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PATTERNS & PHENOTYPES

The RNA Binding Protein Zfp36l1 Is Required
for Normal Vascularisation and PostTranscriptionally Regulates VEGF Expressiono
Sarah E. Bell,1* Maria Jose Sanchez,2† Olivera Spasic-Boskovic,3 Tomas Santalucia,4‡
Laure Gambardella,1 Graham J. Burton,3 John J. Murphy,5 John D. Norton,6 Andrew R. Clark,4 and
Martin Turner1

The Zfp36l1 gene encodes a zinc ﬁnger-containing mRNA binding protein implicated in the
posttranscriptional control of gene expression. Mouse embryos homozygous for a targeted mutation in the
Zfp36l1 locus died mid-gestation and exhibited extraembryonic and intraembryonic vascular abnormalities
and heart defects. In the developing placenta, there was a failure of the extraembryonic mesoderm to
invaginate the trophoblast layer. The phenotype was associated with an elevated expression of vascular
endothelial growth factor (VEGF)-A in the embryos and in embryonic ﬁbroblasts cultured under conditions
of both normoxia and hypoxia. VEGF-A overproduction by embryonic ﬁbroblasts was not a consequence of
changes in Vegf-a mRNA stability; instead, we observed enhanced association with polyribosomes,
suggesting Zfp36l1 inﬂuences translational regulation. These data implicate Zfp36l1as a negative regulator
of Vegf-a gene activity during development. Developmental Dynamics 235:3144 –3155, 2006.
© 2006 Wiley-Liss, Inc.
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INTRODUCTION
Zfp36l1 (also called TIS11b, BRF-1,
Berg36, cMG1, ERF-1) (Gomperts et al.,
1990; Varnum et al., 1991; Barnard et
al., 1993; Bustin et al., 1994; Maclean et
al., 1995; Ning et al., 1996) belongs to a

family of mRNA-binding proteins possessing an unusual and highly conserved zinc ﬁnger motif, comprising a
tandem YKTEL CX8CX5CX3H sequence, spaced exactly 18 amino acids
apart. The prototype of this family, tris-

o

tetraprolin (TTP, Tis11, Nup475,
G0S24) (Varnum et al., 1989; DuBois et
al., 1990; Lai et al., 1990; Ma and Herschman, 1991; Heximer and Forsdyke,
1993) is the product of an immediate
early response gene Zfp36 in the mouse.
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Fig. 1. Targeted disruption of the mouse Zfp36l1 gene. A: Targeting scheme. The top panel shows
the genomic organization of the Zfp36l1 gene. The two exons are indicated by the boxed areas; the
coding region is contained within the shaded area; the 5⬘ and 3⬘ UTR within the unshaded area; the
positions of the two zinc ﬁngers are indicated by black boxes. The middle panel represents the
targeting vector. The bottom panel represents the predicted structure of the Zfp36l1 locus following
homologous recombination. The external probes used for Southern analysis and predicted sizes of
fragments are indicated. Restriction sites are indicated B, BamHI; Bs, BstBI; E47, Eco47III; H3,
HindIII; RI, EcoRI; X, XbaI; Xho, XhoI. B: Genotyping of E9.5 embryo DNA from heterozygous
matings. DNA was digested with BamHI, and analysed with probe B. Wild-type (4.4 kb) and mutant
(3.1 kb) bands are indicated. C: RT PCR analysis of total RNA from Zfp36l1 heterozygous (⫹/⫺) and
homozygous (⫺/ ⫺) E9.5 embryos. PCR analysis of Zfp36l1 mRNA in embryos is shown in the top
panel; analysis of Hprt mRNA is shown in the bottom panel. D: Western blot analysis of cell lysates
from Zfp36l1 homozygous (⫺/ ⫺) and wild-type (⫹/⫹) MEF. The position of the Zfp36l1 protein is
indicated by an arrow. The lower band is non-speciﬁc.

TTP and its mammalian relatives,
Zfp36l1, Zfp36l2, and Zfp36l3, have been
shown to play a role in regulating mRNA
stability by virtue of their binding to AUrich elements (AREs) common to the 3⬘
untranslated region (3⬘ UTR) of acutely
regulated genes. Binding promotes deadenylation and degradation of target
mRNA leading to lowered gene activity
(Lai et al., 2000). Mutation of Zfp36l1 in
the mouse has been reported to give rise
to chorioallantoic fusion defects through
unknown mechanisms (Stumpo et al.,
2004); mutation of Zfp36l2 causes female
infertility (Ramos et al., 2004); and Zfp36deﬁcient mice exhibit a rapidly developing autoimmune syndrome that is attributable to overproduction of TNF␣ (Taylor
et al., 1996; Carballo et al., 1997). To
understand the function of Zfp36l1, we

generated mice in which the Zfp36l1 gene
was inactivated by homologous recombination. We show here that Zfp36l1-mutant embryos exhibit extraembryonic and
intraembryonic vascular defects, neural
tube defects, and cardiac abnormalities.
We also identify Vegf-a as a gene whose
expression is elevated by loss of Zfp36l1
and show evidence for Zfp36l1 in the regulation of translation.

