Mex3c regulates insulin-like growth factor 1

ARTICLE

(IGF1) expression and promotes postnatal growth
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ABSTRACT Insulin-like growth factor 1 (IGF1) mediates the growth-promoting activities of
growth hormone. How Igf1 expression is regulated posttranscriptionally is unclear. Caenorhab-
ditis elegans muscle excess 3 (MEX-3) is involved in cell fate specification during early embry-
onic development through regulating mRNAs involved in specifying cell fate. The function of
its mammalian homologue, MEX3C, is unknown. Here we show that MEX3C deficiency in
Mex3c homozygous mutant mice causes postnatal growth retardation and background-de-
pendent perinatal lethality. Hypertrophy of chondrocytes in growth plates is significantly im-
paired. Circulating and bone local production of IGF1 are both decreased in mutant mice.
Mex3c mRNA is strongly expressed in the testis and the brain, and highly expressed in resting
and proliferating chondrocytes of the growth plates. MEX3C is able to enrich multiple mRNA
species from tissue lysates, including Igf1. Igf1 expression in bone is decreased at the protein
level but not at the mRNA level, indicating translational/posttranslational regulation. We
propose that MEX3C protein plays an important role in enhancing the translation of Igf1
mRNA, which explains the perinatal lethality and growth retardation observed in MEX3C-

Monitoring Editor
A. Gregory Matera
University of North Carolina

Received: Nov 29, 2011
Revised: Feb 14, 2012
Accepted: Feb 17, 2012

deficient mice.

INTRODUCTION

Insulin-like growth factor 1 (IGF1) is a prime mediator of the growth-
promoting effects of growth hormone (GH; Rodriguez et al., 2007),
which promotes postnatal growth through stimulating endocrinal
and local production of IGF1 (Ohlsson et al., 2009). The liver pro-
duces 75% of circulating IGF1 in the bloodstream. Eliminating he-
patic production of IGF1 in mice does not affect postnatal growth,
indicating that 25% of normal circulating IGF1 is sufficient for nor-
mal postnatal growth (Sjogren et al., 1999; Yakar et al., 1999; Stra-
tikopoulos et al., 2008). Local production of IGF1 in developing
bone is also essential for normal postnatal growth. Chondrocyte- or
osteoblast-specific knockout of Igfl in mouse causes postnatal
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growth retardation, although the manipulation does not affect circu-
lating IGF1 levels (Govoni et al., 2007a, 2007b).

Humans and mice have multiple forms of Igf1 transcripts because
of the usage of different polyadenylation sites; some have a short 3
untranslated region (3’ UTR) of 150~400 nucleotides (nt) (e.g., mouse
NM_184052 and human NM_001111285), but some have a long 3’
UTR of more than 6000 nt (e.g., mouse NM_010512 and human
NM_001111283). Polysome association analysis found that, of the
liver Igf1 mRNAs with different lengths of 3" UTR, only the short spe-
cies were found on polysomes, suggesting that some aspect of the
long 3" UTR may prevent translation (Foyt et al., 1991). Whereas the
liver expresses more Igf1 transcripts with a short 3" UTR (Bell et al.,
1986), bone-forming cells predominantly express Igf1 transcripts
with a long 3" UTR (Delany and Canalis, 1995). Recently it was found
that nocturnin regulates Igf1T mRNA stability through binding to its 3’
UTR (Kawai et al., 2010). It remains unclear how the translation of Igf1
mRNA, especially in transcripts with a long 3" UTR, is regulated.

Caenorhabditis elegans muscle excess 3 (MEX-3) is a heteroge-
neous nuclear ribonucleoprotein (hnRNP) K homology (KH) do-
main-containing RNA binding protein. It is involved in cell fate
specification in the early embryonic stage of C. elegans and in the
maintenance of the totipotency of the germ line in adult worms
(Draper et al., 1996; Hunter and Kenyon, 1996; Ciosk et al., 2006).
MEX-3 is thought to prevent the translation of pal-1 and
nanos mMRNA in the anterior blastomeres or germ cells
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(Draper et al., 1996; Hunter and Kenyon, 1996; Jadhav et al.,
2008). Human and mouse genomes encode four MEX-3 homo-
logues, named MEX3A, MEX3B, MEX3C, and MEX3D (Buchet-
Poyau et al., 2007). They all have two KH RNA-binding domains in
the N termini which are believed to bind RNA molecules, and a
zinc finger (ZNF) domain at the C termini which is believed to me-
diate protein—protein interactions. MEX3D, once described as
TINO, is a BCL2 mRNA AU-rich element-binding protein and neg-
atively regulates the stability of BCL2 mRNA (Donnini et al.,
2004).

MEX3C (once called RKHD2) is highly conserved among mam-
malian species. Mouse MEX3C (464 amino acids [AA] according to
DDBJ Accession Number BR0O00945) is 99% identical with human,
chimpanzee, and bovine MEX3Cs. A combination of sibling-pair
linkage analysis and case—control association studies suggests a
contribution of MEX3C to the genetic susceptibility of hypertension,
although a possible mechanism is unknown (Guzman et al., 2006).
So far, no mRNA targets have been reported for MEX3C, and little
is known about its role in RNA metabolism.

