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Members of the PIAS (for protein inhibitor of activated STAT) family play critical roles in modulating the
activity of a variety of transcriptional regulators. Zimp10, a novel PIAS-like protein, is a transcriptional
coregulator and may be involved in the modification of chromatin through interactions with the SWI/SNF
chromatin-remodeling complexes. Here, we investigate the biological role of Zimp10 in zimp10-deficient mice.
Homozygosity for the Zimp10-targeted allele resulted in developmental arrest at approximately embryonic day
10.5. Analysis of knockout embryos revealed severe defects in the reorganization of the yolk sac vascular plexus.
No significant abnormality in hematopoietic potential was observed in zimpl0 null mice. Microarray and
quantified reverse transcription-PCR analyses showed that the expression of the Fos family member Fra-1,
which is involved in extraembryonic vascular development, was reduced in yolk sac tissues of zimpl(0 null
embryos. Using fra-1 promoter/reporter constructs, we further demonstrate the regulatory role of Zimp10 on
the transcription of Fra-1. This study provides evidence to demonstrate a crucial role for Zimpl0 in

vasculogenesis.

The PIAS proteins originally were identified as repressors of
the STAT transcription factors and have been shown to func-
tion as transcriptional coregulators that modulate the activity
of a diverse set of transcription factors, such as p53, the Smads,
and steroid hormone receptors (11, 16, 25, 31). Members of the
PIAS family share a high degree of sequence similarity and are
characterized by the presence of a highly conserved zinc finger
domain, called the Miz (Msx-interacting zinc finger) domain
(37). This motif appears to be important for interactions with
target proteins and is highly similar to the RING finger domain
present in E3 ubiquitin ligases (31). Indeed, numerous studies
have implicated a role for the PIAS proteins in the ubiquitin-
like sumoylation pathway (12, 14, 15, 27).

Zimp10 is a novel PIAS-like protein that originally was iden-
tified as an androgen receptor (AR)-interacting protein (33).
Zimp10 and its homolog, Zimp7, share the highly conserved
Miz domain with other members of the PIAS family. These two
Zimp proteins contain a strong intrinsic transactivation do-
main, and through it they augment the transcriptional activity
of steroid hormone receptors and Smads (3, 19, 21, 33). It has
been shown that Zimp10 and Zimp7 colocalize with SUMO-1
at subcellular replication foci, although the biological conse-
quences of these interactions are unclear. An ortholog of
Zimp10 and Zimp7, called tonalli, has been identified in Dro-
sophila melanogaster, and it genetically interacts with the ATP-
dependent SWI/SNF and Mediator complexes, suggesting a
potential role for the Zimp proteins in chromatin remodeling
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(8). Additionally, recent data have shown that Zimp7 interacts
with Brg-1 and BAF57, components of the mammalian SWI/
SNF complexes (9).

The loss of PIAS1 in mice results in increased interferon
signaling and enhanced protection against viral and microbial
challenge, as well as hypersensitivity to lipopolysaccharide en-
dotoxic shock (22). These animals also display partial perinatal
lethality and appear 20 to 40% smaller than wild-type litter-
mates. Disruption of the PL4Sx gene reduced the testis weight
in mice, although the knockouts appear viable and fertile (30).
However, PIASy knockout mice display no obvious phenotypic
defects (36). Interestingly, no abnormality in SUMO conjuga-
tion was observed in the knockout mice described above. To
investigate the biological role of Zimpl0 in vivo, we took a
loss-of-function approach by disrupting the zimpl0 allele in
mice. Mice homozygous for the zimpl0-targeted allele display
embryonic lethality at approximately embryonic day 10.5
(E10.5). Severe defects in yolk sac vascular development were
observed in zimpl0 null mice as early as E9.5, resulting in
obvious anemia and growth retardation in these animals. No
reduction in hematopoietic potential was identified in yolk sacs
deficient for zimpl0. Intriguingly, microarray analysis of
zimp10 null yolk sacs showed that the expression levels of
several genes involved in vascular development were decreased
compared to those of wild-type yolk sacs. These data suggest a
novel role for Zimpl0 in the regulation of vascular develop-
ment.

