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HuR is an RNA-binding protein implicated in a diverse array of pathophysiological processes due to its
effects on the posttranscriptional regulation of AU- and U-rich mRNAs. Here we reveal HuR’s requirement in
embryonic development through its genetic ablation. Obligatory HuR-null embryos exhibited a stage retarda-
tion phenotype and failed to survive beyond midgestation. By means of conditional transgenesis, we restricted
HuR’s mutation in either embryonic or endothelial compartments to demonstrate that embryonic lethality is
consequent to defects in extraembryonic placenta. HuR’s absence impaired the invagination of allantoic
capillaries into the chorionic trophoblast layer and the differentiation of syncytiotrophoblast cells that control
the morphogenesis and vascularization of the placental labyrinth and fetal support. HuR-null embryos rescued
from these placental defects proceeded to subsequent developmental stages but displayed defects in skeletal
ossification, fusions in limb elements, and asplenia. By coupling gene expression measurements, data meta-
analysis, and HuR-RNA association assays, we identified transcription and growth factor mRNAs controlled
by HuR, primarily at the posttranscriptional level, to guide morphogenesis, specification, and patterning.
Collectively, our data demonstrate the dominant role of HuR in organizing gene expression programs guiding

placental labyrinth morphogenesis, skeletal specification patterns, and splenic ontogeny.

The Elavl/Hu proteins are a family of RNA-binding proteins
(RBPs) named after the lethal phenotypes of mutants in the
Drosophila orthologue ELAV (embryonic lethal-abnormal vi-
sion) and their appearance as specific tumor antigens in hu-
mans with paraneoplastic neurological disorders (21, 38, 58,
61). In mammals, the family consists of four highly conserved
members that include the ubiquitously expressed HuR/HuA/
Elavll and the neuronal-specific Hel-N1/HuB/Elavl2, HuC/
Elavl3, and HuD/Elavl4 (9, 29). All family members contain
RNA recognition motifs with high affinity for U- and AU-rich
sequences (AREs). The widespread distribution of AREs in 7
to 8% of eukaryotic mRNAs involved in a diversity of cellular
responses (31) points to a critical role of ARE-binding proteins
(4) in the regulation of many biological processes. However,
the difference in the tissue distribution among Elavl/Hu pro-
teins suggests that HuR may play a more diverse role in post-
transcriptional mechanisms than its neuronal homologues.

HuR is predominantly nuclear but shuttles between the nu-
cleus and the cytoplasm via a nucleocytoplasmic shuttling do-
main (16). This process is facilitated by the interaction of this
domain with transport adaptors like pp32 and APRIL or di-
rectly with transport receptors such as CRM1 for nuclear ex-
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port and transportins 1 and 2 (TRN1/2) for nuclear import (8,
18, 24, 48). Although not fully resolved, HuR’s translocation
and binding to target mRNAs appear to rely on specific stress
signals resulting in HuR’s phosphorylation or methylation (2,
32, 37). This has led to the hypothesis that HuR may initially
bind mRNAs in the nucleus and accompany them into the
cytoplasm while competing with RBPs that induce mRNA
decay like members of the tristetraprolin and hnRNP families
as well as exosomal/degrading enzymes (10, 42). HuR’s molec-
ular functions extend also to the level of translational process-
ing but with differential outcomes (28, 34, 39). The molecular
details underlying HuR’s effects on mRNA turnover and trans-
lation remain poorly understood but include a complex inter-
play with degrading RNP structures and micro-RNAs (6, 30).

In the context of physiology and pathology, HuR is known to
target several developmentally relevant mRNAs, including
growth factors, cyclins and cyclin inhibitors, proto-oncogenes,
and cytokines (1, 9, 29). This knowledge supported the notion
of HuR’s involvement in several pathological states from can-
cer to inflammation. Moreover, HuR is variably expressed
throughout embryonic development (20). Additional studies
using small interfering RNA silencing of HuR in unicellular
cultures or transgenic HuR overexpression in mice indicated
its putative role in the differentiation of specific cellular lin-
eages, including spermatocytes, myocytes, and adipocytes (12,
17, 36, 56, 57). However, the in vivo requirement for HuR’s
biological functions in specific developmental and pathophys-
iological programs has not been elucidated. To address this
issue, we induce obligatory and conditional deletions of the
Elavll gene encoding HuR in mice and demonstrate its re-
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quirement in selective processes affecting extraembryonic and
embryonic development.

MATERIALS AND METHODS

Targeting the murine Elavll locus. The Elavil locus was isolated from a
1290la mouse genomic PAC library (MRC Genesciences, United Kingdom).
The gene contains six exons spanning a genomic region of 25 kb. A targeting
vector was designed to flank a 0.77-kb Xbal/EcoRI fragment containing the
second exon of the Elavll gene with loxP sequences and placed adjacent to a
loxP-flanked PMC-neo-pA neomycin resistance gene. 5 and 3" homology regions
of 4.4 kb (EcoRI/Xbal) and 5.7 kb (EcoRI), respectively, were inserted on either
side of the modified exon 2 sequences. Finally, the complete modified locus was
subcloned at the 5" end of a herpes simplex virus thymidine kinase susceptibility
gene for the negative selection of random integrants. Targeting procedures in
1290la embryonic stem cells and subsequent injections in C57BL/6 blastocysts
for chimera production and germ-line transmission from three independent
clones were performed using standard procedures. Targeted clones, germ-line
transmitters, and Cre recombinant progeny were identified using either Southern
blot or PCR analyses of genomic DNA from cellular extracts or tail biopsies.

Mice. Elavll '~ and Elavi1”# mice were maintained in a mixed C57BL/6J X
1290la background or an inbred C57BL/6J background following backcrossing
for 12 generations. Deleter Cre transgenic mice (51) were kindly provided by K.
Rajewsky (Harvard University, MA); Sox2 Cre transgenic mice (25) were kindly
provided by L. Robertson (University of Oxford, Oxford, United Kingdom); and
Tiel Cre transgenic mice (23) were kindly provided by R. Fassler (Max-Planck
Institute, Martinsried, Germany). Mice were bred and maintained in the animal
facilities of the Alexander Fleming Biomedical Sciences Research Center
(BSRC) under specific-pathogen-free conditions. Experiments on live animals
were approved by the Hellenic Ministry of Rural Development (Directorate of
Veterinary Services) and by the Animal Research and Ethics Committee of the
BSRC for compliance with FELASA regulations.

Cell culture and transfections. Mouse embryonic fibroblasts (MEFs) were
derived from embryonic day 12.5 (E12.5) embryos. After the removal of the
heads and livers, the embryos were trypsinized for 30 min at 37°C, disaggregated,
and cultured in complete Dulbecco’s modified Eagle’s medium plus 10% fetal
bovine serum (Biochrom AG). Adherent fibroblasts were cultured for three
passages and then used for most experiments. For the introduction of exogenous
HuR, MEFs were transfected with 5 pg of a plasmid vector driving the expres-
sion of a hemagglutinin (HA)-tagged form of human HuR (pBBHuR) (28),
empty plasmid (pBB), or a pPCMV-GFP expression vector using the Amaxa/
MEF1 nucleofection system according to the manufacturer’s instructions. The
transfected cells were left to rest for 24 h and then used for mRNA decay assays
following incubation with actinomycin D (10 pg/ml; Sigma).

Histology. For timed-mating embryos, mice were crossed overnight and the
females were inspected for vaginal plugs the following morning. Noon on the day
of plugging was defined as 0.5 day postcoitum. Embryos from the timed matings
were isolated from pregnant females at the times indicated by standard dissec-
tion protocols in phosphate-buffered saline, and part of the yolk sac was kept for
genotyping. The embryos, placentas, and yolk sacs were fixed in 10% buffered
formalin overnight at 4°C. Fixation was followed by dehydration in an ethanol
series prior to embedding in paraffin and sectioning. Sections of 4 to 7 wm were
stained with hematoxylin and eosin for general histology according to standard
techniques or used for immunohistochemistry and in situ hybridizations. Alter-
natively, specimens were directly embedded onto OCT cryopreservative (Tissue-
Tec) and mounted via freezing for cryostat sections.

