
AI031267 1 NM_001085592 dkk1-A NM_010051 Dkk1 Mus musculus dickkopf homolog 1 (Xenopus

laevis) (Dkk1), mRNA.
AJ243591 1 NM_001090795 pcbp2 NM_011042 Pcbp2 Mus musculus poly(rC) binding protein 2 (Pcbp2),

transcript variant 2, mRNA.
AJ298866 1 NM_001085609 foxd3b-A NM_010425 Foxd3 Mus musculus forkhead box D3 (Foxd3), mRNA.
AW148041 1 NM_001093895 MGC85582 NM_007749 Cox7c Mus musculus cytochrome c oxidase, subunit VIIc

(Cox7c), mRNA.
AW646621 1 NM_001087406 flj38101 NM_029074 Tmem188 Mus musculus transmembrane protein 188

(Tmem188), mRNA.
AY260733 1 NM_001089226 LOC398661 NM_021391 Ppp1r1a Mus musculus protein phosphatase 1, regulatory

(inhibitor) subunit 1A (Ppp1r1a), mRNA.
AY519474 1 NM_001092981 Arx2 NM_007492 Arx Mus musculus aristaless related homeobox gene

(Drosophila) (Arx), mRNA.
AY796186 1 NM_001095665 cr2 XM_906462 EG620395 PREDICTED: Mus musculus predicted gene,

EG620395 (EG620395), mRNA.
BC041200 1 NM_001086595 hspa5 NM_022310 Hspa5 Mus musculus heat shock protein 5 (Hspa5),

mRNA.
BC041259 1 NM_001085915 MGC52818 NM_207217 Itfg3 Mus musculus integrin alpha FG-GAP repeat

containing 3 (Itfg3), mRNA.
BC042245 1 NM_001086672 gldc NM_138595 Gldc Mus musculus glycine decarboxylase (Gldc),

mRNA.
BC042337 1 NM_001086588 arf2 NM_007476 Arf1 Mus musculus ADP-ribosylation factor 1 (Arf1),

mRNA.
BC043635 1 NM_001086948 arg1 NM_007482 Arg1 Mus musculus arginase 1, liver (Arg1), mRNA.
BC043775 1 NM_001086011 MGC52980 NM_013862 Rabgap1l Mus musculus RAB GTPase activating protein 1-

like (Rabgap1l), transcript variant 1, mRNA.
BC043809 1 NM_001087014 gfpt1 NM_013528 Gfpt1 Mus musculus glutamine fructose-6-phosphate

transaminase 1 (Gfpt1), mRNA.
BC044126 1 NM_001086130 MGC53808 NM_146057 Dap Mus musculus death-associated protein (Dap),

mRNA.
BC044262 1 NM_001086082 MGC52561 NM_007865 Dll1 Mus musculus delta-like 3 (Drosophila) (Dll3),

mRNA.
BC044298 1 NM_001087175 flj14281 XM_001473173 Dnajb14 PREDICTED: Mus musculus DnaJ (Hsp40)

homolog, subfamily B, member 14 (Dnajb14),
mRNA.

BC044320 1 NM_001086092 MGC52743 NM_008409 Itm2a Mus musculus integral membrane protein 2A
(Itm2a), mRNA.

BC044672 1 NM_001086834 ptk9l NM_011876 Twf2 Mus musculus twinfilin, actin-binding protein,
homolog 2 (Drosophila) (Twf2), mRNA.

BC045027 1 NM_001087237 tes NM_207176 Tes Mus musculus testis derived transcript (Tes),
transcript variant 2, mRNA.

BC045036 1 NM_001086732 cg2107 NM_009949 Cpt2 Mus musculus carnitine palmitoyltransferase 2
(Cpt2), mRNA.

BC045241 1 NM_001086156 MGC53732 NM_026772 Cdc42ep2 Mus musculus CDC42 effector protein (Rho
GTPase binding) 2 (Cdc42ep2), mRNA.

BC045268 1 NM_001101757 XenCK55(5/6) NM_177717 4732456N10Rik Mus musculus RIKEN cDNA 4732456N10 gene
(4732456N10Rik), mRNA.

BC046657 1 NM_001086171 MGC52896 NM_001081211 Ptafr Mus musculus platelet-activating factor receptor
(Ptafr), mRNA.

BC046708 1 NM_001086623 mthfr NM_010840 Mthfr Mus musculus 5,10-methylenetetrahydrofolate
reductase (Mthfr), mRNA.

BC047262 1 NM_001086632 pold2 NM_008894 Pold2 Mus musculus polymerase (DNA directed), delta
2, regulatory subunit (Pold2), mRNA.
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BC047957 1 NM_001086759 atp1b1a NM_009721 Atp1b1 Mus musculus ATPase, Na+/K+ transporting, beta

1 polypeptide (Atp1b1), mRNA.
BC048018 1 NM_001086235 MGC52622 NM_016807 Sdcbp Mus musculus syndecan binding protein (Sdcbp),

transcript variant 2, mRNA.
BC049827 1 NM_001087641 add1-a NM_001024458 Add1 Mus musculus adducin 1 (alpha) (Add1),

transcript variant 1, mRNA.
BC053765 1 NM_001086256 MGC64275 NM_025921 2610002M06Rik Mus musculus RIKEN cDNA 2610002M06 gene

(2610002M06Rik), mRNA.
BC053795 1 NM_001086268 MGC64413 NM_144902 Slc35a3 Mus musculus solute carrier family 35 (UDP-N-

acetylglucosamine (UDP-GlcNAc) transporter),
member 3 (Slc35a3), mRNA.