In our effort to generate rodent mutants for reproductive biol-
ogy using a Sleeping Beauty transposon-mediated mutagenesis
strategy (Lu et al., 2007), we encountered a mutant line with post-
natal growth retardation. DNA analysis found three transposon
insertions: two in the regions without genes and one in the intron
of Mex3c. To eliminate the possible influence of transposons out-
side the Mex3c gene, we generated a new Mex3c mutant line
from a gene trap embryonic stem cell line (Skarnes et al., 2004).
Here we show that Mex3c plays an important role in promoting
postnatal growth, possibly through translational regulation of Igf1
mRNA.
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RESULTS

Background-dependent postnatal lethality of Mex3c

mutant mice

Mex3c mutant mice were generated from a gene trap ES cell line,
where the Mex3c gene was mutated by gene trapping. Based on
the National Center for Biotechnology Information (NCBI) EST se-
quence CJ072395.1 and the mRNA sequence BC125427, the mouse
Mex3c gene contains three exons, with CJ072395.1 spanning exons
1 and 2, and BC125427 spanning exons 2 and 3. This Mex3c mRNA
transcript is predicted to encode a protein of 464 AA, containing
two hnRNP KH RNA-binding domains (Grishin, 2001) and one ZNF
domain (Figure 1A). The NCBI mouse Mex3c reference sequence
NM_001039214.4 regards intron 1 in Figure 1A as exon sequences,
resulting in a protein with an extra 189 AA at the N terminus. In our
gene trap mouse, the trapping vector pGT1xrT2 was integrated into
the second intron of Mex3c (Figure 1B). Reverse transcription PCR
(RT-PCR) and DNA sequencing analyses revealed that most tran-
scripts from the trapped allele (written as “tr” hereafter) contained
the LacZ cDNA from the trapping vector, but lacked the third exon
of Mex3c, producing a peptide containing the N-terminal 56 AA of
the 464 AA MEX3C and the full-length B-galactosidase (B-gal) pep-
tide. Because this fusion peptide lacks the hnRNP KH RNA-binding
and the ZNF domains, it is expected to be nonfunctional. The B-gal
moiety in the fusion protein permits tracing of the expression of
Mex3c mRNA through detecting B-gal activity.

Transcripts from the trapped allele, however, also included a low
percentage of intact full-length Mex3c mRNA due to alternative splic-
ing. Quantitative RT-PCR (gqRT-PCR) revealed that authentic Mex3c
mRNA in +/tr and tr/tr mice comprised ~55% and 2.2% of that of +/+
mice, respectively (Figure 1C). Thus tr/tr mice were not Mex3c null
but expressed <5% of normal levels of Mex3c
mRNA. Because neither customized nor
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were born normal with Mendelian ratios.
Postnatal survival, however, was affected to
variant degrees depending on background.
Under a C57BL/6 background, more than
85% of mutants died within several hours
after birth. Only seven homozygous mutant
mice from more than 160 pups of heterozy-
gous parents survived to weaning time. Mu-
tant pups most likely died from poor breath-

FIGURE 1: Mutation of Mex3c in mouse by gene trapping. (A) Structure of normal Mex3c gene
and its gene products. The black line indicates the introns of mouse Mex3c gene, and the solid
boxes indicate the three Mex3c exons. Exons 2 and 3 contain coding regions. The N-terminal
KH RNA-binding domains (KH) and the C-terminal ZNF domain (zinc F) are indicated. The gene
structure is based on NCBI EST sequence CJ072395.1 and mRNA sequence BC125427, and is
submitted to DDBJ (DNA Data Bank of Japan) with accession number BR0O00945. Positions of
primers used to amplify authentic Mex3c mRNA (Mex3cF and Mex3cR) are indicated by two
unfilled arrows. (B) Structure of the trapped Mex3c allele and its gene products. The empty box
indicates the gene trap vector containing lacZ cDNA. The transcript from the trapped allele
translates into a peptide containing the N-terminal 56 AA residues from MEX3C and the
full-length B-gal. Positions of primers used to amplify the gene trap vector DNA (TrapF and
TrapR) are indicated by two solid arrows. (C) gQRT-PCR comparison of authentic Mex3c mRNA
levels in +/+, +/tr, and tr/tr mice (n = 3 mice for each genotype). Means + SEM are presented.
*** p <.001 by Tukey post hoc tests following analysis of variance. Total RNA was isolated from
hypothalami. (D) Mutant mice have poorly expanded alveoli after birth. Shown are lung sections
of 1-d-old pups stained with hematoxylin and eosin. Scale bar: 50 um.
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ing, and their bodies were cyanotic. On
histological analysis, alveolar spaces in lungs
from mutant mice were poorly expanded
(Figure 1D). Other primary pulmonary de-
fects were not detected.