MATERIALS AND METHODS

Gene targeting and genotyping. The targeting vector for the Zimp10 gene was
constructed by ligating a PCR-amplified 1.3-kb fragment and a 9-kb lambda
phage fragment (clone no. 23; Ingenious Targeting Labs, Stonybrook, NY), both
homologous to the zimpI0 genomic sequence, into a targeting vector containing
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a PGKneo cassette. This construct was designed to replace 2.7 kb of the zimp10
sequence containing exons 8 to 10 (amino acids 149 to 314) and to generate a
frameshift mutation for the remaining Zimp10 transcript. The targeting vector
was linearized and electroporated into 129 SvEv iTL1 embryonic stem cells, and
recombinant clones were selected in medium containing G418. Targeted embry-
onic stem cells were confirmed by PCR, and two independent recombinant
clones were microinjected into C57BL/6J blastocysts. Chimeric mice then were
crossed with C57BL/6J mice to achieve germ line transmission of the neomycin-
disrupted Zimp10 allele. For genotyping, mouse tail tips or embryo yolk sacs
were incubated in lysis buffer (100 mM NaCl, 10 mM EDTA, 20 mM Tris-HCI,
pH 7.5, 0.5% sodium dodecyl sulfate, 400 pg/ml proteinase K) overnight at 60°C,
phenol extracted, and ethanol precipitated. Genomic DNA was dissolved in 0.5X
Tris-EDTA and PCR amplified using three primers to distinguish the wild-type
allele from the mutant allele: wild type, 5'-GGCAGCCTTGCAAGAGACACA
GAACA-3'; neo cassette forward, 5'-TGCTGTCCATCTGCACGAGACTA-3';
common reverse, 5'-GCCTGGGTAAAATCCACAGA-3'. PCR fragments were
amplified at 95°C for 5 min and then for 40 cycles at 95°C for 45 s, 63°C for 50 s,
and 72°C for 45 s, followed by a final step at 72°C for 5 min. For the genotyping
of histological sections, a needle was used to scrape tissue from individual
sections, the tissue was deparaffinized by incubation with xylenes and centri-
fuged, and the genotyping procedure was performed as described above.

Western blot analysis. E9.5 embryos from heterozygous intercrosses or lenti-
virus-infected HEK293 cells were collected, and protein was extracted in lysis
buffer (50 mM Tris-HCI, pH 7.5, 10% glycerol, 1% NP-40, 5 mM EDTA, 300
mM NaCl, 150 mM KCI, 1 mM dithiothreitol, 10 mM NaF, 10 wg/ml aprotinin,
10 pg/ml leupeptin, 10 mM phenylmethylsulfonyl fluoride, and 0.5 mM sodium
orthovanadate) on ice for 10 min. Samples then were sonicated for 5 s on ice
using a sonic dismembrator (model 100; Fisher Scientific) at 30% power output.
Lysates were cleared by centrifugation at 4°C, and supernatants were subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis. Proteins
were transferred to nitrocellulose membranes, blocked with 5% milk, and im-
munoblotted using appropriate primary and species-specific horseradish-perox-
idase-conjugated secondary antibodies. Two homemade Zimpl0O antibodies
(«Zimp10 KC and aZimp10 R1) were used at a 1:500 dilution in independent
immunoblots of embryo lysates. The anti-a-tubulin antibody (clone DM1A;
Neomarkers, Freemont, CA) was used at a 1:1,000 dilution. For Zimp10 small
hairpin RNA (shRNA)-infected cells, the aZimp10 R1 antibody was used.