BC054207 1 NM_001087376 degs NM_027299 Degs2 Mus musculus degenerative spermatocyte
homolog 2 (Drosophila), lipid desaturase
(Degs2), mRNA.

BC055959 1 NM_001087397 bmp7 NM_007557 Bmp7 Mus musculus bone morphogenetic protein 7
(Bmp7), mRNA.

BC055996 1 NM_001086376 MGC68905 NM_016958 Krt14 Mus musculus keratin 14 (Krt14), mRNA.
BC057702 1 NM_001086465 MGC68434 NM_007557 Bmp7 Mus musculus bone morphogenetic protein 7

(Bmp7), mRNA.
BC059984 1 NM_001089781 MGC68691 NM_008390 Irf1 Mus musculus interferon regulatory factor 1

(Irf1), mRNA.
BC060012 1 NM_001089657 MGC68616 NM_179203 Atad3a Mus musculus ATPase family, AAA domain

containing 3A (Atad3a), mRNA.
BC060329 1 NM_001089653 MGC68457 NM_009427 Tob1 Mus musculus transducer of ErbB-2.1 (Tob1),

mRNA.
BC060401 1 NM_001089883 MGC68523 NM_009005 Rab7 Mus musculus RAB7, member RAS oncogene

family (Rab7), mRNA.
BC063270 1 NM_001088619 LOC398218 NM_133188 Dazap1 Mus musculus DAZ associated protein 1 (Dazap1),

mRNA.
BC070561 1 NM_001091316 MGC80010 NM_019490 Uso1 Mus musculus USO1 homolog, vesicle docking

protein (yeast) (Uso1), mRNA.
BC070608 1 NM_001091469 MGC81319 NM_133832 Rdh10 Mus musculus retinol dehydrogenase 10 (all-

trans) (Rdh10), mRNA.
BC070622 1 NM_001091368 MGC81391 NM_020022 Rfc2 Mus musculus replication factor C (activator 1) 2

(Rfc2), mRNA.
BC070627 1 NM_001091465 MGC81419 NM_009678 Ap1m2 Mus musculus adaptor protein complex AP-1, mu

2 subunit (Ap1m2), transcript variant 2, mRNA.
BC070650 1 NM_001091365 MGC82200 NM_019727 Snx1 Mus musculus sorting nexin 1 (Snx1), mRNA.
BC070748 1 NM_001087915 LOC397806 NM_022653 Thop1 Mus musculus thimet oligopeptidase 1 (Thop1),

mRNA.
BC070856 1 NM_001091411 MGC84607 NM_011249 Rbl1 Mus musculus retinoblastoma-like 1 (p107) (Rbl1),

mRNA.
BC070966 1 NM_001091579 MGC78769 XM_001474389 LOC100045490 PREDICTED: Mus musculus similar to H3 histone,

family 3A (LOC100045490), mRNA.
BC071053 1 NM_001095982 MGC114680 NM_139147 Rab40b Mus musculus Rab40b, member RAS oncogene

family (Rab40b), mRNA.
BC071096 1 NM_001091865 MGC81116 NM_026197 Mett10d Mus musculus methyltransferase 10 domain

containing (Mett10d), mRNA.
BC072047 1 NM_001091764 MGC78906 NM_008409 Itm2a Mus musculus integral membrane protein 2A

(Itm2a), mRNA.
BC072063 1 NM_001091918 MGC78940 NM_011787 Amfr Mus musculus autocrine motility factor receptor

(Amfr), mRNA.
BC072158 1 NM_001091686 MGC80171 NM_001082553 Rab27b Mus musculus RAB27b, member RAS oncogene

family (Rab27b), transcript variant 2, mRNA.
BC072181 1 NM_001091735 MGC80316 NM_033571 Fkbp6 Mus musculus FK506 binding protein 6 (Fkbp6),

mRNA.
BC072273 1 NM_001091615 prkar1a NM_021880 Prkar1a Mus musculus protein kinase, cAMP dependent

regulatory, type I, alpha (Prkar1a), mRNA.
BC072274 1 NM_001091937 MGC82408 NM_016900 Cav2 Mus musculus caveolin 2 (Cav2), mRNA.
BC072281 1 NM_001091585 MGC82425 NM_025359 Tspan13 Mus musculus tetraspanin 13 (Tspan13), mRNA.
BC072376 1 NM_001095980 MGC114659 NM_007456 Ap1m1 Mus musculus adaptor-related protein complex

AP-1, mu subunit 1 (Ap1m1), mRNA.
BC073017 1 NM_001092142 MGC82614 NM_174875 Atg4a Mus musculus autophagy-related 4A (yeast)