RESULTS
Zfp36l1 Mutant Embryos
Exhibited Vascular
Abnormalities
The integrity of the zinc ﬁnger domains of TTP, Zfp36l1, and Zfp36l2
has been shown to be essential for

binding to AREs and for the promotion of target mRNA degradation (Lai
et al., 1999). Consequently, disruption
of this region of Zfp36l1 should ablate
any functional activity. Therefore, a
null allele of Zfp36l1 was produced by
replacement of part of the amino terminus and ﬁrst zinc ﬁnger contained
within exon 2 with a neomycin cassette that also disrupted the reading
frame (Fig. 1A). Germline transmission of the targeted disruption of the
Zfp36l1 locus was obtained from two
independently targeted ES cell clones.
Heterozygous Zfp36l1⫹/⫺ mice from
both lines appeared normal and were
intercrossed to generate mice homozygous for the targeted mutation. In
over 300 pups born from both lines, no
homozygous mutant (Zfp36l1⫺/⫺) offspring were identiﬁed indicating that
the null mutation was lethal (data not
shown). Viable Zfp36l1⫺/⫺ embryos
with beating hearts were identiﬁed at
E9.5, but by E10.5 all mutant embryos
had died showing severe growth retardation and/or developmental defects.
Heterozygous embryos could not be
distinguished morphologically from
wild-type embryos at E9.5 or E10.5.
Generation of homozygous mutant
Zfp36l1⫺/⫺ embryos at E9.5 was demonstrated by Southern blot analysis of
visceral yolk sac DNA (Fig. 1B). RTPCR analysis using RNA obtained
from E9.5 embryos was performed using intron-spanning primers and identiﬁed a product of the predicted size in
cDNA from wild-type and heterozygous embryos but yielded no product
in cDNA from mutant embryos (Fig.
1C). Furthermore, Western blot analysis conﬁrmed the absence of Zfp36l1
protein in mouse embryonic ﬁbroblasts (MEF) derived from mutant
embryos (Fig. 1D). Together, these results demonstrate that we have generated a null allele that results in embryonic lethality.
Analysis of Zfp36l expression in
normal embryos at E8.5 using in situ
hybridisation revealed Zfp36l1 mRNA
was diffusely expressed throughout
the embryo with highest expression
seen in the chorion and blood vessels
of the maternal decidua (Fig. 2A). At
E9.5, the highest levels of expression
were seen in the neural tube, paraxial
mesoderm, brain, and otic vesicle (Fig.
2B, left panel). Furthermore, Zfp36l1
mRNA was detected in the yolk sac at
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this stage by RT-PCR (data not
shown). This expression pattern correlated with defects visible in the yolk
sac and in whole mount of Zfp36l1deﬁcient embryos. When the visceral
yolk sac of E9.5 mutant embryos was
compared to that of wild-type embryos, it appeared paler, contained areas of hemorrhage, and exhibited reduced branching of the vitelline
vessels, suggestive of a defect in vascular organization. As a tool to examine blood vessel formation, Zfp36l1⫹/⫺
animals were interbred with transgenic mice expressing a lacZ reporter
under the control of the SCL promoter
and 3⬘ enhancer (Sanchez et al., 1999).
These mice exhibit lacZ expression
speciﬁcally in blood vessels and hematopoietic tissue. X-gal staining of embryos in whole-mount revealed that in
the yolk sac of the mutant embryos,
there was a lack of an organised yolk
sac vasculature and that the capillary
network appeared less well structured
(Fig. 3A, left panel). Examination at a
higher magniﬁcation revealed that
vitelline vessels were present but
failed to undergo extensive branching
in the mutant yolk sac (Fig. 3B) and
that an organised vascular cell network was absent. The yolk sac vessels
also appeared narrower in the mutant
compared to the control (Fig. 3B). Histological analysis revealed that the
structure of the visceral yolk sac and
blood islands was grossly normal in
Zfp36l1-deﬁcient embryos and suggested that there was a reduction in
the total number of blood cells within
the blood islands (Fig. 4A, left panel).
The mean number of cells recovered
per yolk sac was 18.8 ⫾ 3.9 ⫻ 104 from
control embryos compared with 3.8 ⫾
1.7 ⫻ 104 cells from Zfp36l1-deﬁcient
embryos (Table 1). Cells isolated from
the yolk sac were analysed by ﬂow
cytometry using antibodies against
TER119 (a marker of erythroid cells)
and c-kit (a marker of hematopoietic
progenitors). As shown in Figure 4B
and Table 1, the proportion and absolute number of TER119⫹ cells was
dramatically reduced in the yolk sac
from
Zfp36l1-deﬁcient
embryos,
whereas the absolute number of c-kit⫹
cells was similar to that in control embryos (Table 1). These data demonstrate that the reduction in the number of cells present in the mutant yolk
sac largely reﬂected a loss of commit-

Fig. 2. Expression of Zfp36l1 mRNA at E8.5 and E9.5. In situ hybridisation with anti-sense (left)
and sense (right) probes. A, left panel: The position of the chorion is indicated (ch); blood vessels
of the maternal decidua are arrowed; yolk sac (ys). B, left panel: E9.5 embryo in sagittal section. br,
brain; ov, otic vesicle; nt, neural tube; pm, paraxial mesoderm; hg, endoderm of the hindgut; ba,
branchial arch; h, heart; pl, placenta. The aorta is arrowed. Original magniﬁcation ⫻25. Scale bar ⫽
1 mm.

ted TER119⫹ erythroid cells, whereas
the number of progenitors appeared
normal. This would account for the
pale appearance of the yolk sac in the
mutant embryos. Thus, Zfp36l1 is required for extraembryonic vasculogenesis and expansion of primitive
erythroid cells in the yolk sac. In
whole mount E9.5 mutant embryos
also appeared anemic compared to littermate controls. In agreement with
the reduction in TER119⫹ cells ob-

served in the yolk sac, histological
analysis revealed that there was a reduction in the number of circulating
blood cells in Zfp36l1⫺/⫺ embryos
compared to controls (Fig. 4C, left
panel, arrowed).
The high level of expression of
Zfp36l1 mRNA seen by in situ hybridisation in the neural tube and paraxial mesoderm correlated with defects
visible in whole-mount mutant embryos including undulations in the

Fig. 3.