RNA analysis and in situ hybridization. Total RNA was derived from E12.5
MEFs using the Ribopure kit according to the manufacturer’s instructions. For
Northern blotting, equimolar amounts of RNA were resolved through electro-
phoresis in denaturing agarose gels and blotted onto nylon Hybond N* mem-
branes (Amersham). Blots were hybridized with 3?P-labeled PCR-amplified
probes for Elavl] sequences corresponding to exons 2 and 5. For in situ hybrid-
izations, linearized plasmids or M13 PCR-amplified cDNA inserts from Pegl,
Pri3bl, Plf, and Tpbpa mRNAs were used to generate digoxigenin (DIG)-labeled
riboprobes using the DIG RNA-labeling protocol according to the manufacturer’s
instructions (Roche). In situ hybridizations were carried out at 52°C overnight
onto 7-pm-thick paraffin sections using standard procedures. Signals were de-
tected by using an anti-DIG-alkaline phosphatase (AP)-conjugated antibody
(Roche), and staining was performed overnight using Nitro Blue Tetrazolium
and BCIP (5-bromo-4-chloro-3-indolylphosphate) (Promega). The sections were
counterstained with nuclear fast red (Sigma). For the microarray analysis, please
refer to Methods and Data in the supplemental material. For reverse transcrip-
tase PCR, 5 to 10 pg of total RNA was used for cDNA synthesis with Moloney
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murine leukemia virus-RT (Promega). Quantitative real-time PCR (qRT-PCR)
was performed using Platinum SYBR green qPCR SuperMix UDG (Invitrogen)
on a RotorGene 6000 machine (Corbett Research). The primer sets are pre-
sented in Methods in the supplemental material. Expression was normalized to
B2-microglobulin and Gapdh (for glyceraldehyde-3-phosphate dehydrogenase)
mRNAs. The relative mRNA expression in the test samples was calculated as the
difference from the control values that were assigned an arbitrary expression
value of 1, using Bio-Rad RelQuant and REST 2005 (Corbett Research). The
mRNA half-lives of actinomycin D-treated cells were calculated as previously
described (22) and by setting the normalized amount of target mRNA (Nt =
2CHGAPDH] = Ci{Target] where Ct is the fractional cycle number at which fluores-
cence passes the fixed threshold) in unstimulated samples at 100 and extrapo-
lating from the corresponding semilogarithmic plots of percentages versus time.
HuR-RNA immunoprecipitation (IP) experiments were performed as previously
described using agarose-conjugated anti-HuR (3A2; Santa-Cruz) or mouse im-
munoglobulin G1 (IgG1) antibodies (28). RNA was extracted from the IP ma-
terial to perform the qRT-PCR. Target mRNAs were identified by the enrich-
ment of a transcript in test IPs relative to control IPs, normalizing to the
low-level contaminating transcript of Gapdh as previously described (46). For the
analysis of polysome-coupled RNA, cytoplasmic fractions containing monosomes
and polysomes were isolated from fibroblasts as previously described (28). The
RNA in monosomal (1-12) and polysomal (13-24) fractions was pooled accord-
ing to a UV 260/280 profile and used for qRT-PCR. Fibroblast nuclei run-on
reactions were performed as previously described (28), using PCR-amplified
products spotted onto nylon filters and analyzed using a STORM phosphor-
imager device. Steady-state, immunoprecipitated, transcribed, and polysomal
RNAs were derived from, at least, three individual fibroblast cultures per geno-
type (one culture per embryo) and were different from the ones used in the
microarray assays. Statistical analysis was performed using a two-tailed Student’s
t test to determine the P values.

Immunoblotting, immunohistochemistry, and histochemistry. For the West-
ern blots, whole-embryo, tissue, or MEF lysates were prepared in Laemmli or IP
assay buffers. Equimolar amounts of protein were analyzed on sodium dodecyl
sulfate-containing polyacrylamide gels (10 to 12%) and blotted onto nitrocellu-
lose membranes (Schleicher & Schuell). The primary antibodies used were 3A2
and T17 for HuR, C-11 for actin, H-40 for Hoxd13, C-20 for Ets-2, H-121 for
FGF10, and N-19 for TBX4 and were purchased from SantaCruz Biotech. For
the detection of Tbx4, nuclear extracts were isolated from MEFs using NE-PER
reagent (Pierce) according to the manufacturer’s instructions. For the detection
of FGF10, protein secretion was blocked by culturing MEFs for 4 h with 1 pg/ml
of protein transport inhibitor (GolgiPlug; BD) according to the manufacturer’s
instructions. Primary antibodies were detected with horseradish peroxidase-con-
jugated secondary antibodies (Southern Biotechnologies) by enhanced chemilu-
minescence (ECL™; Amersham). For immunohistochemistry, 4- to 6-pum paraffin
sections were deparaffinized and used directly or treated with microwaves in
citrate buffer for epitope unmasking. Cryostat sections were used directly. Fol-
lowing blocking, sections were incubated with the following antibodies: peroxi-
dase-conjugated lectin from Bandeiraea simplicifolia BS-I B4 (40 ng/ul; Sigma,
St. Louis, MO) and 3A2 for HuR (1:150; Santa Cruz Biotech). The detection was
performed using streptavidin-conjugated secondary antibodies (Southern Bio-
tech). Development was performed using DAB (3,3'-diaminobenzidine) sub-
strate (Sigma). Nuclear counterstaining was carried out with hematoxylin
(Sigma). For AP stains, placental cryostat sections were washed in NT solution
(0.15 NaCl, 0.1 M Tris [pH 7.5]) and then in NTMT solution (0.1 M NaCl, 0.1 M
Tris [pH 9.5], 0.05 MgCl,, 0.1% Tween-20). Enzymatic activity was detected
using fast blue substrate (Sigma) and counterstained with nuclear fast red
(Vector).

Assays for cellular proliferation and apoptosis. For cell death determination,
terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) assays were performed on paraffin-embedded sections using an in situ
cell death detection kit (cat. no. 11 684 795 910; Roche). The sections were
permeabilized with proteinase K (Roche; 10 mg/ml for 20 min) or 0.1% Triton,
0.1% tri-sodium citrate (4°C for 2 min) for the paraffin and frozen sections,
respectively, and the in situ labeling assay was carried out according to the
manufacturer’s instructions. For detection, the AP converter kit (Roche) was
used, and the signal was detected with fast blue substrate (Sigma); sections were
counterstained using nuclear fast red dye for the visualization of the nuclei. For
proliferation, pulse BrdU experiments were performed by the intraperitoneal
injection of the pregnant females 3 h prior to sacrifice. The placentas were
collected, formalin fixed, and paraffin embedded. For the BrdU immunodetec-
tion, 7-pm sections were deparaffinized, rehydrated through an ethanol series,
and permeabilized with proteinase K. Subsequently, sections were treated with 2
N HCI for 1 h following incubation for 10 min in borate buffer (pH 7.6) before
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FIG. 1. Midgestational phenotype of HuR-deficient embryos. (A) Schematic of the complete exon/intron orientation of the Elavll locus on
mouse chromosome 8 and magnifications of the region containing the second exon (white box) as a wild-type (Elavil ™), targeted (Elavil’"), and
inactive, Cre-recombined locus (ElavlI ™). The neo selection gene and loxP genes (arrowheads) are indicated. Restriction sites for HindIII (H) are
also shown for alignment. (B) Northern analysis of RNA extracts from Elavll ™' (+/+), Elavll*/~ (+/=), and Elavil ~'~ (—/—) MEFs with specific
probes for exons 2 and 5, indicating the presence of shorter mHuR transcripts lacking exon 2. The Gapdh mRNA is shown for quantitation.
(C) Western blotting of protein extracts from E11.5 Elavil™'* (+/+), Elavl1*'~ (+/-), and Elavll ™'~ (—/—) embryos with antibodies against the
amino (3A2) and carboxy (T17) termini of mHuR depicting its complete absence. Actin is shown as a loading control. (D to K) Representative
stereophotographs of staged Elavll™'* (D, F, H, and J) and Elavll ™/~ (E, G, 1, and K) embryos and conceptuses, indicating the stage retardation
phenotype of the latter and the diminished blood flow in the corresponding yolk sacs. The mutant phenotype correlates with smaller placentas
(M) as opposed to control placentas (L). Size bars correspond to 1 mm. (N) Diagram of placental compartments and representative hematoxylin/
eosin histology of E12.5 placentas from control (+/+) and mutant (—/—) conceptuses. Dotted lines indicate the maternal decidua, giant cell,
spongiotrophoblast, and labyrinth layers. Magnification, X100. MDc, maternal decidua; MVes, maternal vessels; Gc, giant cells; Sg, spongiotro-
phoblasts; Lab, labyrinth; LabT, labyrinthine trophoblasts; EVes, embryonic vessels; AlID, nonendothelial allantoic derivatives.