(Atg4a), mRNA.
BC073206 1 NM_001092224 MGC80481 NM_054089 Tgs1 Mus musculus trimethylguanosine synthase

homolog (S. cerevisiae) (Tgs1), mRNA.
BC073292 1 NM_001092282 MGC80672 NM_019584 Becn1 Mus musculus beclin 1 (coiled-coil, myosin-like

BCL2-interacting protein) (Becn1), mRNA.
BC073382 1 NM_001092343 MGC80815 NM_025859 Arl1 Mus musculus ADP-ribosylation factor-like 1

(Arl1), mRNA.
BC073398 1 NM_001092359 MGC80850 NM_026524 Mid1ip1 Mus musculus Mid1 interacting protein 1

(gastrulation specific G12-like (zebrafish))
(Mid1ip1), mRNA.
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BC073466 1 NM_001092411 MGC80980 NM_029362 Chmp4b Mus musculus chromatin modifying protein 4B

(Chmp4b), mRNA.
BC073467 1 NM_001092412 MGC80982 NM_007725 Cnn2 Mus musculus calponin 2 (Cnn2), mRNA.
BC073490 1 NM_001092425 MGC81015 NM_027406 Aldh1l1 Mus musculus aldehyde dehydrogenase 1 family,

member L1 (Aldh1l1), mRNA.
BC073498 1 NM_001092432 MGC81029 NM_172399 A930038C07Rik Mus musculus RIKEN cDNA A930038C07 gene

(A930038C07Rik), mRNA.
BC074133 1 NM_001090789 nedd4 NM_031881 Nedd4l Mus musculus neural precursor cell expressed,

developmentally down-regulated gene 4-like
(Nedd4l), mRNA.

BC074149 1 NM_001092597 MGC81892 NM_010007 Cyp2j5 Mus musculus cytochrome P450, family 2,
subfamily j, polypeptide 5 (Cyp2j5), mRNA.

BC074159 1 NM_001092606 MGC81925 NM_175187 Tmem161b Mus musculus transmembrane protein 161B
(Tmem161b), mRNA.

BC074160 1 NM_001092607 MGC81929 NM_183089 2600005O03Rik Mus musculus RIKEN cDNA 2600005O03 gene
(2600005O03Rik), mRNA.

BC074162 1 NM_001092608 MGC81939 NM_019657 Hsd17b12 Mus musculus hydroxysteroid (17-beta)
dehydrogenase 12 (Hsd17b12), mRNA.

BC074180 1 NM_001092624 MGC82017 NM_018861 Slc1a4 Mus musculus solute carrier family 1
(glutamate/neutral amino acid transporter),
member 4 (Slc1a4), mRNA.

BC074207 1 NM_001092646 MGC82133 NM_027891 Lrwd1 Mus musculus leucine-rich repeats and WD repeat
domain containing 1 (Lrwd1), mRNA.

BC074305 1 NM_001092720 MGC84110 NM_011361 Sgk Mus musculus serum/glucocorticoid regulated
kinase (Sgk), mRNA.

BC074397 1 NM_001092793 MGC84373 NM_029341 Capsl Mus musculus calcyphosine-like (Capsl), mRNA.
BC074462 1 NM_001092838 MGC84750 NM_010902 Nfe2l2 Mus musculus nuclear factor, erythroid derived 2,

like 2 (Nfe2l2), mRNA.
BC074492 1 NM_001090564 Dlx5 NM_010056 Dlx5 Mus musculus distal-less homeobox 5 (Dlx5),

transcript variant 1, mRNA.
BC075230 1 NM_001092928 MGC84421 NM_001039554 Angptl7 Mus musculus angiopoietin-like 7 (Angptl7),

mRNA.
BC075239 1 NM_001092935 MGC84452 NM_172595 Arl15 Mus musculus ADP-ribosylation factor-like 15

(Arl15), mRNA.
BC076836 1 NM_001095727 MGC83873 NM_013885 Clic4 Mus musculus chloride intracellular channel 4

(mitochondrial) (Clic4), mRNA.
BC077245 1 NM_001091129 MGC80016 NM_001082553 Rab27b Mus musculus RAB27b, member RAS oncogene

family (Rab27b), transcript variant 2, mRNA.
BC077590 1 NM_001093405 MGC83946 NM_145940 Wipi1 Mus musculus WD repeat domain,

phosphoinositide interacting 1 (Wipi1), mRNA.
BC077608 1 NM_001092680 MGC84016 NM_030692 Sacm1l Mus musculus SAC1 (suppressor of actin

mutations 1, homolog)-like (S. cerevisiae)
(Sacm1l), mRNA.

BC077779 1 NM_001085595 timp3-A NM_011595 Timp3 Mus musculus tissue inhibitor of
metalloproteinase 3 (Timp3), mRNA.

BC077782 1 NM_001095731 MGC80142 NM_010054 Dlx2 Mus musculus distal-less homeobox 2 (Dlx2),
mRNA.

BC077805 1 NM_001093475 MGC80418 NM_176902 1110014K08Rik Mus musculus RIKEN cDNA 1110014K08 gene
(1110014K08Rik), mRNA.