Reverse transcription-PCR (RT-PCR) and microarray analysis. Total RNA
was extracted from E9.5 yolk sacs using RNAbee RNA isolation reagent (Tel-
Test inc., Friendswood, TX) according to the manufacturer’s recommendations.
One to 2 pg of RNA was reverse transcribed using AMYV reverse transcriptase
(Promega, Madison, WI) with oligo(dT) and random primers in a total volume
of 20 wl. Primers for amplifying Zimp10 were 5'-GCACAGTGATGGGTCAT
TTC-3' (forward) and 5'-CAGGGTAACTGGCCCCAAAG-3’ (reverse); those
for Fra-1 were 5'-TCTGGCCTATCCCCAGTACA-3’ (forward) and 5'-CCTT
CTGCTTCTGCAGCTCT-3' (reverse). The Zimp10 and Fra-1 cDNA was am-
plified at 95°C for 5 min, followed by three cycles of 95°C for 1 min, 55°C for 1
min, and 72°C for 1 min, and then 30 (Zimp10) or 33 (Fra-1) cycles of 95°C for
1 min, 58°C for 1 min, and 72°C for 1 min. Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was amplified with the following primers: 5'-CCATGGA
GAAGGCTGGGG-3" (forward) and 5'-CAAAGTTGTCATGGATGACC-3’
(reverse) as described previously (21).

For microarray analysis, wild-type and zimpI0 null E10 yolk sacs were isolated
from a heterozygous intercross, and RNA samples were isolated as described
above and purified using the RNeasy kit (Qiagen, Valencia, CA). Three RNA
samples from each genotype were pooled, amplified, and labeled using the
Affymetrix one-cycle target-labeling protocol (Santa Clara, CA). Samples then
were hybridized to Affymetrix mouse 430 2.0 oligonucleotide arrays.

‘Whole-mount in situ hybridization, immunohistochemistry, and histology.
Wild-type E9.5, E10.5, E11.5, and E12.5 embryos were isolated and fixed in 10%
neutral-buffered formalin at 4°C overnight. The in situ hybridization procedure
was performed as described previously (26a). Two human Zimp10 fragments for
either the N-terminal region (between amino acids 152 and 238) or the C-
terminal untranslated region (between nucleotides 3383 and 3863) were gener-
ated by PCR with specific primers and were cloned into T Easy vector (Pro-
mega). Either sense or antisense RNA probes were generated using the Roche
DIG RNA labeling kit (SP6/T7; Palo Alto, CA).

For immunohistochemistry, embryos and yolk sacs were isolated and fixed in
10% neutral-buffered formalin overnight at 4°C and processed through a gradi-
ent of 25, 50, 75, and 100% methanol. Endogenous peroxidase activity was
blocked by incubating samples in 5% hydrogen peroxide-methanol for 5 h.
Samples were washed twice in methanol, processed through a methanol gradient
to phosphate-buffered saline (PBS), blocked twice for 1 h each in PBSMT (3%
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nonfat milk, 0.1% Triton X-100 in PBS), and incubated with a rat anti-PECAM
antibody at a 1:50 dilution (Roche) or a chicken anti-Zimp10 antibody at a
1:1,500 dilution overnight at 4°C. Samples then were washed five times for 1 h
each in PBSMT, incubated with either a goat anti-rat antibody-horseradish
peroxidase (1:200 dilution; Roche) or a rabbit anti-chicken antibody-horseradish
peroxidase (1:2,000 dilution; Promega), and exposed to DAB substrate (Vector
Laboratories, Burlingame, CA) for visualization. For histological analysis, 7-pm
serial sections were processed from xylene to water through a decreasing ethanol
gradient, stained with hematoxylin and eosin, and processed back to xylene
through an increasing alcohol gradient. Coverslips were mounted using Per-
mount mounting medium (Fisher Scientific). Images for all experiments in this
study were acquired on a Leica dissecting microscope (model MZ9s) using a
Zeiss Axiocam and Axiovision software.

Methocellulose colony formation assay. For the methocellulose colony forma-
tion assay, yolk sacs were isolated, washed in Iscove’s medium containing 2%
fetal bovine serum (FBS), and disaggregated in 0.25% collagenase at 37°C for 10
min. Cells (5 X 10*) were plated in methocult semisolid medium (Stem Cell
Technologies). Erythroid colonies were counted on day 4, and myeloid colonies
were counted on day 11 (18).