Mutant Elavl™* mice were produced via standard gene tar-
geting procedures in embryonic stem cells and contained a

blocking and overnight incubation with anti-BrdU antibody (M0744; Dako-
Cytomation). On the following day, sections were incubated with anti-mouse

IgG1 secondary antibody (Southern Biotech), visualized using DAB, and coun-
terstained with hematoxylin.

Skeletal preparations. E18.5 embryos were fixed in 10% formalin for 2 days,
followed by a 3-day wash in H,O, skin removal, and evisceration. For the
cartilage stains, embryos were stained with alcian blue 8GS (Applichem) in
ethanol/acetic acid for 2 days, followed by washing in ethanol and rehydration.
Maceration, clearing, and bone staining were performed in 0.5% KOH saturated
with alizarin red S (Applichem) followed by several washes in 0.5% KOH-
glycerol. Specimens were stored in pure glycerol for stereophotography.

RESULTS

HuR is required for midgestational embryonic development.
To investigate the in vivo functions of HuR, we generated a
conditional allele for the murine Elavll gene by flanking its
ATG-containing second exon with two loxP sites (Fig. 1A).

fully functional Elavl] allele. To generate an Elavl] null allele,
ElavI”'* mice were crossed with transgenic mice expressing
the Cre recombinase in the germ line (51) to yield Elavil ™/~
mice. Heterozygous Elavil™'~ mice appeared phenotypically
normal and were subsequently intercrossed for the generation
of homozygous Elavll ™'~ mice. An examination of the F2
progenies in either mixed (B6, 1290la; see Table S1 in the
supplemental material) or inbred (B6; data not shown) genetic
backgrounds revealed the total absence of Elavil ™/~ new-
borns, suggesting that the mutation resulted in embryonic
lethality. A comparative macroscopic evaluation of staged em-
bryos indicated that Elavl] ~/~ embryos were present at a cor-
rect Mendelian frequency till E9.5, suggesting that death was
not consequent to preimplantation or early postimplantation
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defects. However, the percentage of live Elavil /~ embryos
gradually diminished from E10.5 to E12.5, correlating with an
increased number of resorptions and empty deciduas, while no
viable Elavll~'~ embryos were identified beyond E14.5 (see
Table S1 in the supplemental material). A Northern analysis of
RNA from E12.5 MEFs revealed the presence of a mutant
mRNA lacking the second exon (Fig. 1B), whereas immuno-
blotting of the protein extracts from E11.5 embryos and MEFs
with different anti-HuR antisera verified the complete absence
of HuR protein (Fig. 1C and data not shown).

Phenotypically, Elavil ™'~ embryos displayed no apparent
morphological abnormalities till E8.0 and possessed proper
allantoic structures; thus, HuR is not required for the progres-
sion from the primitive streak to head fold stages. However, a
stage retardation phenotype became apparent between ES8.5
and E9.0; at this age, control Elavll™'* and Elavll ™'~ embryos
possessed 8 to 10 pairs of somites, whereas >40% of the
Elavll ™'~ embryos remained at the presomite stage (Fig. 1D
and E). This difference was maximized at E9.5 when control
embryos possessed <17 pairs of somites and “turned,” whereas
the Elavil™’~ embryos (Fig. 1F and G) possessed an ES8.5
phenotype despite the presence of chorioallantoic fusion. Be-
tween E10.5 and E12.5 (Fig. 1H to K), surviving Elavil '~
embryos displayed a 1.0- to 1.5-day-postcoitum lag; interest-
ingly, blood vessels, although rudimentary, could be detected,
and the visceral yolk sacs of the mutant embryos had a pale
appearance, indicating problems with either vascularization or
blood circulation (Fig. 1J and K and data not shown). Most
strikingly however, the placentas from the Elavll '~ embryos
at these stages appeared smaller and less vascularized than the
control placentas (Fig. 1L to M). Histologically, the maternally
derived decidua, the giant cell zone and the spongiotropho-
blast layers appeared to be present but smaller in E12.5
Elavl1~'~ placentas (Fig. 1N). Similarly, the in situ distribution
of placental lactogen/Pri3bl, Proliferin/PIlf, and Tpbpa/4311
mRNAs was invariable between the mutant and control E12.5
placentas (Fig. 2), indicating that the secondary trophoblastic,
trophoblast giant, and spongiotrophoblast cell layers were
properly organized in Elavll ~'~ placentas. However, the cor-
responding labyrinth was disproportionately decreased, show-
ing reduced branching complexity and a loss of structural or-
ganization (Fig. IN). Thus, the midgestational lethality of
HuR-deficient embryos could result from placental failure.

Extraembryonic defects cause the placental failure and le-
thality of HuR-null embryos. A previous report demonstrated
that in murine placenta, the expression of HuR peaks between
E12.5 and E13.5 (20). An immunocytochemical analysis of the
E12.5 placentas revealed that HuR is expressed in both em-
bryonic and extraembryonic layers; however, its nucleocyto-
plasmic localization varied from the maternal to the fetal side.
HuR appeared predominantly in the nucleus of maternal de-
cidua cells, as well as in embryo-derived trophoblast giant cells
and spongiotrophoblasts (Fig. 3E). In contrast, labyrinthine
trophoblasts showed both nuclear and strong cytoplasmic HuR
protein staining, suggesting that HuR’s cytoplasmic functions
are increased in these cells (Fig. 3F and G). As expected,
Elavl1~'~ placentas did not display any HuR immunostaining
in the embryonic layers but only in the maternal decidua which
was derived from the Elavil™*’'~ uterus (Fig. 3H to J).

In light of the histological appearance of the Elavll~/~ pla-
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FIG. 2. HuR is not required for the differentiation of trophoblasts
into spongiotrophoblasts and giant cells. Pri3b1, PIf, and Tpbpa/4311
mRNAs were detected in situ (AP [blue]) in E12.5 placentas from
Elavll*'* and Elavll =/~ conceptuses, marking the presence of second-
ary trophoblast giant, trophoblast giant, and spongiotrophoblast cells
among genotypes. The counterstain was nuclear fast red. Magnifica-
tion, X40.