Mex3c, as assessed by tracing B-gal ac-
tivity in organs of 1-d-old pups, was highly
expressed in muscle (Figure 2A) and multi-
ple internal organs such as the lung and the
spleen (Figure 2B). Mex3c is expressed at
low levels in the liver, and B-gal activity was
seen in blood vessel cells but not hepatic
cells on liver sections (unpublished data).
Because of the important roles of the lung
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FIGURE 2: Examination of Mex3c expression in newborn mice by tracing B-gal activity. (A) High B-gal activity was
detected in skeletal muscle. Bodies of 1-d-old pups were eviscerated followed by whole-mount X-Gal staining. The
muscle tissues of +/tr and tr/tr pups were strongly positive for B-gal activity. The residual skin around the mouth and
paws was negative, demonstrating the specificity of the staining. (B) Detecting B-gal activity in internal organs of
newborn mice. B-Gal activity was high in most internal organs except for the liver. (C) All cells in the lung of newborn
pups were B-gal positive. Scale bar: 50 um. (D) Detecting B-gal activity in tibia of newborn mice. Cryosections of the
proximal ends of tibia from +/tr mice were stained by X-Gal, followed by eosin counterstaining. Scale bar: 100 pm.

and bone in normal respiration, Mex3c expression was further ex-
amined by tracing B-gal activity on cryosections from 1-d-old pups.
B-Gal activity was observed in all cell types in the lung (Figure 2C).
In the developing tibia bone, resting and proliferating chondrocytes
showed high B-gal activity, whereas hypertrophic chondrocytes
showed low activity, and cells in the ossification center showed in-
termediate B-gal activity (Figure 2D). High Mex3c expression in the
skeleton and lung may underlie perinatal lethality in Mex3c mutant
mice, but the mechanism warrants further study. Adult Mex3c mu-
tant mice were deficient in IGF1 (see later in the text), and IGF1
deficiency causes perinatal lethality because of poor respiration (Liu
et al.,, 1993; Govoni et al., 2007b). Thus it is likely that perinatal le-
thality in Mex3c mutant mice is also related to IGF1 deficiency.

Postnatal growth retardation in Mex3c mutant mice
In a mixed B6/129 or a mainly FVB/N background, more than 80%
of tr/tr mice lived to adulthood. Mutant mice from these backgrounds

were growth retarded, however, and had an average of 87% normal
body length at various time points (Table 1). The few tr/tr mice of
mainly C57/BL6 background which survived to adulthood were also
growth retarded (unpublished data). Heterozygous mice showed
normal growth. Consistent with reduced body length in tr/tr mice,
tibias from mutant mice were also, on average, 15% shorter (unpub-
lished data).

Histological analysis of tibial proximal growth plates from 20-d-
old mutant mice, when the epiphyseal growth plate is most actively
proliferating (Walker and Kember, 1972), revealed that the length of
the growth plate was significantly decreased in mutant mice (Table
2). Although the lengths of the resting and the proliferating zones
were not different between control and tr/tr mutant mice, that of the
hypertrophic zone was significantly decreased in mutant mice (Table
2; Figure 3, A and B). Consistent with the attenuated hypertrophic
zone, the mean height of terminal hypertrophic chondrocytes in mu-
tant mice was significantly decreased (Table 2). In addition, a trend

Body length, cm; mean = SEM (sample number)

Mice (age) +/+ +/- —/- Background p Value
Female (4 wk) 7.51+0.15 (¢) N/A 6.48 +0.28 (5) Mixed? <0.01
Female (5 mo) 9.80+0.12(8) N/A 8.44+0.11 (5) FVB <0.0001
Male (8 wk) 9.58 £0.16 (10) N/A 8.38£0.28 (9) Mixed? <0.001
Male (6 wk) 9.39+0.08 (15) 9.40 +0.08 (13) 8.13+£0.24 (6) FVB <0.0001b

2A mixed background between 129Sv and C57/BLé. Pp values between +/+ versus —/—, and +/- versus —/— were both <.0001. There was no difference between

+/+ and +/-.

TABLE 1: Mutant mice have reduced body length.
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FIGURE 3: Analysis of growth plates from control and Mex3c mutant
mice. (A) Proximal tibia growth plates of 20-d-old control and mutant
mice. The hypertrophic zone (HZ), but not the resting zone (RZ) or the
proliferating zone (PZ), was attenuated in the mutants. (B) High
magnification showing the hypertrophic zone from (A). For (A) and (B),
Masson'’s trichrome staining was performed on tibia sections from
20-d-old mice. (C) Growth plates of 8-wk-old control and mutant mice.
Shown were hematoxylin and eosin-stained sections of proximal tibia.
Scale bars in A and C equal 100 pm; in B, 50 um.

of increasing cell size in cells between the proliferating chondro-
cytes and terminal chondrocytes was evident in control mice, but
not in mutants (Figure 3B). At the age of 8 wk, most cells in the
growth plate of control mice were undergoing hypertrophy, whereas
in the growth plate of mutant mice, there were still chondrocytes in
prehypertrophic stages (Figure 3C). The data suggest that chondro-
cyte hypertrophy is impaired in the mutant mice, and this impair-
ment most likely underlies their postnatal growth retardation.

IGF1 deficiency in Mex3c mutant mice

Because of the importance of the GH/IGF1 axis in postnatal growth
control, we examined blood GH and IGF1 concentrations in mutant

Volume 23 April 15, 2012

Control Mutant p Value
Growth plate (um) 370.7 £29.4 294.0+27.4 <0.05
RZ (um) 245+28 27.6+22 ns
PZ (um) 97.3+10.0 100.0+12.2 ns
HZ (um) 249.0+23.2 166.4+£18.0  <0.05
HZ cell height (um)  21.7+£0.5 17.5+04 <0.0001

Data are means + SEM for five 20-d-old mice per group. Control mice included
three +/+ mice and two +/tr mice. Values represent the longitudinal dimension
of the structure parallel to the long axis of the bone. Twenty terminal chondro-
cytes from each of the five mice were measured to obtain the mean of HZ cell
height.