BC077831 1 NM_001093495 pitpnb NM_019640 Pitpnb Mus musculus phosphatidylinositol transfer
protein, beta (Pitpnb), mRNA.

BC077853 1 NM_001093510 MGC80563 NM_007569 Btg1 Mus musculus B-cell translocation gene 1, anti-
proliferative (Btg1), mRNA.

BC077862 1 NM_001093518 kctd15 NM_146188 Kctd15 Mus musculus potassium channel tetramerisation
domain containing 15 (Kctd15), mRNA.

BC077875 1 NM_001093528 napb NM_025898 Napa Mus musculus N-ethylmaleimide sensitive fusion
protein attachment protein alpha (Napa),
mRNA.

BC077877 1 NM_001093530 atf5 NM_030693 Atf5 Mus musculus activating transcription factor 5
(Atf5), mRNA.

BC077884 1 NM_001093537 rab7 NM_009005 Rab7 Mus musculus RAB7, member RAS oncogene
family (Rab7), mRNA.

BC077913 1 NM_001093556 MGC80820 NM_133832 Rdh10 Mus musculus retinol dehydrogenase 10 (all-
trans) (Rdh10), mRNA.

BC078022 1 NM_001097845 LOC100037140 NM_201529 Lmo7 Mus musculus LIM domain only 7 (Lmo7), mRNA.
BC078104 1 NM_001093693 slc30a9 NM_178651 Slc30a9 Mus musculus solute carrier family 30 (zinc

transporter), member 9 (Slc30a9), mRNA.
BC078553 1 NM_001093851 MGC85425 NM_144761 Crygb Mus musculus crystallin, gamma B (Crygb), mRNA.
BC079781 1 NM_001093965 MGC86295 NM_025360 Tmed3 Mus musculus transmembrane emp24 domain

containing 3 (Tmed3), mRNA.
BC079920 1 NM_001093998 MGC78858 NM_001029983 Man1b1 Mus musculus mannosidase, alpha, class 1B,

member 1 (Man1b1), mRNA.
BC080165 1 NM_001095984 MGC114682 NM_144514 Commd1 Mus musculus COMM domain containing 1

(Commd1), mRNA.
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(Commd1), mRNA.

BC081029 1 NM_001094170 MGC81684 NM_010496 Id2 Mus musculus inhibitor of DNA binding 2 (Id2),
mRNA.

BC081061 1 NM_001094198 MGC81923 NM_008756 Ocln Mus musculus occludin (Ocln), mRNA.
BC081127 1 NM_001094244 MGC83866 NM_023668 Ndel1 Mus musculus nuclear distribution gene E-like

homolog 1 (A. nidulans) (Ndel1), mRNA.
BC081128 1 NM_001094245 MGC83926 NM_028334 Nup37 Mus musculus nucleoporin 37 (Nup37), mRNA.
BC081219 1 NM_001094314 MGC85240 NM_146090 Zadh2 Mus musculus zinc binding alcohol

dehydrogenase, domain containing 2 (Zadh2),
mRNA.

BC082362 1 NM_001094370 MGC81567 NM_009346 Tead1 Mus musculus TEA domain family member 1
(Tead1), mRNA.

BC082367 1 NM_001094375 MGC81584 NM_013469 Anxa11 Mus musculus annexin A11 (Anxa11), mRNA.
BC082400 1 NM_001094403 MGC81945 NM_021522 Usp14 Mus musculus ubiquitin specific peptidase 14

(Usp14), transcript variant 1, mRNA.
BC082437 1 NM_001094422 MGC83628 NM_133766 Efr3a Mus musculus EFR3 homolog A (S. cerevisiae)

(Efr3a), mRNA.
BC082657 1 NM_001095361 LOC496106 NM_001013756 Grhl3 Mus musculus grainyhead-like 3 (Drosophila)

(Grhl3), mRNA.
BC082678 1 NM_001094529 LOC494687 NM_029861 1500041B16Rik Mus musculus RIKEN cDNA 1500041B16 gene

(1500041B16Rik), mRNA.
BC082698 1 NM_001094563 LOC494724 NM_026004 Nt5c3 Mus musculus 59-nucleotidase, cytosolic III

(Nt5c3), mRNA.
BC082839 1 NM_001094580 LOC494743 NM_011396 Slc22a5 Mus musculus solute carrier family 22 (organic

cation transporter), member 5 (Slc22a5), mRNA.
BC084238 1 NM_001087532 myd88-A NM_010851 Myd88 Mus musculus myeloid differentiation primary

response gene 88 (Myd88), mRNA.
BC084288 1 NM_001094811 LOC495113 NM_029797 Mnd1 Mus musculus meiotic nuclear divisions 1

homolog (S. cerevisiae) (Mnd1), mRNA.
BC084344 1 NM_001094839 LOC495144 NM_001083114 Pphln1 Mus musculus periphilin 1 (Pphln1), transcript

variant 3, mRNA.
BC084396 1 NM_001095573 XMax2 NM_008558 Max Mus musculus Max protein (Max), mRNA.
BC084410 1 NM_001090457 xbc8 NM_010423 Hey1 Mus musculus hairy/enhancer-of-split related

with YRPW motif 1 (Hey1), mRNA.
BC084431 1 NM_001087534 ctk2-A NM_053173 Kifc1 Mus musculus kinesin family member C1 (Kifc1),

mRNA.
BC084599 1 NM_001087002 fam3a NM_025473 1810037C20Rik Mus musculus RIKEN cDNA 1810037C20 gene