centas and the distribution of HuR expression in placental
layers, the developmental retardation and midgestational
death of the Elavll~/~ embryos could result from defects in
either embryonic or extraembryonic layers comprising the mu-
rine placenta. To dissect the effects of HuR in either of these
layers, we utilized the conditional Elavi}”™ allele to induce
selective HuR deletions. To test whether an extraembryonic
defect drives the phenotype of HuR-deficient embryos, we
crossed ElavI™" mice with transgenic mice expressing Cre
recombinase under the control of the Sox2 promoter. The Sox2
Cre transgene permits the efficient loss of gene function within
only epiblast cells that give rise to the entire embryo proper as
well as to the extraembryonic mesoderm that forms the fetal
vasculature in the placental labyrinth but not in the trophec-
toderm-derived trophoblast cell types of the placenta (25, 54).
Sox2 Cre* Elavll '~ embryos were recovered alive past E14.5
at the expected Mendelian frequencies (see Table S2 in the
supplemental material). In addition, the number of resorptions
or empty deciduas was almost negligible as opposed to those
detected in the Elavil™’~ intercrosses (data not shown),
whereas E9.5 to E12.5 Sox2 Cre™ Elavil '~ embryos appeared
indistinguishable from the control embryos (Fig. 3A to C).
DNA analyses verified the presence of unrecombined cells in
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FIG. 3. The midgestational lethality of HuR-deficient embryos re-
sults from extraembryonic defects in the corresponding placentas.
Shown are diagrams of Cre-induced HuR deletions (white areas) in
presumptive E14.5 embryos and representative stereophotographs of
Elavl"" (A), Elavil™'~ (B), Sox2 Cre Elavil"~ (C), and Tiel Cre
Elavll =/~ (D) embryos at E10.5. Size bars = 1 mm. (D to P) HuR
protein detection (brown) on sections from Elavi"# (E to G),
Elavll ™~ (H to J), Sox2 Cre Elavil"~ (K-M), and Tiel Cre Elavll ™'~
(N to P) E12.5 placentas counterstained with hematoxylin. MDc, ma-
ternal decidua; Gc, giant cell (arrows); Sg, spongiotrophoblast; Lab,
labyrinthine. Asterisks indicate HuR™ embryonic endothelia. Magni-
fication, X100 for panels E, F, H, I, K, L, N, and O and X400 for panels
G, J, M, and P. (Q) PCR detection of ElaviI" (fl) and recombined
Elavil~ (—) alleles in DNA extracts from placentas (P), yolk sacs (YS),
and embryos (E) from ElaviI™", Elavll~'~, Sox2 Cre Elavl"/~, and
Tiel Cre Elavll ™'~ conceptuses corresponding to the embryos depicted
in panels A to D. M, DNA ladder.

the Sox2 Cre™ Elavil~/~ placentas and visceral yolk sacs,
whereas the corresponding embryos possessed an Elavil '~
genotype (Fig. 3Q). The immunohistochemical detection of
HuR in E12.5 Sox2 Cre™ Elavll ~'~ placentas demonstrated the
predominant presence of HuR-containing cells in maternal
and trophoblastic layers, although some trophoblastic cells
were HuR deficient probably due to a marginal ectopic expres-
sion of Cre recombinase. In contrast, all of the embryonic
endothelial cells in the labyrinth were devoid of HuR (Fig. 3K
to M).

To address whether the embryonic lethality of mutant em-
bryos was solely due to a trophoblastic defect or an additional
defect in the development of embryonic blood vessels,
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Elavl 17" mice were crossed with transgenic mice expressing
Cre recombinase under the control of the endothelial Tie-1
promoter (23). In this setting, only the fetal endothelia of the
embryo and placenta were HuR deficient, as confirmed by
immunochemistry and DNA recombination approaches (Fig.
3N to Q and data not shown), while all other tissues retained
physiological HuR levels. The Tiel Cre* ElavI"*#* embryos
generated from these crossings did not appear to have any
retardation defect (Fig. 3D) but developed to term, maintain-
ing a normal Mendelian ratio (data not shown). In addition,
Tiel Cre™ Elavil°* mice were fertile and did not exhibit
any overt phenotype up to the end of the examination (6
months). Similar results were obtained when both maternal
and embryonic endothelia were made devoid of HuR via the
crossing of female tie-1 Cre™ ElavII™°* mice with male
Elavl1"*°* mice (data not shown). Thus, the midgestational
embryonic lethality of the ElaviI ~'~ mice results from placen-
tal failure due to extraembryonic trophoblast defects.

HuR is required for labyrinth branching morphogenesis.
The placenta comprises trophoblastic layers that have distinct
ontogeny and function. These layers arise from either (a) the
ectoplacental cone (EPC) that gives rise to the spongiotropho-
blast and trophoblast giant cells located in the proximity of the
maternal decidua to control the promotion of maternal blood
flow or (b) trophoblast stem cells in the chorion that give rise
to syncytiotrophoblast cells in the labyrinth. Labyrinth devel-
opment is initiated by the fusion of the chorion with the allan-
tois followed by the invagination of allantoic capillaries into
the chorionic trophoblast layer that concomitantly starts to
differentiate into syncytiotrophoblast cells. An extensive pro-
cess of branching morphogenesis then gives rise to an intricate
network of syncytiotrophoblast-lined maternal blood spaces
and allantoic mesoderm-derived fetal blood vessels. The close
proximity of the maternal and fetal blood circulations that is
achieved by the labyrinthine architecture ensures sufficient nu-
trient transport to the embryo.

The aberrant appearance of the labyrinth layer in the E12.5
Elavll ™'~ placentas and the normal presence of EPC-derived
trophoblasts prompted us to investigate the earlier stages of
chorioallantoic placental development. As indicated above,
chorioallantoic attachment was normal in E8.0 to ES8.5
Elavll~'~ conceptuses. In contrast, the morphogenesis of the
chorioallantoic interface and the intrusion of underlying fetal
blood vessels were not as apparent as in the case of the control
conceptuses, and the chorionic plate appeared flat (Fig. 4A).
Two days later, the chorioallantoic interface showed signs of
interdigitation with the allantoic mesoderm and with a few
blood vessels but did not progress to the complete formation of
branched structures (Fig. 4A). The number, organization, and
density of allantoic blood vessels beneath the chorionic plate of
Elavl1~'~ conceptuses seemed normal; however, these vessels
appeared partially occluded and filled with enucleated blood
cells, suggesting that the blood flow was obstructed (data not
shown). Thus, in the absence of HuR, the initiation of branch-
ing is delayed and progresses poorly toward labyrinth morpho-
genesis.

To examine whether the deletion of HuR affected the dif-
ferentiation of chorionic trophoblasts to labyrinth syncytiotro-
phoblasts, we first assessed the distribution of AP staining
which marks differentiating trophoblast cells and becomes later
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FIG. 4. Defective labyrinth branching initiation and syncytiotro-
phoblast differentiation in HuR-deficient chorioallantoic placentas.
(A) Histology (hematoxylin/eosin; magnification, X100) of E8.5 and
E10.5 chorioallantoic placentas from Elavil™'* and Elavl1 '~ concep-
tuses. Arrows mark points of chorioallantoic branching which are miss-
ing in mutant placentas. (B to E) Histochemical detection of placental
AP activity (blue) marking trophoblasts in E10.5 placentas from
Elavi1™* and Elavll ™'~ conceptuses. The counterstain was nuclear
fast red. Magnification, X100 for panels B and D and X200 for panels
C and E. Arrow marks the focal presence an AP-positive cluster in a
mutant labyrinth. (F to G) In situ detection (magnification, X200) of
the syncytiotrophoblast-specific marker Geml1 (blue [arrows]) in E9.5
Elavll1** (F) and Elavl’~ (G) placentas. The counterstain was nu-
clear fast red.

restricted to syncytiotrophoblasts lining maternal blood sinuses
(60). As can be seen in Fig. 4B and D, control placentas at
E10.5 showed high levels of AP staining in all layers; in con-
trast, E10.5 Elavll '~ placentas show signals in the spongio-
trophoblastic layers, whereas the chorionic plate/labyrinth
staining was diminished and restricted in a few clustered cells
(Fig. 4C and E). Next, we examined the presence of Gemli-
expressing cells via in situ hybridization, since this transcription
factor is essential for the initiation of chorioallantoic branching
as well as for the differentiation of chorionic trophoblasts to
syncytiotrophoblasts (3). As previously described, Geml-ex-
pressing cells were identified in the distal tips of the elongated
branches in E9.5 control placentas, indicating active morpho-
genesis (Fig. 4F). In sharp contrast, the number of Gemli-
expressing cells in E9.5 Elavl] '~ placentas was almost nomi-
nal—as also verified by reverse transcriptase PCR analyses
(data not shown)—and the in situ staining was barely detect-
able only in very few chorionic trophoblast cells (Fig. 4G and
data not shown). To examine whether labyrinth morphogenesis
could progress in subsequent stages, we examined the distri-
bution of the isolectin B4 glycoprotein that marks the syncy-
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FIG. 5. Abnormal labyrinth branching extension, vascularization,
proliferation, and apoptosis in mature HuR-deficient placentas.
(A) Immunohistochemical detection of isolectin B4 (brown staining)
in E14.5 placentas from Elavll*'* (+/+), Elavll '~ (—/-), Tiel Cre
Elavil™" (Endo-Ko), and Sox2 Cre Elavil~'~ (Epi-Ko) conceptuses
revealing the matrix between the endothelium of the fetal vessels and
the labyrinth trophoblast of the maternal lacunas. The counterstain
was hematoxylin. Magnification, X100 (top panels) and X200 (bottom
panels). (B) In situ detection of Peg/ mRNA (blue) in E12.5 placentas
from Elavll*'* (+/+) and Elavll '~ (—/—) conceptuses, marking pla-
cental endothelia. Magnification, from the left, X100 for the first and
third panels and X200 for the second and fourth panels. Note the
reduction in the area of the labyrinth endothelia in the mutant pla-
centas. (C) Left panels, immunohistochemical detection of BrdU in-
corporation (brown) in E10.5 chorioallantoic placentas from Elavil™*'*
(+/+) and Elavil~'~ (—/—) conceptuses showing reduced prolifera-
tion in the mutant labyrinth layers. The counterstain was hematoxylin
(H). Magnification, X100 (top panels) and X200 (bottom panels).
Right panels, TUNEL detection of apoptotic cells (TdT; blue) in E12.5
placentas from Elavil™* (+/+) and Elavll '~ (—/—) conceptuses.
Arrows indicate apoptotic trophoblastic cells. The counterstain was
nuclear fast red (NFR). Magnification, X100 (top panels) and X200
(bottom panels).