Ink injection. E9.5 embryos were dissected in PBS and immediately injected
with 20% India ink diluted in PBS-Tween 20 (0.1%) using a 5-um microcapillary
device and a mouth pipette (34). To allow for the visualization of the yolk sac
vasculature, yolk sacs were dissected away from the embryos but remained
attached. Images were acquired immediately after ink injection using the Leica
imaging system described above.

Proliferation assay. Mouse embryo fibroblast (MEF) isolation and the
Zimp10-specific sShRNA have been described previously (21). The Zimpl0
shRNA lentiviruses were generated using the pLentiSuper vector and were
produced in HEK293T cells. MEFs were plated in 96-well dishes in full medium,
and cell viability was determined over a 4-day time course using the MTS
proliferation assay kit (Promega). HEK293 cells were transduced in 6-well plates
with Zimp10 shRNA or green fluorescent protein (GFP) control lentiviruses for
3 days and then were replated in 96-well dishes. Cell viability was determined
over an 8-day time course. Prior to MTS reagent addition, bright-field and
fluorescence images were captured for each time point. The above-described
cells also were plated in full medium in 12-well dishes for colony formation assays
as described previously (35).

Luciferase reporter assays. The fra-1 promoter constructs were a kind gift
from Sekhar Reddy, Johns Hopkins University (1). HEK293 cells were main-
tained in 10% FBS-Dulbecco’s modified Eagle’s medium and seeded in 48-well
plates at a density of approximately 1 X 10° cells/well. Transient transfection and
luciferase assays were performed as described previously (33).

RESULTS

Expression of Zimp10 during development. Using in situ
hybridization approaches, we assessed the expression of
Zimp10 during mouse development using wild-type embryos.
As shown in Fig. 1, Zimpl0 expression was specifically de-
tected throughout the embryo at E9.5 by an antisense probe
derived from the N terminus of Zimp10. The areas of intense
Zimp10 staining included the forebrain, the midbrain, and the
mandibular brachial arch. In addition, Zimp10 displayed wide-
spread dorsal expression, which persisted throughout develop-
ment and appeared to become more localized to the periphery
of the embryo at later stages. Craniofacial expression of
Zimp10 was apparent at all stages examined and also became
more localized to the periphery of the embryo as development
progressed. Interestingly, the embryo limb buds displayed sig-
nificant Zimp10 staining, which was most pronounced at E12.5.
Similar staining patterns also were observed with a C-terminal
Zimp10 antisense probe on E9.5 to E12.5 embryos (data not
shown). However, no staining was observed with the sense
probes used as negative controls (Fig. 1, bottom row).

Disruption of the Zimp10 gene. To investigate the biological
role of Zimp10 in vivo, we took a loss-of-function approach by
generating a zimp10-deficient mouse strain. The mouse zimpl0
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FIG. 1. Zimp10 expression during development. Wild-type embryos were isolated at E9.5, E10.5, E11.5, and E12.5 and subjected to in situ
hybridization using an RNA probe specific for the Zimp1l0 sequence (amino acids 152 to 238) as described in Materials and Methods. The
magnification settings were adjusted according to the stage so that the embryo filled the field of view. Top panel, antisense probe; bottom panel,

sense probe. Scale bar, 500 pm.