neural tube at or below the forelimb
bud, irregularities in somite organization, and abnormal ﬂexure of the tail
(Figs. 4C, 5A, left panels). PECAM
staining of whole-mount embryos indicated that intersomitic vessels were
formed in mutant embryos but often
did not extend fully dorso-ventrally
along the somites (Fig. 5A, left panel).
X-gal staining of SCL lacZ transgenic
embryos was used to further visualise
embryonic vessels in whole-mount.
Embryos were examined by light microscopy and by optical projection tomography (Sharpe et al., 2002). Defects in intraembryonic vasculature
were observed in Zfp36l1-deﬁcient
embryos (Fig. 5B,C left panels; see
Supplemental Movie S1, which can be
viewed at www.interscience.wiley.
com/jpages/1058-8388/suppmat); the
dorsal aorta was enlarged and appeared disorganised both cranially
and caudally. The organisation and
expansion of the intersomitic vessels
was abnormal in mutant embryos.
There was also a failure of vessels to

Fig. 3. Analysis of the yolk sac vasculature at
E9.5. A: Whole mount view of a Zfp36l1⫺/⫺ (left)
and control Zfp36l1⫹/⫺ embryo (right). SCL lacZ
transgenic embryos were stained with X-gal.
Pictures show the yolk sac surrounding the embryo. Original magniﬁcation ⫻30. Note the absence of an organised yolk sac vasculature in
the mutant embryo (arrowed in wild-type). A
branch in the major vitelline vessel is indicated
by an asterisk. Scale bar ⫽ 1 mm. B: Zfp36l1⫺/⫺
(left) and control Zfp36l1⫹/⫹ yolk sacs (right)
were mounted under coverslips and viewed under phase contrast. Extensive branching of the
yolk sac vessels was seen in the wild-type (yellow arrowhead), but absent in the mutant embryo. The asterisk represents the branch point
illustrated in A. A different control yolk sac is
shown in A and B, for better comparison to the
mutant. Original magniﬁcation ⫻100. Scale
bar ⫽ 0.2 mm.

Fig. 4.

Fig. 4. Analysis of blood cells at E9.5. A: Hematoxylin and eosin stained sections demonstrating yolk sac blood islands. Blood cells
within the blood islands are arrowed. Original
magniﬁcation ⫻200. Scale bar ⫽ 0.1 mm.
B: Flow cytometric analysis of yolk sac tissue.
Cell suspensions prepared from individual E9.5
yolk sacs were stained with antibodies against
TER119 and c-kit. Percentage values are
shown in each quadrant. C: Histological analysis of intraembryonic circulation at E9.5. H & E
stained transverse sections from mutant (⫺/ ⫺),
and control (⫹/⫺) embryos. In the para-aortic
splanchnopleura region, the paired vessels of
the dorsal aorta are arrowed; neural tube (nt)
and hindgut (hg). Original magniﬁcation ⫻200.
Dorsal aspect to the right. *, an irregularity in the
hindgut. Scale bar ⫽ 0.1 mm.
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TABLE 1. Flow Cytometric Analysis of Yolk Sac Tissue From E9.5 Embryosa

a
b

Embryo genotype

Total number of cells
per yolk sacb

Number of TER119⫹
cells

Number of c-kit⫹
cells

Zfp36/1⫺/⫺ (n ⫽ 8)
Zfp36/1⫹/⫺ (n ⫽ 5)

3.8 ⫾ 1.7
18.8 ⫾ 3.9

1.4 ⫾ 1.1
13.6 ⫾ 2.0

2.1 ⫾ 1.3
2.3 ⫾ 0.5

Values are mean ⫾ SEM.
Cell number (⫻ 104).

extend fully dorso-ventrally along the
somites, compared to control embryos
(Fig. 5B,C; see Supplemental Movie
S2). In the head, the cranial vessels
failed to expand into the vascular network seen in the control. The mutant
embryos also appeared slightly
growth retarded. Histological analysis
revealed that some intraembryonic
circulation was present in the mutant embryos; in the para-aortic
splanchnopleura region, the paired
vessels of the dorsal aorta were observed (Fig. 4C, left panel) indicating some degree of vascular functionality.
Zfp36l1 mRNA was also expressed
in the embryonic heart at day 9.5 and
mutant embryos exhibited defects in
the developing heart at this stage
(Fig. 6). To examine cardiac structure
in detail, E9.5 embryos were embedded in epoxy resin before sectioning.
The trabeculae and sinusoids in the

myocardial wall of the heart were less
well developed and the myocardial
trabecular system of the ventricles
was less complex exhibiting a discontinuous endocardium (Fig. 6, left panels). Since endothelial precursor cells
contribute to the formation of both the
endocardium and major blood vessels
during embryonic vasculogenesis, disorganisation of the endocardium is
consistent with Zfp36l1 being required for normal organisation of the
intraembryonic vasculature.
A previous study described a high
frequency of chorioallantoic fusion defects in Zfp36l1⫺/⫺ embryos (Stumpo
et al., 2004). We observed that the
vascular network of PECAM-1⫹ cells
in the chorion layer failed to develop
normally (Fig. 7A) suggesting a defect
in vasculogenesis. Immunohistochemical analysis of the developing placenta at E9 –9.5 using an antibody to
cytokeratin revealed that the overall

development of the spongiotrophoblast, the labyrinthine trophoblast,
the trophoblast giant cells, and invasion into the decidua appeared similar
in control and Zfp36l1⫺/⫺ embryos
(Fig. 7B). However, there was a failure of the allantoic mesoderm to invaginate into the chorionic trophoblast to form the labyrinth layer of the
placenta (Fig. 7B) and, consequently,
this trophoblast region was abnormally compact. In mutant embryos,
the interface between the chorionic/
labyrinth trophoblast and the maternal blood space was almost linear and
fetal capillaries containing nucleated
erythrocytes were inconspicuous (Fig.
7B and D), suggesting a profound defect in angiogenesis. Immunolabelling
using an antibody against von Willebrand factor produced strong staining
of the maternal endothelium within
the decidua and of the fetal endothelial cells of the developing labyrinth in