TABLE 2: Growth plate parameters in control and tr/tr mice.

mice. Circulating GH concentrations of adult mutant mice were sig-
nificantly higher than those of control mice (Table 3). Circulating
IGF1 concentrations in mutant mice, however, were 40% lower than
in normal mice (Table 3). IGF1 deficiency causes growth retardation
in mice (Liu et al., 1993; Powell-Braxton et al., 1993) and impairs
chondrocyte hypertrophy (Wang et al., 1999). Sixty percent of nor-
mal serum IGF1, however, would be sufficient to maintain normal
postnatal growth in Mex3c mutant mice if their local IGF1 produc-
tion in the bone were unaffected (Sjogren et al., 1999; Yakar et al.,
1999; Govoni et al., 2007a, 2007b). IGF1 concentrations in bone
(tibia and femur) extracts were compared by enzyme-linked immu-
nosorbent assay (ELISA). IGF1 levels in extracts from mutant mice
were found to be 42% lower than that of normal mice (Table 3),
confirming IGF1 deficiency in bone.

Immunohistochemical analysis of developing bone revealed that
in 20-d-old mutant mice, IGF1 protein was significantly decreased in
resting and proliferating chondrocytes (Figure 4B, middle and right
panels). The specificity of the signal was confirmed by the blocking
peptide to significantly reduce the staining in these cells (Figure 4,
left panel). The addition of blocking peptide only slightly decreased
the signals in hypertrophic chondrocytes (Figure 4C), which could
be the result of high IGF1 expression in hypertrophic chondrocytes
(Gil-Pena et al., 2009). IGF1 expression in cells of primary spongiosa
of the mutant mice was also significantly reduced (Figure 4D). These
observations were reproducible in tibia growth plates of multiple
pairs of control and mutant mice and corroborated with our ELISA
data that bone-forming cells from mutant mice produced reduced
IGF1. These data confirmed IGF1 deficiency in bones of mutant
mice. Thus we observed bone IGF1 deficiency and postnatal growth
retardation in Mex3c mutant mice.

Mex3c is highly expressed in the testis, ovary, brain,

and developing bone

The expression of Mex3c in tissues of 4-wk-old mice was examined
by tracing the activities of B-gal. Mex3c was highly expressed in the
testis and the brain, but low in other internal organs, including the
liver (Figure 5A). This finding was also confirmed by gRT-PCR, with
the liver showing the lowest Mex3c expression among all the tissues
examined (Figure 5B). Although Mex3c is highly expressed in the
testis, Mex3c mutant males had normal spermatogenesis and were
fertile with normal litter size. Mex3c was also readily detected in the
female reproductive system including the ovary, the uterus, and the
oviducts (Figure 5A). Mutant females, however, were also fertile, al-
though they tended to have their first litters 2-3 wk later than do
normal mice, which might be the result of growth retardation.
Because there is still a low level (2%) of authentic Mex3c mRNA in

Mex3c regulates IGF1 and growth | 1407



Mean + SEM (sample number)

Mice (age) Control Mutant Background p Value
GH (ng/ml) Male (8 wk) 4.89 +1.56 (11)2 11.84+£2.67 (11) MixedP <0.05

Female (2-3 mo) 590.7 £32.08 (10)  342.8+37.19 (10) FVB <0.0001
Serum IGF1 (ng/ml)

Male (5 mo) 407.7 £16.87 (18)  262.5+25.02 (13) FVB <0.0001
Bone IGF1 (pg/mg bone)  Female (6-7 wk) 134.3+11.02 (6) 77.54 £15.11 (5) FVB <0.05

aControl mice for GH measurement included +/+ and +/tr mice; control mice for IGF

TABLE 3: Mutant mice have abnormal GH and IGF1 levels.

homozygous mutant mice, the residual MEX3C protein might have
been enough to maintain normal gametogenesis in both sexes. A
null Mex3c mutant is thus needed to test whether Mex3c is neces-
sary for normal reproduction. Consistent with high Mex3c expres-

1 assays were all +/+ mice. PA mixed background between 129Sv and C57/BLé.

sion in the brain, we found that mutant mice had reduced fat depo-
sition related to abnormal energy expenditure (unpublished
observation).

Chondrocyte hypertrophy is apparently affected in Mex3c mu-
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FIGURE 4: Reduced IGF1 expression in bone cells of Mex3c mutant mice. (A) IGF1
immunohistochemical analysis of proximal tibia growth plates (GPs) of 20-d-old mice. The three
boxes indicate the areas shown in B, C, and D. (B) High magnification showing the proliferating
zone (PZ) of the growth plate. (C) High magnification showing the hypertrophic zone (HZ) of the
GP. (D) High magnification of the spongiosa region. SO, secondary ossification center; PO,
primary ossification center.
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tant mice; thus we examined Mex3c gene
expression in the growth plates of develop-
ing tibias. Mex3c was highly expressed in
chondrocytes of the resting and proliferat-
ing zones (Figure 5C). In the hypertrophic
zone, Mex3c showed decreased expression,
and B-gal activity was barely detectable in
fully hypertrophic chondrocytes. Mex3c ex-
pression was high in stromal cells in the ma-
trix of spongy bone (Figure 5D) and com-
pact bone (Figure 5E). Strong B-gal activity
was also observed in periosteum, a mem-
brane structure generating osteoblasts.
Comparing the pattern of IGF1 deficiency
and Mex3c expression in the growth plate,
IGF1 deficiency was pronounced in cells of
mutant mice that normally had high Mex3c
expression. MEX3C is an intracellular RNA-
binding protein; high expression of Mex3c
in multiple types of bone cells suggests that
IGF1 deficiency in these cells of mutant mice
could be a direct effect of MEX3C defi-
ciency. The data also suggest that Mex3c
mutation has varied effects on organs with
high Mex3c expression.