gene (also named zmiz!) is localized to chromosome 14 and is
organized into 24 exons spanning an approximately 205-kb
region of genomic DNA. A 2.7-kb fragment encompassing the
region between exons 8 and 10 (amino acids 149 to 314) was

replaced with a PGKneo cassette through homologous recom-
bination, which also resulted in a missense mutation in the
remaining Zimp10 transcript (Fig. 2A). Two independent em-
bryonic stem cell clones heterozygous for the disrupted allele
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FIG. 2. Targeted disruption of the Zimp10 gene. (A) Schematic representation of the Zimpl0 targeting strategy. The Zimpl0 locus was
disrupted with a targeting vector that replaced approximately 2.7 kb of the Zimp10 genomic sequence containing exons 8 to 10 with a neomycin
(Neo) resistance gene. The top line represents the neomycin targeting vector, and the bottom line represents the Zimp10 genomic sequence. The
ATG translational start site is indicated with arrows. LA, long homologous recombination arm; SA, short homologous recombination arm.
(B) PCR-based genotyping of E9.5 embryos using primers specific for the wild-type or neomycin-targeted allele. Knockout (KO) and wild-type
(WT) bands are indicated. (C) RT-PCR analysis of Zimp10 transcripts in E9.5 embryos using primers specific for the N-terminal region of Zimp10.
GAPDH cDNA was amplified as a control. (D) Western blot using affinity-purified anti-Zimp10 antibody to examine the expression of Zimp10
proteins in E9.5 embryos. (E) A schematic representation of the human Zimp10 protein. The numbers correspond to the amino acid sequence of
the protein. The putative functional domains are marked as the proline-rich domain (Pro Rich), the nuclear localization signal (NLS), and the Miz
domain (Miz).
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TABLE 1. Zimp10 homozygotes die at E10.5 of gestation

No. (%) of animals

Time point Total
Zimp10™/* Zimp10+/~ Zimp10~/~

E9.5 122 (25) 248 (50) 122 (25) 492

E10.5 18 (27) 33 (50) 15 (23) 66

E11.5-E15.5 8(28) 21 (72) 0(0) 29

Postnatal 224 (40) 340 (60) 0(0) 564

“ Dying embryos.

were injected into C57BL/6 blastocysts, and germ line trans-
mission was achieved by crossing chimeric mice with wild-type
C57BL/6J mice.

Mice heterozygous for the disrupted ZimplO allele
(zimp10™'~) were viable and fertile and displayed no pheno-
typic abnormalities compared to the phenotype of wild-type
littermates (zimpl0*'"). The presence of the Neo-disrupted
allele was confirmed by PCR analysis of genomic DNA isolated
from the yolk sacs of E9.5 embryos (Fig. 2B). RT-PCR analysis
revealed that the transcription of Zimp1l0 was disrupted, re-
sulting in the absence of the portion of the Zimp10 transcript
starting at exon 8 (Fig. 2C). Using a C-terminal anti-Zimp10
antibody, we failed to detect full-length Zimpl0O protein in
embryos homozygous for the zimpl0-disrupted allele
(zimp10~'~) by Western blot analysis (Fig. 2D), which was
further confirmed by reblotting the same embryo lysates with
another anti-Zimpl0 antibody (data not shown). Taken to-
gether, the above data demonstrate that the expression of
Zimp10 protein was disrupted in zimpl0 null mice.

Loss of functional Zimp10 protein results in embryonic le-
thality around E10.5. Both heterozygous males and females
were fertile and phenotypically indistinguishable from wild-
type littermates. However, no homozygous mutants were pro-
duced from heterozygous intercrosses, suggesting that homozy-
gosity for the disrupted Zimpl0 allele results in embryonic
lethality (Table 1). To assess the dynamics of the embryonic
lethality, embryos from heterozygous intercrosses were ana-
lyzed at different stages of gestation. zimpl0~/~ embryos were
obtained with the expected Mendelian frequency at E9.5 or
earlier. By E10.5, the number of viable homozygous embryos
was significantly reduced. The knockout embryos appeared to
be severely underdeveloped and in the process of dying (Fig.
3A). No viable homozygous embryos were observed at E11.5
or later (Table 1). The above results suggest that fetuses lack-
ing functional Zimp10 proteins died in utero at around E10.5
of gestation. In addition, heterozygous mutant mice were un-
derrepresented among weaned pups (Table 1) but appeared
otherwise indistinguishable from wild-type littermates. No
neonatal lethality was seen among zimpl0*'~ mice, suggesting
that a fraction of the heterozygous embryos died in utero.