Fig. 5. Vascular abnormalities in E9.5 embryos. A: Embryos at E9.5 were stained in whole-mount with an antibody to PECAM-1. Lateral view of a
mutant (⫺/ ⫺) and control embryo (⫹/⫹). Original magniﬁcation ⫻25. Regions showing particular distortions in the neural tube are indicated by the
black arrowhead. Irregular condensation of somites in the mutant is indicated by the white arrowhead (the head of each embryo was removed to
determine the genotype). B: X-gal staining of SCL lacZ transgenic mutant (⫺/ ⫺) and control (⫹/ ⫺) embryos. The enlarged dorsal aorta is indicated
by the black arrowhead and by the white arrow in the head. A region showing disorganised intersomitic vessels in the mutant is indicated by the
bracket. Original magniﬁcation ⫻25. C: Optical projection tomography of X-gal stained SCL lacZ transgenic mutant (⫺/ ⫺) and control (⫹/ ⫺) embryos.
al, allantois; ba, branchial artery; da, dorsal aorta; e, eye h, heart; isv, intersomitic vessels. The heart in the mutant is abnormally displaced. Scale bar ⫽
555 m.
Fig. 6. Cardiac defects at E9.5. A: In the mutant embryo the myocardial wall was thinner and less well differentiated (black arrow). The myocardial
trabecular system of the ventricles is indicated by a yellow arrowhead, and the endocardium (e, small black arrowhead) was discontinuous in the
mutant. Original magniﬁcation ⫻100. B: Amnion (a) in wt is absent in the mutant section. The space in the pericardium in the mutant was an artefact
generated during processing, and is not seen on sections further through the embryo. Original magniﬁcation ⫻200. Scale bar ⫽ 0.1 mm.
Fig. 7. Defects in placental vasculogenesis. A: PECAM-staining of vessels in the chorion. The extensive branching of PECAM-1⫹ vessels in the
wild-type embryo (right) was absent in the mutant (arrowed, left). The embryo has been removed for photographic purposes. Original magniﬁcation
⫻63. B: Sagittal sections from the developing placenta of Zfp36l1 mutant embryos (left) and control embryos (right) were stained with antibodies
recognising cytokeratin (brown) and counterstained in blue. Invasion of the embryonic mesenchyme into the trophoblast mass was not seen in the
mutant embryo, as compared to control (arrowhead). Consequently, the trophoblast mass was abnormally compact and appeared in proﬁle as a ﬂat
sheet in the mutant and a triangular wedge in the control. Original magniﬁcation ⫻100. The boxed area represents a similar region on a serial section
shown at higher magniﬁcation in C. C: Von Willebrand factor staining. Staining of fetal endothelium (arrowhead) was seen adjacent to the maternal
sinuses in control, but not mutant. Note the complete absence of nucleated fetal erythrocytes from the placental vessels in the mutant, whereas these
were conspicuous in the control (arrowed in control). The developing maternal blood space is indicated by an asterisk. Original magniﬁcation ⫻400.
D: Hematoxylin and eosin stained sections. Serial sections to those shown in B and C. Note the complete absence of embryonic mesenchyme in the
mutant (arrowhead) and of vessels containing nucleated fetal erythrocytes within the trophoblast mass (larger arrow). Maternal enucleated erythrocytes
(small arrow) were seen in the blood space of the developing labyrinth in both the control and mutant. The spongiotrophoblast is indicated by an
asterisk. al, Allantois; ch, chorionic trophoblast cells; lb, labyrinth layer; m, maternal decidual tissue. Original magniﬁcation ⫻100. Scale bar ⫽ 0.2 mm.

VASCULAR PHENOTYPE IN Zfp36l1⫺/⫺ MICE 3149

Fig. 7.

Fig. 5.

Fig. 6

control embryos (Fig.7C, right panel).
By contrast, in Zfp36l1⫺/⫺ embryos,
only weak staining was observed in
the few vessel proﬁles within the labyrinth trophoblast consistent with a
failure of the fetal vasculature to invaginate. Nucleated fetal erythrocytes
were also absent from the placental
vessel proﬁles in the mutant (Fig. 7C).
Zfp36l1 is, therefore, required for extraembryonic vascular network formation in the yolk sac and the outgrowth of the chorioallantoic villus
into the placental labyrinth. This
would result in a lack of nutrient exchange between maternal and embryonic circulation and account for the
growth retardation and death by
E10.5. In some mouse mutants, defective vascular/heart formation may be
secondary to placental abnormalities
(Hemberger and Cross, 2001), and can
be reversed by generating chimeras
with tetraploid, wild-type cells (Barak
et al., 1999; Adams et al., 2000). Unfortunately, multiple attempts to de-
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rive ES cells homozygous for the
Zfp36l1-mutation were unsuccessful
precluding this line of investigation.