IGF1 deficiency in Mex3c mutant

mice is not caused by decreased Igf1
mRNA level

gRT-PCR revealed that total Igf1 transcripts
(including those with short and long 3" UTRs)
in tissues (such as the liver, kidney, spleen,
and testis) and muscle from mutant mice
were not significantly decreased (Figure 6A).
Although the liver and kidney of mutant
mice showed 23% less expression of Igf1
mRNA, this marginal decrease did not ac-
count for the 40% reduction in serum IGF1
levels, because serum IGF1 levels that were
71% of normal levels were observed in ani-
mals with 28% of normal levels of the 1-kb
short-form Igf1 transcripts and 52% of nor-
mal levels of 7-kb long-form Igf1 transcripts
(Liu et al., 1998). Cells in tibia from mutant
mice were clearly deficient in IGF1 protein.

Molecular Biology of the Cell
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FIGURE 5: Analysis of Mex3c expression in mouse tissues. (A) Expression of Mex3c in tissues of developing mice.
Tissues from 4-wk-old heterozygous and normal mice were stained for B-gal; positive tissues were stained blue. The
epididymis were positive even in normal mice (+/+) due to endogenous B-gal activity, which indicates the reliability of
the staining condition. Lu: lung; Spl: spleen; Kid: kidney; Liv: liver; Musc: skeletal muscle; Fat/epi: gonadal fat/
epididymis; Ov/Ut: ovary/uterus; Tes: testis; He: heart; Bla/Ure: bladder/ureter. (B) qRT-PCR analysis of Mex3c mRNA in
various tissues from normal mice. Means + SEM of data from four mice are presented. (C) Mex3c expression in
chondrocytes of proximal tibia growth plates of 20-d-old mice indicated by tracing B-gal activity. B-Gal-positive cells
were stained blue. No B-gal-positive cells were observed in control (+/+) mice. The sections were counterstained with
eosin to show the matrix in red. RZ, resting zone; PZ, proliferating zone; HZ, hypertrophic zone. (D) Expression of Mex3c
in stromal cells of the spongy bone. (E) Expression of Mex3c in stromal cells of the compact bone. Scale bars: 50 pm.

gRT-PCR analysis found that IgfT mRNA levels in tibias of mutant
mice were not different from those of controls (Figure 6B), demon-
strating that IGF1 deficiency in Mex3c mutant mice was not caused
by decreased IgfT mRNA levels. Thus our data suggest that MEX3C
deficiency most likely affected IgfT mRNA translation, but not Igf1
mRNA transcription or turnover.

MEX3C enriched Igf1 mRNA from tissue lysates

MEX3C has two KH RNA-binding domains; we examined whether
MEX3C interacted with Igf1 mRNA. Glutathione S-transferase (GST),
GST-MEX3C, GST-MEX3C/C (GST fused to the C-terminal 263 AA

Volume 23 April 15, 2012

of MEX3C which contains the ZNF domain but not the two KH RNA-
binding domains; Figure 6C), and GST-MEX3C/N (GST fused to the
N-terminal 296 AA of MEX3C, containing the two KH RNA-binding
domains but not the ZNF domain) were tested for their capability to
enrich Igf1 mRNA from brain lysate. We chose the brain because it
expresses IgfT and has high Mex3c expression. gRT-PCR revealed
that GST-MEX3C and GST-MEX3C/N pulled down significantly more
Igf1 mRNA than did GST and GST-MEX3C/C, which lack RNA-bind-
ing domains (Figure 6D). Although mRNA of Gapdh and all five
other mRNA species tested were also enriched by GST-MEX3C and
GST-MEX3C/N (unpublished data), their enrichment was all KH

Mex3c regulates IGF1 and growth | 1409
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FIGURE 6: gRT-PCR analysis of Igf1 mRNA in mutant mice and in GST
pull-down assays. (A) Comparison of IgfT mRNA levels in liver, kidney,
spleen, testis, and muscle tissues from +/+ and tr/tr mice. Four
4~5-wk-old male mice for each genotype were analyzed. Expression in
tissues of control mice was set as 1. Means + SEM are presented.

(B) Igf1T mRNA expression in +/+ and tr/tr tibia. (C) Diagram showing
domains in MEX3C, MEX3C/N, and MEX3C/C. KH: KH RNA-binding
domain. (D) GST pull-down analysis of Igf1 mRNA enrichment by
partial and full-length MEX3C proteins. Means + SEM of three
independent assays are presented. mRNA levels in GST-only assays
were set as 1. Numbers above the columns are means + SEM of Ct
numbers.

domain-dependent. The sequence of C. elegans MEX-3 recognition
element (MRE) was defined as (A/G/U)(G/U)AGN(0-8)U(U/A/C)UA)
and was found in the 3"-UTR of ~26.2% of all genes in C. elegans
(Pagano et al., 2009). Considering genes with this MRE in the 5'-UTR
and coding region, a higher proportion of C. elegans mRNA is ex-
pected to contain this MRE and bind MEX-3. Thus MEX-3 is able to
bind multiple mMRNA species. The KH RNA binding domains of
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mouse MEX3C are nearly 90% identical to C. elegans MEX-3 KH
domains. This high identity suggests that mouse MEX3C might also
interact with multiple mMRNA molecules. Indeed, human MEX3C is
able to associate with poly(A), poly(U), and multiple mRNA species
(Buchet-Poyau et al., 2007). Whether Igf1 mRNA interacts directly
with MEX3C is still an open question, however.