tiotrophoblasts lining the maternal lacunas in E12.5 to E14.5
control and Elavil ™'~ placentas derived from surviving em-
bryos. As can be seen in Fig. 5A, the vessel density and the
surface area between the maternal and fetal blood spaces were
extensively reduced in Elavil '~ placentas relative to those of
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the control and the epiblast- and endothelial-specific HuR
mutants. Thus, branching morphogenesis initiates at later
stages but is distorted and unable to support placental vascu-
larization. This was verified further by the limited distribution
of Pegl-expressing cells in the mutant labyrinths that mark
placental vessels (Fig. 5B). Thus, it appears that in the absence
of HuR, branching morphogenesis is extensively delayed and
proceeds poorly toward the generation of a functional laby-
rinth.

To identify cellular defects that could relate to the poor
morphogenesis of the Elavi '~ placental labyrinth, we exam-
ined cellular proliferation following BrdU administration and
immunohistochemical detection of proliferating cells in cho-
rioallantoic placentas from E10.5 conceptuses. In the control
placentas, proliferating BrdU-positive cells were present in
giant cells and spongiotrophoblast and labyrinth layers as well
as in allantoic vessels; in sharp contrast, the “poorly” branched
labyrinth from the Elavll '~ placentas was almost devoid of
proliferating cells, whereas the remaining layers contained a
normal distribution of BrdU staining (Fig. 5C). The reduction
of proliferating cells in the mutant placentas from E10.5 con-
ceptuses appeared to reflect a lack of proliferating/differenti-
ating cells and not an increase in apoptotic cells as indicated by
TUNEL assays (data not shown). However, numerous apop-
totic cells were detected in E12.5 mutant placentas from sur-
viving embryos and particularly in remnant labyrinthine tro-
phoblast clusters (Fig. 5C), suggesting that the HuR-related
defects in syncytiotrophoblast differentiation and labyrinthine
vascularization result in labyrinthine apoptosis, obstructing
further the placental/fetal interaction.

Collectively, our data demonstrate that in the absence of
HuR, labyrinth branching morphogenesis and syncytiotropho-
blast differentiation are impaired, leading to insufficient vascu-
larization, labyrinthine apoptosis, and insufficient nutrient
transport that do not sustain fetal development and survival.

HuR-null embryos show defects in skeletal and splenic de-
velopment. The epiblast-specific deletion of HuR in Sox2 Cre™
Elavll~'~ embryos promoted their survival through midgesta-
tion. However, most of these embryos appeared smaller past
E14.5 and died between E17.5 and E19.5; a few HuR-null dead
pups were identified, indicating that mutant mice could be
delivered as stillborns but most probably were cannibalized by
their parents. A macroscopic examination of Sox2 Cre™
Elavll~'~ embryos at different stages revealed prominent de-
fects in skeletal development. Although both posterior and
anterior limb buds were present in mutant embryos at E14.5,
all HuR-null embryos possessed limbs of reduced size, which in
many cases lacked definable digits and resembled E12.5 limb
buds (Fig. 6A and B). These deformities were more extensive
at late embryonic stages (Fig. 6C). Bone (alizarin red S) and
cartilage (alcian blue) staining of embryos between E17 and
19.5 indicated that the skeletal structures in HuR-null embryos
remained primarily cartilaginous, demonstrating a delay in en-
dochondral ossification (Fig. 6D to L) while revealing addi-
tional skeletal anomalies. The sternums in E17.5 to E18.5
mutant embryos possessed a physiological number of ribs but
the xiphoid process was open and bifid, demonstrating an in-
complete fusion of the thoracic cage (Fig. 6G). Similarly,
spines contained equal numbers of vertebrae between control
and HuR-null embryos but showed a complete absence of
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FIG. 6. Skeletal defects in HuR-deficient embryos. Comparison of
Sox2 Cre* Elavil*'~ (+/—) and Sox2 Cre™ Elavll ™/~ (—/—) embryos at
E12.5 (A) and E14.5 (B) (size bars, 0.5 cm), indicating the aberrant limbs
in the latter which are also presented in the inset in panel B. (C) Com-
parison of Sox2 Cre* Elavll*'~ (+/—) and Sox2 Cre™ Elavll™'~ (—/—)
embryos at E16.5, indicating the dominant-limb phenotype in the pres-
ence of formed facial skeletal structures and the less-penetrant nasal cleft
phenotype. Size bars, 0.5 cm. (D to L) Stereophotographs of Sox2 Cre
ElaviI™’~ (+/-) and Sox2 Cre Elavll~'~ (—/—) skeletons at E17.5 fol-
lowing staining for cartilage (alcian blue) and bone (alizarin red). Pre-
sented are comparative lateral views of crania with mandibles (D), ventral
views of vaults (E) and mandibles (F), tilted ventral views of the sternum
(G), dorsal view of the thoracic cage (H), lateral views of forelimbs (I) and
hind limbs (K), and dorsal magnifications of forepaws (J) and hind paws
(L). tr, tympanic rings; pa, palate; ns, nasal capsule; xp, xiphoid process;
nsp, neural spines; tp, transverse processes; ul, ulna; ra, radius; hu, hu-
merus; sc, scapula; il, ilium; fm, femur; t, tibia; f, fibula; ca, carpal; mc,
metacarpal; ta, tarsal; mt, metatarsal; ph, phalanges.

ossified neural spines and zygapophyses in the latter (Fig. 6H).
The long bones were shorter in null embryos and showed
minimal ossification zones in scapulae, femurs, and tibia (Fig.
61 and K). Besides the defects in ossification, mutant limbs
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FIG. 7. Asplenia in HuR-deficient embryos. Comparison of ab-
dominal internal organs between Sox2 Cre Elavil™'~ (A) and Sox2 Cre
Elavll /= (B) embryos at E17.5, indicating the complete absence of a
spleen in the latter. (C) Stomachs from control (+/—) and mutant
embryos (—/—) at E15.5, indicating asplenia in the latter. (D to G)
Representative transverse sections of the abdominal region from con-
trol (D and E) and mutant (F and G) embryos at E13.5 marking the
presence of a disorganized splenic anlage in the latter. Hematoxylin/
eosin staining was used. Magnification, x40 for panels D and F and
X200 for E and G. Liv, liver; St, stomach; Sp, spleen; Kid, kidney; P,
pancreas; In, intestines; Go, gonads.

showed signs of synostoses underlying the macroscopic obser-
vations. In mutant forelimbs, humeri were present but radial
and ulnar bones were fused in more than 40% of the HuR-null
embryos (Fig. 6I). Most strikingly, mutant embryos displayed
syndactyly in both forelimbs (carpal to metacarpal) and hind
limbs (tarsal to metatarsal) and variable fusions among digits
(Fig. 6J and L). In 80% of the mutant embryos analyzed,
craniofacial osteogenic ossification was also delayed in most
parts, with the exception of the mandibles that appeared prop-
erly ossified (Fig. 6D to F). However, cartilaginous structures
were present, and the palate was fusing properly in the midline,
as was also indicated in the few mutant newborns (data not
shown). Interestingly, a less penetrant phenotype (<15% of
embryos) was also observed in which mutant mice developed
severe nasal clefting (Fig. 6C).