(1810037C20Rik), mRNA.
BC084796 1 NM_001095000 LOC495334 NM_026580 Otub2 Mus musculus OTU domain, ubiquitin aldehyde

binding 2 (Otub2), mRNA.
BC084931 1 NM_001095512 LOC496362 NM_021542 Kcnk5 Mus musculus potassium channel, subfamily K,

member 5 (Kcnk5), mRNA.
BC084950 1 NM_001095087 LOC495432 NM_021720 Donson Mus musculus downstream neighbor of SON

(Donson), mRNA.
BC085025 1 NM_001095114 LOC495462 NM_080556 Tm9sf2 Mus musculus transmembrane 9 superfamily

member 2 (Tm9sf2), mRNA.
BC085209 1 NM_001095145 LOC495510 NM_172921 D930028F11Rik Mus musculus RIKEN cDNA D930028F11 gene

(D930028F11Rik), mRNA.
BC087465 1 NM_001095378 LOC496157 NM_009228 Snta1 Mus musculus syntrophin, acidic 1 (Snta1), mRNA.
BC087619 1 NM_001095361 LOC496106 NM_001013756 Grhl3 Mus musculus grainyhead-like 3 (Drosophila)

(Grhl3), mRNA.
BC088945 1 NM_001095498 LOC496347 NM_144853 Cyyr1 Mus musculus cysteine and tyrosine-rich protein 1

(Cyyr1), mRNA.
BC088971 1 NM_001088963 LOC398464 NM_010661 Krt12 Mus musculus keratin 12 (Krt12), mRNA.
BC089129 1 NM_001096509 MGC85174 NM_024472 BC002216 Mus musculus cDNA sequence BC002216

(BC002216), mRNA.
BC089147 1 NM_001095748 MGC85058 NM_028189 B3gnt3 Mus musculus UDP-GlcNAc:betaGal beta-1,3-N-

acetylglucosaminyltransferase 3 (B3gnt3),
mRNA.

BC089251 1 NM_001087943 Xmcm3 NM_008563 Mcm3 Mus musculus minichromosome maintenance
deficient 3 (S. cerevisiae) (Mcm3), mRNA.

BC091722 1 NM_001095843 MGC98956 NM_007741 Col9a2 Mus musculus collagen, type IX, alpha 2 (Col9a2),
mRNA.

BC094124 1 NM_001095925 ptpra NM_008980 Ptpra Mus musculus protein tyrosine phosphatase,
receptor type, A (Ptpra), mRNA.

BC097539 1 NM_001093929 MGC82645 NM_178626 Cdc42se2 Mus musculus CDC42 small effector 2 (Cdc42se2),
mRNA.

BC097543 1 NM_001088963 LOC398464 NM_010661 Krt12 Mus musculus keratin 12 (Krt12), mRNA.
BC097557 1 NM_001090346 VgRBP60 NM_001077363 Ptbp1 Mus musculus polypyrimidine tract binding

protein 1 (Ptbp1), transcript variant 1, mRNA.
BC097753 1 NM_001096038 MGC115442 NM_175450 Wdr18 Mus musculus WD repeat domain 18 (Wdr18),

mRNA.
BC097898 1 NM_001096590 MGC115690 NM_028643 Efha1 Mus musculus EF hand domain family A1 (Efha1),

mRNA.
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mRNA.

BC098966 1 NM_001096103 MGC114707 NM_026899 Ssu72 Mus musculus Ssu72 RNA polymerase II CTD
phosphatase homolog (yeast) (Ssu72), mRNA.

BC099281 1 NM_001096148 MGC116473 NM_028419 Glrx5 Mus musculus glutaredoxin 5 homolog (S.
cerevisiae) (Glrx5), mRNA.

BC100225 1 NM_001090485 TFIIAa/b-2 NM_031391 Gtf2a1 Mus musculus general transcription factor II A, 1
(Gtf2a1), transcript variant 1, mRNA.

BC100235 1 NM_001096618 MGC115462 NM_011504 Stxbp3a Mus musculus syntaxin binding protein 3A
(Stxbp3a), mRNA.

BC108517 1 NM_001096663 MGC130921 NM_011265 Rfx3 Mus musculus regulatory factor X, 3 (influences
HLA class II expression) (Rfx3), mRNA.

BC108522 1 NM_001096664 MGC130946 NM_019405 Cetn2 Mus musculus centrin 2 (Cetn2), mRNA.
BC108596 1 NM_001096486 MGC130987 NM_009880 Cdx1 Mus musculus caudal type homeo box 2 (Cdx2),

mRNA.
BC108773 1 NM_001091630 MGC78986 NM_026524 Mid1ip1 Mus musculus Mid1 interacting protein 1

(gastrulation specific G12-like (zebrafish))
(Mid1ip1), mRNA.