DISCUSSION

Here we report that Mex3c mutant mice showed growth retardation,
background-dependent perinatal lethality, and IGF1 deficiency. Al-
though MEX3C deficiency also affects energy balance and de-
creases fat deposition, rescuing the slim phenotype by introducing
an ob/ob mutation did not rescue growth retardation (our unpub-
lished data), excluding the possible effects of negative energy bal-
ance on postnatal growth. We postulate that IGF1 deficiency might
be a major mechanism underlying the phenotypes in the mutants
described in this work.

Eighty-five percent of Mex3c mutant mice in the C57BL/6 back-
ground died from poor respiration soon after birth, similar to knock-
out mouse models deficient in IGF1 signaling. Constitutive Igf1
knockout causes background-dependent perinatal lethality (Liu
et al., 1993), and osteoblast-specific IgfT knockout causes similar
postnatal death (Govoni et al., 2007b). In both cases, poor breath-
ing was the cause of death. We did not examine whether IGF1 was
deficient in newborn mutant pups. Because Mex3c is highly ex-
pressed in multiple tissues of newborn pups, and IGF1 deficiency is
observed in adult mutant mice, IGF1 deficiency could also be pres-
ent in newborn pups, and this could underlie their perinatal
lethality.

Although serum IGF1 levels in Mex3c mutant mice are 60% of
normal levels and by themselves do not account for postnatal
growth retardation, we observed local IGF1 deficiency in the bone.
Chondrocyte- and osteoblast-specific Igf1 knockout affects post-
natal growth even though circulating IGF1 levels are normal
(Govoni et al., 2007a, 2007b). Thus local deficiency of IGF1 in the
bone of Mex3c mutant mice might underlie the observed attenu-
ated growth. Consistent with local deficiency of IGF1 in Mex3c
mutant mice, Mex3c is highly expressed in resting and proliferat-
ing chondrocytes, as well as in bone stromal cells. Our analysis of
growth plate from Mex3c mutant mice showed that chondrocyte
hypertrophy was affected, the same phenomenon noted in Igf1
mutant mice (Wang et al., 1999). Thus our data suggest that IGF1
deficiency most likely underlies the growth retardation observed in
Mex3c mutant mice.

Although a specific MEX3C antibody is unavailable to confirm
MEX3C deficiency at the protein level, the finding that tr/tr mice
have only 2% normal Mex3c mRNA expression suggests that MEX3C
protein deficiency is highly likely. Although the possibility of toxic
gain of function of MEX3C-B-gal fusion protein cannot be excluded
at the moment, its likelihood is low. So far, nearly 1000 articles have
been published describing various phenotypes of gene trap mice,
and many of these mice express a fusion protein from the trapped
host gene and the reporter LacZ. To the best of our knowledge,
toxic gain of function of the host peptide-B-gal fusion protein has
not been reported to account for the observed phenotypes. In ad-
dition, Mex3c is highly expressed in the testis, ovary, and brain; the
toxic effects would also be evident in these organs if MEX3C-B-gal
is indeed a toxic protein. Mutant mice, however, have normal game-
togenesis and are fertile. Although tr/tr mice showed abnormal en-
ergy expenditure and reduced fat deposition, tr/tr;ob/ob double
mutant mice were obese but still growth retarded (our unpublished
observations), excluding a role of energy expenditure on growth.
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The tissue- and pathway-specific effects of Mex3c mutation also ar-
gue against the possibility of a toxic gain-of-function mechanism in
the growth retardation of tr/tr mice.

Igf1 mRNA was decreased by 23% in the liver and the kidney of
Mex3c mutant mice but not in the other organs, including the bone.
Although it is unclear why Igf1 transcription is not increased in the
mutants, which had higher levels of GH than did control mice, the
marginal decrease of Igf1 mRNA in the liver and the kidney could be
indirect effects of MEX3C deficiency, because Mex3c has relatively
low expression in these two organs. Neither the 40% decrease of
circulating IGF1 nor the decrease of local IGF1 production in the
bone of mutant mice can be explained by decreased IgfT mRNA
levels. Although deficiency of acid-labile subunit and IGF binding
proteins leads to decreased circulating IGF1 (Ueki et al., 2000; Ning
et al., 2006), this deficiency does not cause perinatal lethality or
dramatic growth retardation. In addition, deficiency of these pro-
teins does not decrease local expression of IGF1 in bone. IGF1 pro-
duction must have been affected in Mex3c mutant mice. Our data
suggest that, although MEX3C deficiency may not affect IgfT mRNA
transcription or stability, it most likely affects Igf1 expression at the
protein level.