Embryos lacking zimp10 are retarded in growth and devel-
opment. In general, zimpl0~'~ embryos were indistinguishable
from wild-type littermates at E8.5, but they were developmen-
tally retarded to various degrees at the E9.5 stage. As shown in
Fig. 3A, zimpl0~'~ embryos generally were pale and small
compared to wild-type and zimpl0™'~ embryos, but no gross
developmental abnormalities were observed under bright-field
microscopy. By E10.5, knockout embryos were approximately half
the size of wild-type littermates and appeared severely anemic
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(Fig. 3A). Beating hearts were observed in zimpl0~'~ embryos at
E9.5 and E10.5. However, no branching vascular network was
observed in zimpl10~'~ yolk sacs (Fig. 3B). Histological analysis of
E9.5 embryos showed the presence of dilated blood vessels in
zimpl0~'~ yolk sacs (arrows in figures), while placental develop-
ment appeared normal (Fig. 3C and D). The above results pro-
vide the first line of evidence suggesting that zimpl0 knockouts
display abnormalities in vascular development.

The retarded growth phenotype of zimpl0~'~ embryos sug-
gests that cell proliferation is reduced during their develop-
ment. To examine this possibility, we used several approaches
to assess the potential effects of Zimp10 on cell growth and
survival. First, we isolated MEFs of different genotypes from
heterozygous intercrosses and tested their viability using the
MTS assay. As shown in Fig. 4A, a significant reduction in cell
growth was observed in zimp10~'~ MEFs compared to that of
wild-type or heterozygous MEFs (P < 0.05). To confirm the
role of Zimp10 in cell growth and survival, we generated spe-
cific Zimpl0 shRNA lentiviruses and infected them into
HEK293 cells. Western blots showed that the level of endog-
enous Zimpl0 protein was reduced in cells infected with the
Zimp10 shRNA lentivirus compared to that of the ones in-
fected with the GFP lentivirus, which were used as negative
controls (Fig. 4D). Accordingly, the cell numbers were 35 and
45% lower at days 4 and 5, respectively, after Zimp10 shRNA
infection compared to that of controls according to the MTS
assay (P < 0.05) (Fig. 4B). The reduction in cell viability also
was observed directly under bright-field microscopy (Fig. 4C).
The effect of Zimpl0 on cell growth and survival then was
assayed using a colony formation assay. A series of dilutions of
cells that either were infected by the Zimpl0 shRNA or GFP
lentiviruses were seeded in 6-well plates. After 14 days, cells
were fixed and stained with crystal violet. A significant reduc-
tion in the number and size of colonies in the samples infected
with the Zimp10 shRNA lentiviruses was observed compared
to that of samples infected with the control viruses (Fig. 4E).
Taken together, the above results suggest an important role for
Zimp10 in cell proliferation and survival.

Normal myeloerythroid hematopoiesis in zimpl0~'~ yolk
sacs. The anemic appearance of zimpl0 knockout embryos
prompted us to investigate whether there was a reduction in
their hematopoietic potential compared to that of wild-type
littermates. Hematopoietic colony-forming assays were per-
formed on E9.5 yolk sacs by plating cells onto methylcellulose-
containing medium supplemented with the appropriate cyto-
kines (18). As shown in Fig. 4F, no significant differences in the
total number and content of the erythroid, myeloid, and mixed
colonies were observed in homozygous, heterozygous, or wild-
type yolk sacs. Therefore, it appears that Zimp10 does not play
a primary role in the early differentiation and maturation of
erythroid and myeloid lineages.