The gross anatomical analysis of internal organs below the
thoracic cage in E17.5 to E18.5 mutant embryos revealed ad-
ditional dysmorphologies in their lungs that will be described
in more detail elsewhere; however, these embryos were also
devoid of spleens (Fig. 7A and B). In contrast, the stomach and
pancreas, which are derived from a region of splanchnic me-
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soderm adjacent to the splenic anlage, were properly located in
the mutant. Similarly, the lack of spleen was not due to gross
hematopoietic defects since the mutant embryos possessed he-
matopoietic centers in their fetal livers as well as fully devel-
oped thymuses (data not shown). Asplenia was also evident in
E15.5 mutants (Fig. 7C). However, histological examination at
E13.5 indicated the presence of a spleen anlage in both control
and mutant embryos (Fig. 7D to G). This suggested that the
splenic primordium was initially developing normally in earlier
stages. However the mutant splenic anlage showed decreased
cellularity, having an almost “empty” appearance as opposed
to the control tissue. In addition, remnant cells possessed a
condensed morphological appearance suggestive of increased
apoptosis that might account for the lack of mature spleen in
subsequent stages.

Collectively, our data demonstrate that HuR is involved in
cellular processes affecting (i) endochondral and osteogenic
ossification, (ii) skeletal patterning of long bones and digits,
and (iii) splenic development and outgrowth.

Identification of HuR target mRNAs that determine ex-
traembryonic and embryonic development. The complexity of
the phenotypes of HuR™ embryos are indicative of HuR’s
involvement in several developmental gene expression pro-
grams. To identify such programs, we hybridized total RNA
from MEFs derived from Sox2 Cre™ Elavil ™'~ (i.e., HuR™)
and Sox2 Cre" Elavil™’~ embryos (i.e., HuR") onto Af-
fymetrix microarrays (see Methods in the supplemental mate-
rial). A collective of 395 differentially expressed genes (DEGs)
were identified as up (240) or down (155) in HuR™ MEFs (see
Table S3a and S3b in the supplemental material). The fre-
quency of Gene Ontology terms associated with these genes
was suggestive of aberrations in cellular proliferation, adhe-
sion, extracellular matrix modeling, anatomical structure spec-
ification, and developmental morphogenesis (see Table S4 in
the supplemental material). To link gene expression changes to
the specific phenotypes of the HuR™ embryos, we used the
software application Endeavor (55) and prioritized DEGs
based on their relation to genetic mutations that induce (i)
placental insufficiencies (46 genes) (50), (ii) limb deformities
(167 genes relating to MGI’s phenotypic ontology ID MP:
0003937, abnormal limbs/digits/tail development [www
.informatics.jax.org]), and (iii) asplenia (7) in mice (see Table
S5 and S6 in the supplemental material). The cross comparison
of the three individual priority lists revealed the common pres-
ence of 23 DEGs (see Table S7 in the supplemental material).
Subsequently, qRT-PCRs validated consistent differences in
the expression of 19/23 genes (12 up, 7 down) in HuR™ MEFs
(Fig. 8A and B) that were highly relevant to the developmental
defects of HuR ™ embryos. The placentation defects correlated
to the deregulated expression of genes guiding chorioallantoic
fusion, branching morphogenesis, labyrinthine vascularization,
and trophoblast differentiation (7bx4; Fosll/Fral, Whnt2,
Pdgfra/Pdgfb; and Ets2) (50). Similarly, embryonic defects cor-
related with the aberrant expression of genes controlling out-
growth, axis specification, and the patterning of skeletal seg-
ments (Fgfl0, Wnt2, Bmp4, Tbx4, Pitcl, Hox paralogues, and
Cartl) (15, 19, 33, 49, 52, 62).

The abovementioned data reveal gene-to-phenotype rela-
tionships which can be under direct or indirect control by HuR.
Interestingly, only three of the prioritized mRNAs (Fgfl10,
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FIG. 8. Identification of HuR-interacting mRNAs of relevance to the phenotypes of HuR-deficient embryos. (A and B) Bar graphs depicting
the actual and differential (change) levels of the 19 mRNAs relating to the phenotypes of Elavll ™/~ embryos as predicted by the expression
profiling of control (+HuR) and mutant (—HuR) MEFs. Data (arbitrary units and change * standard error of the mean) were derived from
qRT-PCR experiments performed with RNAs derived from 3 to 5 individual cultures per genotype. The dotted line in panel B represents the
control value of 1 from which presented values deviate. With the exception of B2M, the values corresponding to the mutant MEFs in both graphs
were significantly different from the control values (P < 0.01). (C) Representative anti-HuR immunoblot of the anti-HuR or mIgG1 IP material
derived from HuR-proficient and -deficient MEFs. The heavy (HC) and light (LC) chains of the antibodies are indicated. (D) qRT-PCR detection
of selected mRNAs immunoprecipitating with HuR in HuR* MEFs. Data (means of biological triplicates + standard errors of the means) are
represented as the enrichment of each mRNA in HuR IP samples compared with its abundance in IgG1 IPs (Vs IgG) or HuR IPs from HuR™
MEFs (Vs Ko). Enrichment levels were adjusted to the levels of the Gapdh mRNA. The dotted line indicates the cutoff value, above which

enrichments were considered significant.

Pdgfb, and Hoxb6) have been reported to contain AU-rich
elements according to the ARED Organism Database (see
Table S8 in the supplemental material), whereas none has
been reported to interact with HuR. Thus, we used HuR IP
assays from HuR " MEF extracts to detect whether any of the
19 mRNAs associated with HuR in the corresponding RNP

complexes. The specificity of associations was controlled by (a)
HuR IP assays from HuR™ MEF extracts and (b) isotype
mlIgG1 IP assays from HuR " MEF extracts, whereas the qual-
ity of the IP reactions was monitored by immunoblotting (Fig.
8C). In each IP sample, the presence of each mRNA was tested
by the extraction of the IP-bound RNA and qRT-PCR. The
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association of an mRNA with HuR was considered positive
only if its presence was more than threefold enriched com-
pared to that of both control IP reactions. As shown, 6 out of
the 19 mRNAs tested were found to associate distinctly with
HuR (Fig. 8D). On the one end, four of these targets showed
reduced mRNA abundance in HuR ™ cells: (i) the pleiotropic
Ets2 transcription factor, which is implicated in the differenti-
ation, polarity, and maintenance of the EPC-derived tropho-
blasts in the placenta (59); (ii) the homeotic Hoxd13 transcrip-
tion factor, which is a key controller of limb patterning (19);
(iii) the Tbx4 transcription factor, which controls chorioallan-
toic fusion and limb identity (43, 44); and (iv) FGF10, which is
a powerful soluble growth factor driving the specification and
outgrowth of many organs, including limbs, and is also under
the transcriptional control of Tbx4 during limb development
(44). On the other end, 2 HuR targets showed increased ex-
pression in HuR™ MEFs: (i) the mRNA of the Hoxb9 tran-
scription factor, which controls the specification of thoracic
skeletal elements (11), and (ii) the mRNA of forkhead Foxc!
transcription factor implicated in ocular, meningeal, cardiac,
and skeletal development (35). Thus, the extraembryonic and
embryonic functions of HuR relate to its associations with
mRNAs involved in these processes.