MEX3C protein is an RNA-binding protein and contains two KH-
type RNA-binding domains and one ZNF domain mediating pro-
tein—protein interaction. GST pull-down assays showed that GST-
MEX3C and GST-MEX3C/N (the N-terminal MEX3C containing two
RNA-binding domains) pulled down 200- and 400-fold more Igf1
mRNA from mouse brain lysate than did GST, demonstrating that
the MEX3C N terminus containing the RNA-binding domains is nec-
essary and sufficient to enrich IgfT mRNA. We noted that in this GST
pull-down assay, GST-MEX3C and GST-MEX3C/N were able to en-
rich all the mRNA species we had tested to various degrees, remi-
niscent of human MEX3C, which associates with poly(A), poly(U),
and multiple mMRNA species including Gapdh (Buchet-Poyau et al.,
2007). C. elegans MEX-3 binds to a consensus MRE which is present
in a large proportion of C. elegans genes (Pagano et al., 2009).
Thus our observation that MEX3C, a MEX-3 homologue, can pull
down multiple mRNAs including IgfT mRNA from mouse tissue
lysates is not surprising. We noted that the C terminus of MEX3C
showed inhibitory effects on RNA pull-down. It is likely that the C
terminus of MEX3C provides a mechanism for mRNA selectivity. Al-
though it remains to be determined whether IgfT mRNA is a direct
or an indirect target of MEX3C and the region of IgfT mRNA neces-
sary for the interaction, our data suggest that Igf7 mRNA could be
an mRNA target for MEX3C.

MEX3C's C. elegans homologue MEX-3 repressed the transla-
tion of pal-1 and nanos mRNA through unknown mechanisms
(Draper et al., 1996; Hunter and Kenyon, 1996; Jadhav et al.,
2008). Our data suggest that MEX3C deficiency inhibits the trans-
lation of IgfT mRNA. Bone-forming cells express predominantly
Igf1 transcripts of ~7000 nt with a long 3" UTR (Delany and Canalis,
1995), and, in the liver, Igf1 transcripts with a long 3'-UTR have low
translatability (Foyt et al., 1991). Local production of IGF1 in the
bone is essential for normal postnatal growth (Govoni et al., 2007a,
2007b). We propose that Igf1T mRNA with a long 3'-UTR may need
trans-acting factors to improve their translatability in bone-forming
cells, and MEX3C or its interacting partner could be one of these
trans-acting factors. This proposal would explain why Mex3c muta-
tion impairs bone IGF1 production and postnatal growth. Our data
and those of others suggest that MEX3C seems able to bind mul-
tiple mRNA molecules. How Mex3c mutation affects the transla-
tion of certain mRNA molecules, such as IgfT mRNA, but not oth-
ers needs further study. In summary, our data suggest that MEX3C
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plays an important role in enhancing the translation of IgfT mRNA
directly or indirectly and promoting postnatal growth.

MATERIALS AND METHODS

Generation of Mex3c gene trap mice

The Mex3c gene trap ES cell line DD0642 was obtained from the
Sanger Institute Gene Trap Resource (SIGTR, Cambridge, UK). The ES
cells were microinjected into mouse blastocysts, and the resulting chi-
mera males were mated with C57/BL6 females to obtain heterozy-
gous Mex3c gene trap mice. Heterozygous mice were intercrossed to
obtain mutant mice of 129Sv/C57 mixed background. Heterozygous
mice were backcrossed to C57/BL6 or FVB/N for six generations to
obtain mutant mice of mainly C57/BL6 or FVB/N background. Mice
were housed in the animal facility of Wake Forest University Health
Sciences (Winston-Salem, NC). Experiments were conducted in ac-
cordance with the National Research Council publication Guide for
the Care and Use of Laboratory Animals, and were approved by the
Institutional Animal Care and Use Committee of Wake Forest Univer-
sity. Mice were kept in microisolator cages with 12-h light/dark cycles
and were fed ad libitum. A chow diet (Prolab, RMH3000; PMI Nutrition
International, Henderson, CO) was used for colony maintenance.

Genotyping

Ear biopsies were lysed as previously described for genotyping
(Agoulnik et al., 2002). The gene trap allele was detected by PCR
amplification of a 419-base pair product with primer TrapF (ttcaa-
catcagccgctacag) and TrapR (ctcgtcctgeagttcattca). Homozygous
gene trap mice were distinguished from heterozygous mice by PCR
with primer pair D18Mit210F (tgggcagaagtataactaaatcca) and
D18Mit210R (ttcaaaccgtatgcctttce). The thermal cycle parameters
were: 94°C 4 min, followed by 35 cycles of 94°C, 30 s; 55°C, 30 s;
72°C, 30 s. A 122-base pair PCR product was obtained from the
C57BL/6 and FVB alleles, and a 146-base pair PCR product was
obtained from the gene trap 129/Sv allele. The size difference was
resolved on a 3% agarose gel stained with ethidium bromide.

Expression and purification of GST fusion proteins
Escherichia coli BL21(DE3) transformed with plasmid DNA
(PGEX4T1, pGEX4T1/MEX3C, pGEX4T1/MEX3C/C, and pGEX4T1/
MEX3C/N) was used for GST fusion expression as described (Zhou
et al., 2005). Glutathione sepharose 4B beads (GE Life Sciences,
Pittsburgh, PA) were used to purify the GST fusion proteins accord-
ing to the manufacturer’s instructions.