BC108783 1 NM_001086200 MGC52924 NM_019437 Rfk Mus musculus riboflavin kinase (Rfk), mRNA.
BC108848 1 NM_001088415 C3H-1 NM_011756 Zfp36 Mus musculus zinc finger protein 36 (Zfp36),

mRNA.
BG159870 1 NM_001091716 MGC82618 NM_009030 Rbbp4 Mus musculus retinoblastoma binding protein 4

(Rbbp4), mRNA.
BG161849 1 NM_001095164 LOC495685 NM_008786 Pcmt1 Mus musculus protein-L-isoaspartate (D-

aspartate) O-methyltransferase 1 (Pcmt1),
mRNA.

BI312824 1 NM_001096453 MGC130926 NM_013862 Rabgap1l Mus musculus RAB GTPase activating protein 1-
like (Rabgap1l), transcript variant 1, mRNA.

BI446938 1 NM_001093937 MGC84006 NM_198410 Paqr6 Mus musculus progestin and adipoQ receptor
family member VI (Paqr6), mRNA.

BJ052734 1 NM_001087429 slc22a5 NM_011396 Slc22a5 Mus musculus solute carrier family 22 (organic
cation transporter), member 5 (Slc22a5), mRNA.

BJ053280 1 NM_001093303 tax1bp3 XM_001475037 LOC100045937 PREDICTED: Mus musculus similar to Tax1 (human
T-cell leukemia virus type I) binding protein 3

BJ057306 1 NM_001086207 frmd8 NM_026169 1200004M23Rik Mus musculus RIKEN cDNA 1200004M23 gene
(1200004M23Rik), mRNA.

BJ059247 1 NM_001097747 LOC100036990 XM_620516 Rkhd3 PREDICTED: Mus musculus ring finger and KH
domain containing 3 (Rkhd3), mRNA.

BJ060840 1 NM_001091822 LOC443651 NM_001033277 Spryd3 Mus musculus SPRY domain containing 3
(Spryd3), mRNA.

BJ082397 1 NM_001088815 NUP153 NM_175749 Nup153 Mus musculus nucleoporin 153 (Nup153), mRNA.
BJ083737 1 NM_001094392 MGC81827 NM_027464 5730469M10Rik Mus musculus RIKEN cDNA 5730469M10 gene

(5730469M10Rik), mRNA.
BJ092482 1 NM_001095905 MGC115132 NM_133835 Ubac1 Mus musculus ubiquitin associated domain

containing 1 (Ubac1), mRNA.
BJ097883 1 NM_001097125 LOC100036837 NM_145594 Fgl1 Mus musculus fibrinogen-like protein 1 (Fgl1),

mRNA.
BJ097926 1 NM_001093918 MGC81930 XM_001475803 LOC100046051 PREDICTED: Mus musculus similar to Flavin

containing monooxygenase 5, transcript variant
1, mRNA.

BJ630190 1 NM_001092184 MGC83556 NM_022999 Prrg2 Mus musculus proline-rich Gla (G-
carboxyglutamic acid) polypeptide 2 (Prrg2),
mRNA.

BJ643204 1 NM_001094934 LOC495258 NM_017475 Rragc Mus musculus Ras-related GTP binding C (Rragc),
mRNA.

BP679243 1 NM_001096886 nkx6-2 NM_183248 Nkx6-2 Mus musculus NK6 transcription factor related,
locus 2 (Drosophila) (Nkx6-2), mRNA.

BP688149 1 NM_001090983 LOC403394 NM_028227 Brap Mus musculus BRCA1 associated protein (Brap),
mRNA.

BP704424 1 NM_001087104 prdm1 NM_007548 Prdm1 Mus musculus PR domain containing 1, with ZNF
domain (Prdm1), mRNA.

BP707288 1 NM_001090795 pcbp2 NM_011042 Pcbp2 Mus musculus poly(rC) binding protein 2 (Pcbp2),
transcript variant 2, mRNA.

BP732832 1 NM_001090405 Cetn3 NM_007684 Cetn3 Mus musculus centrin 3 (Cetn3), mRNA.
BP736260 1 NM_001096748 MGC78810 NM_011722 Dctn6 Mus musculus dynactin 6 (Dctn6), mRNA.
BU909480 1 NM_001097933 LOC100049091 NM_019586 Ube2j1 Mus musculus ubiquitin-conjugating enzyme E2,

J1 (Ube2j1), mRNA.
BX845120 1 NM_001093851 MGC85425 NM_144761 Crygb Mus musculus crystallin, gamma B (Crygb), mRNA.
BX845808 1 NM_001085953 MGC53635 NM_025575 Sys1 Mus musculus SYS1 Golgi-localized integral

membrane protein homolog (S. cerevisiae)
(Sys1), mRNA.

BX846071 1 NM_001097758 LOC100037010 NM_178396 Car12 Mus musculus carbonic anyhydrase 12 (Car12),
mRNA.