The loss of HuR elicits transcriptional and posttranscrip-
tional alterations in the expression of its target mRNAs. To
gain further insight into the effects of HuR on its target
mRNAs, we analyzed several stages of their biogenesis and
utilization. Nucleus-run-on experiments revealed that a 50%
reduction in the transcription of the Fgfi0 gene was contrib-
uting to its reduced abundance in HuR™ MEFs (see Fig. 10A;
see also Fig. S1 in the supplemental material). In contrast, the
transcription of the other HuR target RNAs was not altered in
these cells, suggesting that their reduced expression was con-
sequent to defects in posttranscriptional mechanisms, like the
regulation of their stability. To assess this, we analyzed the
decay of HuR target mRNAs following transcriptional inhibi-
tion by actinomycin D pulsing of MEF cultures (see Fig. S3 in
the supplemental material) and calculated the mRNA half-
lives as a measure of their stability (Fig. 9). The decay of Fgf10
and Foxcl mRNAs appeared invariable between control and
mutant MEFs. In contrast, the half-lives of Ets2, Hoxd13, and
Tbx4 mRNAs were significantly reduced, whereas that of the
Hoxb9 mRNA was increased in the same cells. To confirm that
these changes were not due to the excessive alterations in
mRNA abundance, we extended our analysis of control and
mutant MEFs transfected with an HA-tagged human HuR
expression vector (PBBHuR) (28) and examined for changes in
mRNA accumulation and decay relative to transfectants bear-
ing empty vector (pBB) or untransfected cells. Since the trans-
fectability of the primary MEF varied from 5 to 43%, we only
used those with an efficiency of 30 to 40% (see Fig. S2 in the
supplemental material). The introduction of exogenous HuR
in HuR" and HuR™ MEFs increased the levels of Fgf10
mRNA but not the half-lives (Fig. 9). In addition, the same
cultures did not show any change in the abundance or stability
of the Foxc] mRNA, suggesting that the amount of exogenous
HuR was not sufficient to control the utilization of this mRNA.
In sharp contrast and in all MEF cultures, the abundance and
the half-lives of the Ets2 and Thx4 mRNAs were increased
(Fig. 9). A similar effect was observed for the Hoxd13 mRNA
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in transfected HuR"™ MEFs, whereas small but significant re-
ductions were detected in the abundance and half-life of the
Hoxb9 mRNA; however, the transfected HuR was not suffi-
cient to affect the expression of the Hox mRNAs in HuR™
MEFs. Still, our data demonstrate that changes in the abun-
dance of the Ets2, Thx4, Hoxdl3, and Hoxb9 mRNAs in HuR
MEFs were due to the loss of positive/negative stability con-
trol.

To assess whether HuR could also affect the translation of
its targets, we analyzed their presence in polysomal fractions
from HuR ™ MEFs (Fig. 10B). The monosomal/polysomal frac-
tions in control and HuR™ MEFs were comparable (see Fig. S4
in the supplemental material), indicating that the mutation did
not affect the central translational process. The polysomal rep-
resentation of the Fgfl0, Foxcl, and Hoxb9 mRNAs remained
unaltered in HuR™ MEFs, suggesting that HuR does not con-
trol their translation. In addition, the cytoplasmic levels of the
Tbx4 mRNA in HuR™ MEFs were below the limits of qRT-
PCR detection, and thus, we cannot draw conclusions about its
translatability. However, the polysomal representation of the
Ets2 mRNA was increased in HuR ™ MEFs, whereas that of the
Hoxd13 mRNA was reduced, suggesting that HuR can control
both their turnover and translation but in a differential
manner.

To evaluate the outcome of these alterations in gene expres-
sion, we analyzed the presence of selected proteins in HuR ™
MEFs. The availability of reagents for the corresponding
mouse proteins was limited to immunoblot-compatible anti-
bodies for Ets2, FGF10, Hoxd13, and Tbx4. The levels of Ets2
protein in HuR™ MEFs and E10.5 Elavil~'~ placentas ap-
peared unaffected (Fig. 10C and D), suggesting that the in-
creased translation of its mRNA compensates for its reduced
abundance. This finding provides an explanation for the pres-
ence of EPC-derived trophoblasts (e.g., spongiotrophoblasts,
giant cells) in the absence of HuR, despite the collapse of the
placental labyrinth since these cells require Ets2 for their main-
tenance. In contrast to Ets2, and despite our inability to detect
it in tissue extracts, the Tbx4 protein was dramatically reduced
in HuR™ MEFs (Fig. 10C); thus, the lack of HuR’s control
over the posttranscriptional utilization of the 7bx4 mRNA may
be the cause of the delay of the chorioallantoic interface and
the limb aberrations. Similarly, the loss of the FGF10 and
Hoxd13 proteins in both HuR™ MEFs and E12.5 forelimbs
(Fig. 10C and D) supports HuR’s control over limb outgrowth
and patterning. Together, our data demonstrate that HuR
controls the expression of specific developmental mRNAs in a
differential fashion for the prudent control of developmental
morphogenesis, patterning, and specification.

DISCUSSION

In this study, we aimed to identify the functions of HuR in
vivo by means of its genetic ablation from mice. In doing so, we
revealed an array of embryonic phenotypes induced by HuR’s
permutation that point toward its role in the control of gene
expression programs governing the development of specific
organs and at different developmental stages.

First, HuR is required for the survival of midgestational
embryos. The comparison of obligatory, epiblast, and endothe-
lial deletions of HuR revealed that lethality at this stage was
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due to placental insufficiency underlined by an extraembryonic
defect in the development of the placental labyrinth. To date,
numerous mouse mutants have been described to possess a
“small labyrinth” phenotype (14, 26) and have defects either in
the initiation of chorioallantoic branching or in secondary
branching and vascularization. It appears that HuR affects
both of these processes but to a different extent. In mutant
chorioallantoic placentas, branching initiation was delayed for
1 to 2 days; then branch extension progressed poorly, showing
a block in the timely differentiation of syncytiotrophoblast cells
that are required for normal labyrinth formation. Concomi-
tantly, the vascularization of the mutant labyrinths was also
compromised. This process appears to rely on the interdepen-
dence of three different cell types: the allantoic mesoderm, the
endothelia forming the blood vessels, and the trophoblastic
compartments. The absence of HuR in the allantoic mesoderm
and embryonic endothelia (i.e., in epiblast mutants) or in ma-
ternal/fetal endothelia (i.e., in endothelial mutants) did not
affect labyrinthine vascularization. Thus, and in light of HuR’s
cytoplasmic abundance in labyrinthine trophoblasts, we postu-
late that its functions in these cells are indirectly modulating
labyrinthine vascularization, highlighting a necessary cross talk
between both cell populations for the establishment of the
normal placental architecture.

The molecular details governing chorioallantoic branching
initiation, extension, and vascularization are very complex.
However, a wealth of genetic data has pinpointed the require-
ment of chorionic signaling cascades induced by the allantoic
mesoderm to drive labyrinthine morphogenesis and vascular-
ization (26, 50). Although we did not analyze expression pat-
terns in trophoblasts, coupling prior data to expression profil-
ing in MEFs allowed us to identify HuR-interacting mRNAs
whose dysfunction relates to placental insufficiency. The inter-
action of HuR with the 7hx4 mRNA and its reduced expres-
sion in HuR ™ cells suggested that HuR controls the initiation
of branching following chorioallantoic fusion. In Thx4™"
mouse mutants, the vascularization of allantois and its fusion
to the chorion fails, whereas in heterozygote mutants fusion is
delayed, phenocopying a HuR-deficient response (43). How-
ever, Thx4 heterozygotes eventually form functional placentas,
indicating that HuR’s functions extend to additional processes
such as chorioallantoic branching and labyrinthine vasculariza-
tion. This is exemplified by the reduced expression of allantois-
secreted factors (e.g., Wnt2), chorionic receptors (e.g., Frizzled
Pdgfra), and downstream transcription factors (e.g., the fos-
related transcription factor Fra-1) in HuR ™ cells, all of which
are required for labyrinth formation and vascularization (27,
41). Most intriguingly, HuR can control mRNAs involved in
trophoblast differentiation and function as exemplified by its
association with Ets2 mRNA which induces the polarity of the
EPC and controls the renewal of stem cells that give rise to
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spongiotrophoblasts and giant cells. The differential effect of
HuR'’s loss on the abundance of Ets2 mRNA versus its trans-
lation suggests that HuR acts to modulate the thresholds of
EPC-derived trophoblast differentiation for the proper devel-
opment of non-EPC-derived placental layers. In addition, HuR
could also be implicated in syncytiotrophoblast differentiation
in the labyrinth via direct interference to fusion-induced sig-
naling pathways affecting GemlI gene expression. However, the
limited information on the temporal activation of this gene (3)
and the difficult manipulation of primary trophoblastic cells
hinder the assessment of a possible HuR-Gem1 interaction.