Zfp36l1 PostTranscriptionally Regulates
VEGF Expression
The defects observed in extraembryonic vasculogenesis in Zfp36l1⫺/⫺ embryos are similar to those observed in
a number of other mutant mice (Rossant and Cross, 2001), including those
lacking the tumour suppressor gene
Lkb1, which exhibited elevated
VEGF-A expression (Ylikorkala et al.,
2001). Since Vegf-a mRNA contains
multiple AREs within its 3⬘UTR, some
of which have been reported to interact with Zfp36l1 in vitro (Ciais et al.,
2004), we examined VEGF-A levels in
Zfp36l1-deﬁcient embryos by ELISA
of whole embryo extracts. VEGF-A
protein was below detectable limits in
wild-type embryos (⬍50 pg/mg embryo protein) while mutant embryos
exhibited readily detectable levels of
VEGF-A (85.3 ⫾ 34.7 pg/mg embryo
protein, n ⫽ 4). To examine whether
elevated production of VEGF-A was
only a consequence of hypoxia or glucose deprivation in the embryo,
we generated embryonic ﬁbroblasts
(MEF) from mutant and wild-type embryos. We observed that VEGF-A production by cultured Zfp36l1⫺/⫺ embryonic ﬁbroblasts was elevated under
both normoxic and hypoxic conditions
(Fig. 8A). Elevated VEGF-A production did not correlate with increased
levels of Vegf-a mRNA in mutant
MEFs cultured under normoxic conditions; however, under hypoxic conditions the levels of Vegf-a mRNA was
signiﬁcantly elevated in Zfp36l1⫺/⫺
MEF (Fig. 8B). Western blot analysis
of MEF extracts with an antibody speciﬁc to glucose transporter-1 (Glut-1)
showed a comparable induction of
Glut-1 following hypoxia (Fig. 8C),
conﬁrming the induction of a hypoxic
state. Taken together, these results
demonstrate that in the absence of
Zfp36l1, MEF overproduce VEGF under both normoxic and hypoxic conditions.
Zfp36 family members have been
shown to play a role in regulating
mRNA stability following binding to
AREs in the 3⬘ UTR of acutely regulated genes (Lai et al., 2000). To as-

Fig. 8. Deregulated VEGF expression by Zfp36l1⫺/⫺ MEF. A: VEGF-A levels in the supernatants
of mutant (⫺/ ⫺, triangles) and wt (⫹/⫹, squares) ﬁbroblasts quantiﬁed by ELISA. Values shown are
from two mutant and two wt MEF lines each generated from independent littermate embryos. MEFs
were incubated under normoxic (open symbols) or hypoxic conditions (ﬁlled symbols). B: Quantitation of Vegf-a mRNA in MEF cultured under normoxic or hypoxic conditions by real-time PCR.
Comparative Ct values were used to calculate the quantity of Vegf-a RNA relative to hprt. Data
represent the mean ⫾ standard deviation from three independent cultures.*P ⬍ 0.05. C: Western
blots of cell lysates prepared from MEF cultured under normoxic or hypoxic conditions were
analysed with an antibody to Glucose transporter 1 (Glut-1).

sess whether Zfp36l1 regulated Vegf
mRNA stability, we determined the
rate of Vegf mRNA decay following
treatment of MEF with the transcriptional inhibitor actinomycin D. When
tested under normoxic conditions, the
rate of decay of Vegf mRNA was not
altered in Zfp36l1-deﬁcient MEF
(data not shown). Furthermore, when
MEF were treated with cobalt chloride
(to pharmacologically mimic hypoxia)
no difference was observed in mRNA
decay between Zfp36l1-deﬁcient and
wild-type MEF (Fig. 9A), indicating
that the overproduction of VEGF-A
was not due to an increase in mRNA
stability. We investigated the activity
of the Vegf 3⬘UTR in MEF by transfection of a luciferase reporter construct containing the 3⬘UTR of rat

Vegf (Ciais et al., 2004). Under normal
culture conditions, or in the presence
of cobalt chloride, reporter activity
was higher in wild-type than in
Zfp36l1⫺/⫺ MEF (data not shown),
suggesting that the 3⬘UTR of Vegf
alone is insufﬁcient to confer regulation by Zfp36l1. In addition to regulating RNA stability, AREs have been
implicated in the translational regulation of gene expression (Zhang et al.,
2002). To investigate whether Vegf
mRNA is subject to translational regulation, we measured the distribution
of Vegf mRNA in monosome and polysome fractions isolated from wild-type
and Zfp36l1⫺/⫺ MEF cultured under
normoxic conditions. In comparison
to wild-type MEF, Zfp36l1-deﬁcient
MEF exhibited enhanced Vegf mRNA
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Fig. 9. Post-transcriptional regulation of Vegf mRNA. A: Vegf mRNA half-life in Zfp36l1⫺/⫺ MEF.
Data are expressed as the percentage of signal present at the onset of actinomycin D treatment.
Results represent the mean ⫾ standard deviation from three independent experiments. Half life of
Vegf mRNA is 87 min in the mutant and 119 min in wild-type cells. B: Association of Vegf mRNA with
polysomes in Zfp36l1⫺/⫺ MEF. MEF were cultured under normoxic conditions. The distribution of Vegf
mRNA in each sucrose gradient fraction is shown; the quantity of Vegf mRNA was determined by dot
blot analysis and normalised to RNA content. These data are representative of three independent
experiments. In each panel, the mutant is represented by triangles and wt by squares.

loading onto polysomes (Fig. 9B), suggesting enhanced translation of Vegf
mRNA in the absence of Zfp36l1.

DISCUSSION
We have demonstrated a previously
unappreciated role for Zfp36l1 in
extraembryonic and intraembryonic
vascular network formation and in the
development of the heart. Furthermore, we have identiﬁed Vegf-a as a
gene that is overexpressed in the absence of Zfp36l1. Additionally, we provide evidence that Zfp36l1 regulates
VEGF at the level of translation.
VEGF plays a crucial role in vasculo-

genesis and endocardial development
(Ferrara and Davis-Smyth, 1997),
which are exquisitely sensitive to increased or decreased levels of this cytokine. Notably, deletion of a single
Vegf-a allele is sufﬁcient to cause embryonic lethality (Carmeliet et al.,
1996; Ferrara et al., 1996). Vasculogenesis also fails to occur normally in
mouse embryos lacking the VEGFR-1
(Flt-1) (Fong et al., 1995). VEGF-R1
mutant embryos die around E8.5–9.0
and exhibit vascular disorganisation,
while mice with a mutation of the
VEGF-R1 tyrosine kinase domain develop normally (Hiratsuka et al.,