BX850413 1 NM_001091364 MGC82210 NM_025861 Pqlc1 Mus musculus PQ loop repeat containing 1
(Pqlc1), mRNA.
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(Pqlc1), mRNA.

BX851648 1 NM_001087379 flj13576 NM_028990 Tmem168 Mus musculus transmembrane protein 168
(Tmem168), mRNA.

BX851874 1 NM_001095967 MGC99260 NM_019571 Tspan5 Mus musculus tetraspanin 5 (Tspan5), mRNA.
BX852927 1 NM_001096286 MGC131207 NM_025468 Sec11c Mus musculus SEC11 homolog C (S. cerevisiae)

(Sec11c), mRNA.
CA983123 1 NM_001091338 MGC84630 NM_026660 0610009O03Rik Mus musculus RIKEN cDNA 0610009O03 gene

(0610009O03Rik), mRNA.
CB560275 1 NM_001095902 MGC115109 NM_013681 Syn2 Mus musculus synapsin II (Syn2), transcript variant

IIb, mRNA.
CD252878 1 NM_001086062 MGC53394 NM_027430 Brp44 Mus musculus brain protein 44 (Brp44), mRNA.
CD255470 1 NM_001096103 MGC114707 NM_026899 Ssu72 Mus musculus Ssu72 RNA polymerase II CTD

phosphatase homolog (yeast) (Ssu72), mRNA.
CD325980 1 NM_001097761 LOC100037021 NM_009768 Bsg Mus musculus basigin (Bsg), transcript variant 1,

mRNA.
CD326022 1 NM_001096476 MGC131332 NM_011485 Star Mus musculus steroidogenic acute regulatory

protein (Star), mRNA.
CK798751 1 NM_001097685 LOC100036909 NM_172883 Mfsd7 Mus musculus major facilitator superfamily

domain containing 7 (Mfsd7), mRNA.
CN318704 1 NM_001094475 LOC494587 NM_017472 Snx3 Mus musculus sorting nexin 3 (Snx3), mRNA.
CV523443 1 NM_001096886 nkx6-2 NM_183248 Nkx6-2 Mus musculus NK6 transcription factor related,

locus 2 (Drosophila) (Nkx6-2), mRNA.
CX131254 1 NM_001086659 tceb1 XM_001475337 LOC100045866 PREDICTED: Mus musculus similar to elongation

factor SIII p15 subunit (LOC100045866), mRNA.
D83649 1 NM_001085868 sox7-A NM_011446 Sox7 Mus musculus SRY-box containing gene 7 (Sox7),

mRNA.
DQ096984 1 NM_001085559 bra3-a NM_009309 T Mus musculus brachyury (T), mRNA.
DR730200 1 NM_001091294 MGC83900 NM_026417 Yipf4 Mus musculus Yip1 domain family, member 4

(Yipf4), mRNA.
DT075664 1 NM_001090246 nherf-2 NM_023055 Slc9a3r2 Mus musculus solute carrier family 9

(sodium/hydrogen exchanger), isoform 3
regulator 2 (Slc9a3r2)

L09730 1 NM_001097046 dlx3 NM_010055 Dlx3 Mus musculus distal-less homeobox 3 (Dlx3),
mRNA.

L19566 1 NM_001087722 LOC397703 NM_010132 Emx2 Mus musculus notochord homolog (Xenopus
laevis) (Noto), mRNA.

L29057 1 NM_001095576 xb-cad NM_009864 Cdh1 Mus musculus cadherin 1 (Cdh1), mRNA.
L39213 1 NM_001088313 LOC398047 NM_009170 Shh Mus musculus sonic hedgehog (Shh), mRNA.
U62807 1 NM_001087993 LOC397850 NM_022310 Hspa5 Mus musculus heat shock protein 5 (Hspa5),

mRNA.
U76752 1 NM_001086198 MGC52564 NM_207531 Agr3 Mus musculus anterior gradient homolog 3

(Xenopus laevis) (Agr3), mRNA.
X65513 1 NM_001092654 MGC83403 NM_018864 Impa1 Mus musculus inositol (myo)-1(or 4)-

monophosphatase 1 (Impa1), mRNA.
BJ637187 2 NM_025817 1200009O22Rik Mus musculus RIKEN cDNA 1200009O22 gene

(1200009O22Rik), mRNA.
BP684235 2 XM_620516 Rkhd3 PREDICTED: Mus musculus ring finger and KH

domain containing 3 (Rkhd3), mRNA.
BP713579 2 NM_009146 Frrs1 Mus musculus ferric-chelate reductase 1 (Frrs1),

mRNA.
BP729816 2 NM_008059 G0s2 Mus musculus G0/G1 switch gene 2 (G0s2), mRNA.
BX849722 2 NM_027251 2010107G23Rik Mus musculus RIKEN cDNA 2010107G23 gene

(2010107G23Rik), mRNA.
BX851419 2 NM_022986 Irak1bp1 Mus musculus interleukin-1 receptor-associated

kinase 1 binding protein 1 (Irak1bp1), mRNA.
CB200829 2 NM_001024617 Inpp4b Mus musculus inositol polyphosphate-4-

phosphatase, type II (Inpp4b), mRNA.
CB207408 2 NM_178768 C230095G01Rik Mus musculus RIKEN cDNA C230095G01 gene

(C230095G01Rik), mRNA.
CB560998 2 XM_925654 BC023892 PREDICTED: Mus musculus cDNA sequence

BC023892, transcript variant 3 (BC023892),
mRNA.