GST pull-down assay

GST pull down and immunoprecipitation were performed as de-
scribed (Lu and Bishop, 2003; Zhang et al., 2005). The final precipi-
tates were either lysed in 50 pl of 1X SDS loading buffer for SDS-
PAGE and Western blotting analysis or used for RNA extraction using
the RNeasy Protect kit (QIAGEN, Valencia, CA) for gRT-PCR
analysis.

qRT-PCR

Mice were killed by CO, overdose, and tissues were snap frozen in
liquid nitrogen and then stored at -80°C before RNA extraction. To
extract RNA from developing tibia, all muscle tissue was removed
from the bone, and the bone marrow cells were removed by several
flushes with ice-cold phosphate-buffered saline (PBS) solution. Then
bones were ground in liquid nitrogen, and RNA was extracted from
bone powders with TRIzol (Invitrogen, Life Technologies, Grand Is-
land, NY). Total RNA from soft tissues was extracted with an RNeasy
Mini Kit (QIAGEN) as instructed by the manufacturer. Reverse
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transcription was performed with the SuperScript First-Strand Syn-
thesis System from Invitrogen.

Real-time PCR was performed on a 7300 real-time PCR system
(Applied Biosystems, Foster City, CA). For mouse Gapdh, Hprt1, and
Igf1, TagMan probes (Applied Biosystems) were used. The Igf1 Tag-
man probe recognizes both the short form and long forms of Igf1
transcripts. For Mex3c (Mex3cF: atgctgtcccacgectac, and Mex3cR:
agtgctttaattttacaaccctgg) and Ppib (PpibF: tegtetttggactctttggaa and
PpibR: agcgctcaccatagatgcte) real-time PCR, SYBR Green PCR Mas-
ter Mix (Applied Biosystems) was used. After the PCR amplification, a
dissociation program was run, and the amplified product was ana-
lyzed by electrophoresis to verify the specificity of the amplification.
Relative gene expression levels were calculated using the CT method
(Livak and Schmittgen, 2001). In cases where mRNA was not de-
tected after 40 cycles, the cycle threshold (Ct) number was set as 40
for analysis. Three to five animals were assayed for each group. Three
independent experiments were performed with each experiment
performed in triplicate. Results were presented as mean + SEM.

Growth plate analysis

Tibias from newborn, 20-d-old, and 8-wk-old mice were fixed in 4%
paraformaldehyde (PFA)/PBS at 4°C for 4 h. Bones from 20-d-old
and 8-wk-old mice were decalcified in Immunocal (Decal Chemical,
Tallman, NY) at 4°C for 30 min to 1 h. Bones were dehydrated and
embedded in paraffin to obtain paraffin sections for hematoxylin
and eosin staining or Masson'’s trichrome staining.

The longitudinal dimensions of the proximal tibial growth plate
and the heights of terminal chondrocytes were measured on photo-
micrographs of anatomically matched midsagittal sections, taken
under a 20x objective with an Axio M1 microscope and an AxioCam
MRc digital camera (Carl Zeiss, Thornwood, NY). Measurements
were performed with ImageJ software.

Immunostaining of tibia sections

For histochemical analysis, decalcified bones were immersed in 30%
sucrose/PBS overnight at 4°C before they were embedded in opti-
mal cutting temperature (OCT) compound for cryosectioning. To
examine the expression of Mex3c through detecting B-gal activity,
bone cryosections were stained with X-GAL as described (Bedding-
ton et al., 1989). To examine the expression of IGF1 in the bone,
bone cryosections were fixed with 4% PFA, and treated with 3%
H,0,/PBS for 30 min to inactivate endogenous peroxidase activity.
Then the sections were blocked with Protein Block (Dako, Carpinte-
ria, CA) for 1 h, and incubated with anti-IGF1 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA; 1:100) at 4°C overnight. To confirm
specificity, anti-IGF antibody was preincubated with a fivefold con-
centration of IGF1 blocking peptide (Santa Cruz Biotechnology) for
2 h before the antibody was applied to the sections. After three
5-min washes in Tris-buffered saline and Tween 20 (TBS/T), the sec-
tions were incubated with biotin-conjugated anti-goat secondary
antibody (1:300; Vector Labs, Burlingame, CA) at room temperature
for 1 h. Then the sections were washed in TBS/T three times and
were incubated for 30 min with ABS reagents (Vector Labs). After
three 5-min washes, the signals were visualized by ImmPACT DAB
(Vector Labs). The sections were counterstained with hematoxylin
before mounting. Images were taken with an Axio M1 microscope
equipped with an AxioCam MRc digital camera (Carl Zeiss).

Hormone and growth factor assays

Serum was obtained from the saphenous vein of mice at ages listed
in Table 1. GH was assayed with the mouse/rat GH ELISA kit pur-
chased from Millipore (cat. EZRMGH-45K; Billerica, MA) as instructed
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by the manufacturer. Serum IGF1 was assayed with a mouse/rat
IGF1 immunoassay kit from R&D Systems (Minneapolis, MN). To as-
say IGF1 in bone extracts, tibia and femur bones were rid of muscle
tissues manually. Bones were homogenized with a motor homoge-
nizer in RIPA buffer (1 g of bone in 5 ml of buffer), and lysates were
incubated with shaking at 4°C for 1 h. The lysates were centrifuged
at 12,000 g at 4°C for 10 min. The cleared supernatants were diluted
20 times for the ELISA.
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