1998), consistent with the idea that
the main function of this receptor was
the regulation of bioavailable VEGF.
Indeed, recent studies show that
VEGF-R1 mutant embryos exhibit defective vascular sprouting from the
dorsal aorta, which can be rescued by
a soluble ﬂt-1 transgene in vitro
(Kearney et al., 2004), suggesting that
elevated VEGF levels disrupt correct
blood vessel formation. Moreover, the
administration of exogenous VEGFA165 to quail embryos inhibited the
formation and branching of intersomitic vessels, and led to the formation of vessels with abnormally large
lumens (Drake and Little, 1995), similar to the defects observed in Zfp36l1deﬁcient embryos. Thus, elevated levels of VEGF have a profound effect on
the patterning of endothelial cells involved in formation of the vascular
network. A further level of regulation
is mediated by the 3⬘UTR of Vegf-a
mRNA (Levy et al., 1995). Uncoupling
Vegf-a from the regulatory inﬂuences
of its’ 3⬘UTR by insertion of a lacZ
gene gave rise to embryos with elevated VEGF-A levels, which displayed
vascular and cardiac defects with similarities to those we observed in
Zfp36l1-deﬁcient embryos (Miquerol
et al., 2000; Damert et al., 2002). Since
embryonic ﬁbroblasts lacking Zfp36l1
produced elevated levels of VEGF-A
protein under both normoxic and hypoxic conditions, indicative of an intrinsic defect in the regulation of
VEGF-A production, we suggest the
phenotype observed in Zfp36l1-deﬁcient embryos may be mediated, in
part, by elevated VEGF-A. Formal
proof of this notion would require a
genetic rescue experiment that is not
readily achievable given the lethal nature of Vegf-a heterozygotes. Furthermore, the failure to derive homozygous mutant Zfp36l1 ES cells does not
allow us to fully explore the nature of
the phenotype through the generation
of tetraploid fusions. As it has been
previously noted that Zfp36l1 was expressed at high levels in ES cells
(Stumpo et al., 2004), it may be that
Zfp36l1 plays a crucial role in ES cells
but is dispensable for the survival of
ﬁbroblasts. Overall, our data indicate
that Zfp36l1 plays an important role
in VEGF regulation, potentially mediated by embryonic ﬁbroblasts in vivo,
in modifying endothelial cell organisa-
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tion. It is also likely that additional,
currently unidentiﬁed, genes may also
be over-expressed in the absence of
Zfp36l1 and contribute to the phenotype. This possibility is supported by
the occurrence of ARE variants in several thousand genes (Bakheet et al.,
2001) and the identiﬁcation of the
haematopoietic cytokine IL-3 as a
Zfp36l1 target (Stoecklin et al., 2002).
During mouse embryogenesis, the
yolk sac blood islands are the ﬁrst site
of hematopoietic activity. Blood islands contain endothelial cell precursors and the ﬁrst primitive hematopoietic precursor cells, the latter
comprised predominantly of nucleated
erythrocytes (Godin and Cumano,
2002). Zfp36l1 also appears to be required for extra-embryonic erythropoiesis, and the paucity of TER119⫹
erythroid cells within the yolk sac correlates with the reduction in the number of blood cells observed within the
blood islands, and within the intraembryonic circulation. One possibility
is that Zfp36l1 normally functions to
degrade an mRNA that encodes an inhibitor of erythroid differentiation. Alternatively, the failure in erythropoiesis may be due to the absence of
critical growth factors.
The study presented here also provides new insight into how Zfp36l1
regulates VEGF-A expression. It has
previously been reported that Zfp36l1
binds to AU-rich sequences within the
3⬘ UTR of the Vegf transcript and that
over-expression of Zfp36l1 decreased
the activity of a luciferase reporter
containing the rat Vegf 3⬘UTR (Ciais
et al., 2004). This led to the suggestion
that Zfp36l1 may regulate the stability of Vegf mRNA, a hypothesis that
was not directly tested in the previous
study. We found Vegf mRNA stability
was not altered in Zfp36l1-deﬁcient
MEF. Instead, we found that more
Vegf mRNA was associated with polysomes suggesting a role for Zfp36l1 in
the translational repression of Vegf
mRNA. VEGF expression has previously been shown to be regulated at
the level of translation initiation
by a mechanism involving c-Myc
(Mezquita et al., 2005) and eukaryotic
translation initiation factor 4E (Kevil
et al., 1996; Chung et al., 2002). AREs
play a well-documented role in the
translational control of gene expression in addition to regulating mRNA

stability (Zhang et al., 2002). Translational control of other ARE containing
mRNAs has previously been shown to
be mediated by RNA binding proteins
such as TIA, HuR, and TIAR (Espel,
2005). Recently, TTP (Zfp36) has been
shown to become associated with polysomes in lipopolysaccharide-stimulated THP-1 cells (Rigby et al., 2005).
While the functional signiﬁcance of
this interaction has not been elucidated, taken together with our results, these data may point towards
roles of the TTP family in the co-ordination of mRNA translation and degradation.
Hypoxia markers (such as pimonidazole) have illustrated regions
of hypoxia during normal embryonic
development (Lee et al., 2001) with
development of the vascular systems
and placenta inﬂuenced by responses
to O2 availability. Establishment of
the placental and fetal circulation by
E9.0 –9.5 permits nutrient and gaseous exchange to the developing embryo. During normal embryonic development, maintenance of a hypoxic
environment may tightly regulate
VEGF levels to establish normal placental, cardiovascular, and hematopoietic development (Kozak et al.,
1997; Maltepe et al., 1997; Iyer et al.,
1998; Adelman et al., 2000). Our data
now identify Zfp36l1 as a negative
regulator of VEGF production during normal embryonic development.
Tightly regulated VEGF levels are
also crucial in neovascularisation associated with tumor angiogenesis. It
will be interesting to learn if Zfp36l1
regulates VEGF in this and other settings.