CF283382 2 NM_028234 Prr8 Mus musculus proline rich 8 (Prr8), mRNA.
DR728535 2 NM_024284 Hagh Mus musculus hydroxyacyl glutathione hydrolase

(Hagh), mRNA.

Mex3 family

Mex3b this work XM_912460 Mex3b PREDICTED: Mus musculus ring finger and KH
domain containing 3 (Rkhd3), mRNA.

Mex3c NM_001097101 NM_001039214 Mex3c Mus musculus mex3 homolog C (C. elegans),
mRNA (cDNA clone IMAGE:30361754), partial
cds.
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Mex3d NM_001095650 NM_198615 Mex3d Mus musculus mex3 homolog D (C. elegans),

mRNA (cDNA clone IMAGE:6414834), complete
cds.

FGF signaling components

ets1b NM_001088152 NM_011808 Ets1 Mus musculus E26 avian leukemia oncogene 1, 59
domain (Ets1),

syndecan-2 NM_001087471 NM_008304 Sdc2 Mus musculus syndecan 2 (Sdc2), mRNA.
Among 333 gene tags, which were satisfied with the two criteria (a more than 1.5-fold difference in set 1 and a more than 1.2-fold difference in set 2; see the text), 221 genes were
assigned using Method 1 and Method 2 described below. In addition to the 221 genes, we have added sdc2, ets1, mex3c and mex3d to Mex3b targets based on the following
reasons. The ets1 gene has Xenopus paralogs, ets1a and ets1b, which were satisfied with criteria from set 2 and set 1, respectively. sdc2 was satisfied with set 1, and both sdc2 and
ets1 mRNAs were shown to destabilize reporter mRNAs by the Mex3b protein (see Fig. 7). mex3c and mex3d genes, which were not included in the microarray, belong to the mex3
gene family and show substantial sequence similarity to the 39LCU.
Method 1: Blastn search was performed against X. laevis RefSeq sequence library using each sequence tag (60 bases) as a query. When a top hit showed sequence identity of 95% or
higher, this RefSeq ID was assigned to the query. When the obtained RefSeq ID has its protein sequence, blastp search was performed using this as a query against mouse RefSeq
protein sequence library to determine the top hit, which possessed at least an amino acid sequence identity of 35% and a coverage (a ratio of the alignment length to the query
length) of 60%, as a putative mouse ortholog. Later, each putative ortholog was inspected manually.
Method 2: If tag sequences were from the 39 sequences of IMAGE clones, the 59 sequence of the same clone was obtained using the GI number. Using this 59 sequence as a query, a
blastx search was performed against the mouse RefSeq protein sequence library. When a mouse protein sequence had a sequence identity of 60% or greater and an E-value of
1x10–10 or less, the query was assigned as the Xenopus ortholog of the mouse gene carrying the RefSeq ID.
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Table S2. Significantly rich or rare GO terms in possible Mex3b target genes

GO number

Number of
downregulated

genes GO description P-value

Biological process

GO:0015031 19 Protein transport 9310–4

GO:0045184 19 Establishment of protein localization 0.001
GO:0008104 19 Protein localization 0.005
GO:0007186 1 G-protein coupled receptor protein signaling –0.005
GO:0033036 19 Macromolecule localization 0.006
GO:0007275 40 Multicellular organismal development 0.007
GO:0009790 15 Embryonic development 0.007
GO:0048513 28 Organ development 0.009

Molecular function

GO:0005515 79 Protein binding 2310–4

GO:0004888 2 Transmembrane receptor activity –0.002
GO:0004930 1 G-protein coupled receptor activity –0.004
GO:0004871 11 Signal transducer activity –0.008
GO:0060089 11 Molecular transducer activity –0.008
GO:0001584 1 Rhodopsin-like receptor activity –0.008
GO:0004872 10 Receptor activity –0.01

Cellular component

GO:0044424 119 Intracellular part 4310–4

GO:0043229 102 Intracellular organelle 4310–4

GO:0043226 102 Organelle 4310–4

GO:0005622 120 Intracellular 4310–4

GO:0005794 16 Golgi apparatus 8310–4

GO:0005737 79 Cytoplasm 0.003
GO:0043231 87 Intracellular membrane-bound organelle 0.009
GO:0043227 87 Membrane-bound organelle 0.009
Positive and negative P-values indicated the significance of over-representing and under-representing, respectively, gene ontology (GO) terms
in the group of putative Mex3b target genes compared with the all MGI gene set. The list presents GO terms that showed the absolute P-
value of 0.1 or less. Note that when the candidate genes were compared with the group 2 and group 3 genes, such results were not found,
suggesting that the genes selected for the experiments were already biased to the GO terms shown in Table 2. Thus, we concluded that there
were no GO terms that could characterize the Mex3b target genes.