The application of conditional genetic manipulation in the
epiblast allowed us to dissect further the role of HuR in the
development of the embryo proper. The most readily observ-
able phenotypic distortions in HuR-null embryos were ob-
served in skeletal segments. Mutant embryos showed delays in
skeletal ossification that could contribute to the reduced size of
HuR-deficient skeletons and the delay in the closing of the
sternum. The process of ossification relies on condensations of
mesenchymal tissue which can be either osteogenic or chon-
drogenic. Both types of condensations are modulated by BMP
signals, including BMP-4 that shows an altered expression pat-
tern in HuR-deficient cells (13). However, we failed to detect
an interaction between HuR and Bmp4 mRNA, suggesting
that yet-unidentified upstream interactions may be involved in
the temporal modulation of osteoblast/chondrocyte differenti-
ation and ossification.

Our data demonstrate a clear role for HuR in limb devel-
opment. A previous study indicated that the expression of HuR
peaks between E10.5 and E12.5 (20) which corresponds to the
time of limb outgrowth and specification of its axes. In the
mutant embryos, initial specification programs are active since
limb buds are present and give rise to forelimbs and hind limbs.
However, the poor outgrowth of these limb buds, the abnormal
appearance of digital interzones between E10.5 and E12.5, the
fusions among long and short limb elements, and the lack of
definable anteroposterior specification in digits suggest that
HuR controls a series of distinct processes in limb patterning.
Such processes rely on FGF/Wnt and hedgehog signals and
involve distinct transcription factors like 7hx4, Thx5, Pitx1, and
Hox paralogue genes that control the mitotic expansion of
mesenchymal cells during limb outgrowth and the axial speci-
fication of the mesodermal tissue in the posterior of each limb
bud (45). Our studies on MEFs are of direct relevance to these
responses since they are prototypical mesenchymal represen-
tatives. The reduced expression of HuR-interacting 7bx4,
FGF10, and HoxD13 mRNAs in mutant cells and the transcrip-
tional control of the Fgfi0 gene by TBX4 (44) point toward
HuR'’s role as a spatiotemporal organizer of gene networks
controlling distal limb outgrowth and patterning. Furthermore,
the inverse correlation between Bmp4 and Wnt2 mRNAs in

FIG. 9. Differential effects of HuR’s loss on the stability of its target mRNAs. (A) qRT-PCR detection of selected mRNAs in control and
mutant MEFs in the absence (NT) or presence of empty vector (pBB) or vector expressing HA-hHuR (pBBHuR). Data are presented as the
change (= standard deviation) from untransfected control values and derived from qRT-PCR measurements from three independent experiments.
(B) Changes in the stability of selected mRNAs in actinomycin D-treated control and mutant, untransfected and transfected MEFs. Data are
half-lives in minutes (* standard deviations) derived from decay plots from three independent experiments. For both panels A and B, a single asterisk
denotes differences between the control and mutant MEFs; double asterisks denote differences between pBB- and pBBHuR-transfected cells.
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FIG. 10. Differential effects of HuR’s loss on the transcription and translation of its target mRNAs. (A) Densitometric quantitation of nuclei
run-on experiments with radiolabeled RNAs from control and mutant MEFs hybridized to cold probes spotted onto nylon filters. Data
(phosphorimager units = standard deviations) were derived from three individual experiments. The asterisk denotes a significant difference with
a P value of <0.01. (B) qRT-PCR detection of HuR target RNAs in monosomal (Mon)/polysomal (Pol) fractions from control and mutant MEFs.
Data are derived from measurements in pooled fractions normalized to 32M mRNA and presented as percentages (*standard errors of the means)
of total cytoplasmic mRNA. An asterisk denotes a significant difference with a P value of <0.05. (C) Detection and quantitation of immunoblotted
proteins in total (for Ets2, FGF10, and Hoxd13) or nuclear (for Tbx4) extracts derived from control and mutant MEFs. Actin is shown as a loading
control. Protein levels (phosphorimager units = standard deviations from three independent samples) were normalized to actin. An asterisk
denotes a significant difference with a P value of <0.05. (D) Detection of Ets2 (left) or Hoxd13 (right) in extracts from E10.5 placentas or E12.5
limbs, respectively. For Ets2, E10.5 embryonic extracts are shown as negative controls. Actin is shown as a loading control.

HuR™ MEFs, which are not HuR targets, may reflect compen- demonstrations of HuR’s involvement in pro- and antiapop-
satory responses to defective outgrowth or defects in interior totic signals (1, 18, 40).
or interdigital apoptotic programs sculpting the bones which The role of mesenchymal HuR in organogenesis is also dem-

are dependent on counteracting BMP antagonist and WNT onstrated by the asplenic phenotype of the mutant embryos.
signals (45). This latter supposition is further supported by The spleen arises from mesenchymal condensation that occurs
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in the dorsal pancreatic mesenchyme surrounding the pancre-
atic epithelium around E10.5. In mutant embryos, the pancreas
develops and a splenic anlage is present, indicating that the
development of the spleen from the splenopancreatic mesen-
chyme can initiate. However, the splenic primordium fails to
expand, relating to the phenotypes of mutants lacking the
transcription factors HoxI1, Pbx1, Tcf21, and Sox11 (7). It is
thus likely that HuR acts at a similar level as these transcrip-
tion factors to influence the response of the splenic mesen-
chyme toward splenic outgrowth.

In molecular terms, our data demonstrate the complexity of
HuR’s functions over developmental gene expression pro-
grams. The involvement of ARE-binding proteins in such pro-
cesses has been previously exemplified by mutations in genes
encoding the tristetraprolin family member BRF1 (Zfp36L1/
TIS11b). BRF1-deficient mutants die in midgestation due to
placental insufficiency consequent to failures in chorioallantoic
fusion or placental vascularization (5, 53). An antagonism be-
tween BRF1 and HuR toward the modulation of mRNA sta-
bility has been proposed (47) which could be extrapolated to
their biological roles in placental morphogenesis. However,
our data confer a wider role for HuR that extends beyond its
prescribed role as a stabilizing ARE-binding protein. On the
one end, most of the HuR target mRNAs identified in this
study do not appear to possess a prototypical ARE signature,
whereas other ARE-containing transcripts (e.g., Pdgfb and
Hoxc6) did not associate with HuR in MEFs. Furthermore, we
did not detect a posttranscriptional effect of HuR on the ARE-
containing Fgf70 mRNA which interacts with HuR, suggesting
that this interaction controls signal-restricted responses that
have not been revealed in our experimental setting. On the
other end, the posttranscriptional effects of HuR were domi-
nant for the majority of the identified mRNA targets but were
also variable and differential. As demonstrated herein, HuR
can control the stability of some of its target mRNAs either in
a positive (Ets2, Hoxd13, and Tbx4) or negative (Hoxb9) fash-
ion. In addition, HuR’s effect on translation was also either
positive (Hoxd13) or negative (Ets2) and could differ from its
effect on mRNA stability. Our data point toward a differential
role of HuR in the posttranscriptional regulation of mRNAs
which can be dictated by differences in the cis-element com-
position between HuR target mRNAs as well as their RBP
associations in different RNP configurations.

Irrespective of the posttranscriptional process, our protein
data demonstrate the importance of HuR’s control over the
biosynthesis of key developmental determinants. Our analysis
is by no means exhaustive but is strongly indicative of the
complexity of cellular interplays and signaling cascades that are
modulated by HuR. In that context, the data presented in this
study provide a framework for the future analysis of signals
converging onto HuR and its RNP associations by means of its
tissue-restricted modification and rigorous molecular analyses.
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