EXPERIMENTAL
PROCEDURES
Generation of Mice Carrying
a Germline Mutation of
Zfp36l1
A 6-kb EcoRI fragment encompassing
both exons of Zfp36l1 was isolated
from a 129/Sv genomic  phage library
(Stratagene). The positions of the 5⬘
and 3⬘ UTRs were assigned using the
published mouse cDNA sequence
(Varnum et al., 1991) accession number M58566. The Zfp36l1 gene was
disrupted by replacing part of the ﬁrst
zinc ﬁnger between Eco47III and

BstBI (Fig. 1A) with a neomycin cassette derived from pPNT (Tybulewicz
et al., 1991). This introduced a new
BamHI site into the targeted exon 2.
Southern blot analysis with a 450-bp
EcoRI/PstI fragment external to the
targeting vector (probe B), yields a
4.4-kb BamHI fragment from the
wild-type allele and a 3.1-kb fragment
from the targeted allele. E14 ES
cells were transfected, selected, and
screened using standard methods.
Positive clones were re-screened using
a 170-bp EcoRI/KpnI fragment (probe
A) from a region 5⬘ of the targeting
vector. Probe A yields a 6.2-kb fragment upon digestion of the targeted
allele with HindIII/XhoI, whilst the
wild-type allele yields an 8-kb fragment (not shown).
Two independently targeted ES cell
clones were injected into C57BL/6
blastocysts and male chimeras were
mated with B6D2 F1 female mice to
generate offspring of a mixed background. Mice were genotyped by
Southern blot analysis or by PCR using the following primers: P1 5⬘AGAGAGACTGGCCTATCAGATGGAGAGGTG-3⬘; P2 5⬘- GGGACTGTCTTGTGTGAAAGGCTCTCTGAG-3⬘; P3
5⬘- TAAAGCTATGCTGGAGGCGGGGACGGTCA-3⬘; to generate a 750-bp
product for the wt allele and a 350-bp
product for the mutant allele. Genotyping of E9.5 embryo DNA from heterozygous matings was performed by
Southern blot analysis or PCR of visceral yolk sac DNA.
RT PCR analysis of total RNA from
Zfp36l1 heterozygous (⫹/⫺) and homozygous (⫺/⫺) E9.5 embryos was
performed using intron-spanning
primers to verify the absence of
Zfp36l1 mRNA in null embryos:
Zfp36l1 forward primer (5⬘- GACCTTCACACACACCAGAT) located in
exon 1, reverse primer (5⬘- GCTATGCTGGAGGCGGGGA), located 3⬘ of
the second zinc ﬁnger in exon 2, to
yield a product of 650 bp; Hprt primers were used to verify the integrity
of the template RNA (Hprt forward primer (5⬘-GTTGGATACAGGCCAGACTTTGTTG), reverse primer
(5⬘-GAGGGTAGGCTGGCCTATAGGCT), to yield a product of 350 bp).
Transgenic mice expressing a lacZ
reporter under the control of an SCL
promoter and 3⬘ enhancer (line 2269;
Sanchez et al., 1999) were obtained

VASCULAR PHENOTYPE IN Zfp36l1⫺/⫺ MICE 3153

from A. R. Green (University of Cambridge). These mice exhibit lacZ expression speciﬁcally in blood vessels
and hematopoietic tissue. SCL lacZ
transgenic mice were bred with
Zfp36l1 heterozygous mice to derive
SCL lacZ transgenic embryos.
Mice were bred and maintained at
the Babraham Institute Small Animal
Barrier Unit according to UK Home
Ofﬁce guidelines.

Analysis of Embryos
Embryos were harvested from timed
matings between 8.5 and 13.5 days
gestation (with day 0.5 deﬁned as the
morning of the day of detecting a vaginal plug). Embryos were dissected
and photographed using a Leitz MZ75
dissecting microscope. Images were
captured using a Leica DC100 digital
camera using the Leica DC Viewer
program.
At E9.5, VEGF levels in whole embryo extracts were determined as described (Miquerol et al., 2000), normalising for total protein content.
Optical projection tomography of Xgal stained SCL lacZ transgenic embryos was performed as a service by
Bioptonics, MRC Technology, Edinburgh, UK (www.bioptonics.com). Xgal staining of SCL lacZ transgenic
embryos was performed as previously
described (Sanchez et al., 2001). Dissected yolk sac tissue was mounted
under coverslips to view at a higher
magniﬁcation under phase contrast illumination.

Flow Cytometric Analysis of
Yolk Sac Cells
Individual yolk sacs were removed
from E9.5 embryos. Cells were isolated from individual yolk sacs and
ﬂow cytometric analysis was performed as described previously
(Sanchez et al., 2001).

Immunohistochemistry
Embryos were dissected at E8.5–9.5,
keeping the visceral yolk sac intact,
and a small incision was made to remove the head in order to extract DNA
for genotyping. Whole mount staining
of embryos and yolk sacs with antiPECAM-1 antibody (MEC13.3, BD
BioSciences, UK) was performed as

described previously (Schlaeger et al.,
1995). For histological analysis,
freshly dissected embryos were ﬁxed
in 4% paraformaldehyde for 2 hr at
room temperature before dehydration
through ethanol, then were parafﬁnembedded for sectioning following
standard protocols. Sections were
stained with hematoxylin and eosin
(H & E) using standard methods.
Polyclonal antibodies to label cytokeratin (Z0622) of trophoblast cells
and von Willebrand factor (A0082) of
endothelial cells were from DAKOCytomation, UK (Adamson et al., 2002).
Sections were dewaxed, rehydrated,
and pre-treated with 0.02 mg/ml proteinase K (Sigma) for cytokeratin
staining, or pre-treated with 1 mg/ml
trypsin (Sigma) for von Willebrand
factor staining. Sections were blocked
in 2% goat serum/2% BSA, incubated
with the primary antibodies, followed
by incubation with biotinylated goat
anti-rabbit IgG and Vectastain Elite
ABC kit (both from Vector Laboratories, UK), then developed using DAB
as the substrate. Slides were counterstained
with
hematoxylin
and
mounted in DPX. Images were captured digitally using a Zeiss Axiophot
microscope and high-resolution Spot
Diagnostic digital camera and assembled using Adobe Photoshop威 v 7.0. To
examine cardiac structure, E9.5 embryos were ﬁxed in 4% glutaraldehyde
in 0.1 M PIPES buffer for 6 hr, rinsed
in buffer and treated with 1% osmium
tetroxide for 2 hr, rinsed in deionised
water and dehydrated in an ascending
series of ethanol, and rinsed twice in
acetonitrile and embedded in Spurr’s
epoxy resin. Two-micrometer sections
were cut with a Leica Ultracut UCT
and stained with methylene blue.

In Situ Hybridisation
In situ hybridisation was performed
by Phylogeny, Ohio, USA (www.phylogenyinc.com) using [35S]-UTP-labelled cRNA transcripts following
standard protocols. Slides were lightly
counterstained with toluidine blue
and analysed using light- and darkﬁeld optics of a Zeiss Axiophot microscope. The probe was nucleotides
1,116 –1,468 of Zfp36l1 GenBank accession number M58566.

Establishment and Analysis
of Fibroblast Lines
Individual embryos at E9.5 were mechanically disrupted and cultured in
96-well plates in Dulbecco’s modiﬁed
Eagle’s medium containing 15% FCS,
2 mM glutamine for 5 days to derive
independent embryonic ﬁbroblast
(MEF) lines. MEF at p1 were immortalised using retrovirus containing
SV40 T antigen (Jat and Sharp, 1989).
For measurement of VEGF levels,
1.25 ⫻ 105 MEF from individual embryos were plated in individual wells
of a 6-well plate in DMEM medium
containing 10% FCS, 2 mM glutamine, and cultured under normoxic
(21% O2) or hypoxic (1% O2) conditions for 24 hr. VEGF in the supernatants was measured by ELISA (R&D
Systems, UK) following the manufacturer’s protocol. Remaining cells were
either lysed immediately in SDSPAGE sample buffer, or removed using trypsin treatment, washed in PBS
and RNA prepared using an RNeasy
miniprep kit (Qiagen, UK). Cell lysates were analysed by 10% SDSPAGE and transferred to PVDF membranes. Western blot analysis was
performed by standard methods using
horseradish
peroxidase-conjugated
secondary antibodies (DAKOCytomation) and enhanced chemiluminescence
reagents (Amersham Biosciences, UK).
The glucose transporter 1 (Glut-1) antibody was from Chemicon International
(Temecula, CA). An antibody directed
against the C-terminus of Zfp36l1 was
generated in our laboratory (S.E.B. and
M.T., unpublished data).

Northern and Dot Blot
Analysis
Northern and dot blot analysis of RNA
were performed using standard protocols. The mouse Vegf probe was a gift
from K. Luukko (University of Bergen, Norway). The hybridisation signal was quantiﬁed using a Fuji
FLA3000 Imager. Northern blots were
stripped and re-hybridised using a
probe for ␥-actin to normalise for RNA
loading. For the measurement of
mRNA half life, mutant (⫺/⫺) and
wild-type (⫹/⫹) MEF were treated
with 100 M cobalt chloride for 4 hr,
followed by actinomycin D treatment
(5 g/ml). MEF were harvested at the
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indicated time points and total mRNA
extracted. Vegf-a RNA levels were
measured by quantitative PCR or
Northern blot analysis.

Real Time PCR Analysis
Reverse transcription (RT) PCR analysis was performed on total RNA prepared from wild-type (⫹/⫹) and mutant (⫺/⫺) MEF. RNA was subjected
to cDNA ﬁrst-strand synthesis using a
high-capacity cDNA archive kit (Applied Biosystems). Quantitative PCR
analysis was performed using FAMlabelled probe sets from Applied Biosystems, according to the manufacturer’s protocol using an ABI Prism 7700
real-time PCR detection system. Comparative Ct values were used to calculate the quantity of Vegf-a RNA relative to hprt.

Polysome Analysis
MEF were serum starved overnight,
then incubated in complete medium
for 3 hr. Cells were washed with cold
PBS containing 100 g/ml cycloheximide, removed using trypsin, pelleted
by centrifugation, and resuspended in
hypotonic lysis buffer (10 mM KCl, 10
mM Tris, pH 7.2, 10 mM MgCl2, 20
mM dithiothreitol, 100 g/ml cycloheximide, 0.5 mg/ml heparin, 0.5%
NP-40, and 100U/ml RNaseout; Invitrogen) for 10 min on ice before disruption by homogenisation. Nuclei
were removed by centrifugation
10,000g 10 min at 4°C and the cytoplasmic extracts layered onto a 15–
40% sucrose gradient and centrifuged
at 4°C for 120 min at 38,000rpm in a
SW41Ti rotor. Fractions were collected from the top of the gradient and
absorbance of each fraction measured
at 254 nm. SDS was added to 1% and
fractions stored at ⫺80°C. Following
proteinase K digestion, total RNA
from each fraction was prepared by
phenol-chloroform extraction and isopropanol precipitation, then dot-blotted onto Hybond XL membrane (Amersham Biosciences) and hybridised
using standard protocols with a probe
against mVegf. The hybridisation signal was normalised to the amount of
RNA blotted.

Statistical Analyses
Statistical analyses were performed
using a Student’s unpaired t-test. Values for P ⬍ 0.05 were considered signiﬁcant.
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