zimpl0~'~ embryos have abnormal vascular development.
To continue searching for the possible mechanisms of the
lethality of zimpl0~/~ mice, we investigated potential defects
in vascular development in zimp10~/~ embryos. To assess the
integrity of the vasculature, we first injected India ink into the
cardiac outflow tract of normal and knockout embryos at E9.5
to visualize the vascular network (34). As shown in Fig. SA, the
main vascular network in zimpI0~'~ embryos appeared rela-
tively normal; however, the vessels within the branchial arches
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FIG. 3. Morphology of Zimp10 knockout embryos. (A) Images of freshly dissected wild-type and zimpI0~'~ embryos at E9.5 and E10.5. Growth
retardation and anemia of the zimp10~/~ embryos is observed at E9.5 (top images) and is more pronounced at E10.5 (bottom images). (B) Images
of yolk sacs from the embryos presented in panel A. Prominent defects in vascular development were noted in zimp10~'~ yolk sacs at E10.5 (bottom
images), which also are evident at earlier stages (top images). (C) Low- and high-magnification images of hematoxylin- and eosin-stained
zimp10™'* and zimpl0~/'~ littermate embryo sections at E9.5. Arrows show dilated vessels in zimpl10~/~ yolk sacs. (D) A second set of embryo

littermate sections was analyzed as described for panel C.
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FIG. 4. Effects of Zimp10 loss on cell viability and hematopoietic potential. (A) MTS cell proliferation assay using E9.5 MEFs isolated from
zimp10 heterozygous intercrosses (+/+,n = 4; +/—,n = 4; —/—, n = 3). (B to E) HEK293 cells were infected with Zimp10 shRNA (Z10shRNA)
lentivirus or GFP control virus and replated for the assessment of cell viability using the MTS cell proliferation assay (B), bright-field and
fluorescence microscopy (C), or clonogenic assay (E). (D) Western blot analysis of the knockdown effect in cells after 6 or 8 days of infection with
Zimp10 shRNA (top panel). The same blots were probed with an antitubulin antibody as a control. (F) E9.5 yolk sacs were isolated from
heterozygous intercrosses, disaggregated, and plated for hematopoietic colony-forming ability on methocellulose semisolid medium plus hema-
topoietic growth factors (5 X 10* cells/well). Erythroid colonies were counted on day 4, and myeloid colonies were counted on day 11.
Erythroid-myeloid mixed colonies were counted accordingly. Bars represent averages and standard deviations of results from multiple yolk sacs
isolated from the same litter (Zimp10*/*, n = 6; Zimp10*'~, n = 7; Zimp10~/~, n = 6). OD 490 nm, optical density at 490 nm.

and dorsal aorta were smaller and less well defined. To further
characterize the vascular network in detail, we stained E9.5
whole-mount embryos with an antibody specific for the endo-
thelium-specific marker PECAM (4). We observed dorsal aor-
tas in zimpI0 null embryos that were dilated compared to those
of the wild type (Fig. 5B). Although pharyngeal arch arteries
are present in the knockouts, they were smaller than and not as
well defined as those of the wild-type embryos (Fig. 5B, ar-
rows). The hearts in the knockouts appeared abnormal. In
particular, the left heart valve and atrium were smaller and
underdeveloped in the knockouts (Fig. 5B, bottom images,
marked areas). In addition, under high-magnification,
zimpl0~'~ embryos appeared to have fewer small capillary
vessels within the head region than wild-type embryos (Fig. 5C,
arrows). To confirm this observation, the numbers of capillary

branch points in the head region were quantified using PE-
CAM-stained E9.5 embryos as described previously (29). The
data from two independent experiments showed a significant
difference between wild-type and knockout embryos (Fig. SD).
Taken together, the above results suggest the presence of vas-
cular defects in zimpl0~'~ embryos.

Embryos lacking zimp10 display severe defects in yolk sac
vascular development. The above defects in zimpl0~'~ em-
bryos, although obvious and interesting, did not appear to be
the primary cause of embryonic lethality. Since the develop-
ment of an intact extraembryonic vasculature is essential for
embryo viability during midgestation, we analyzed zimpl0~'~
extraembryonic tissues in further detail. Upon dissection of
E9.5 and E10.5 embryos, the surface of the yolk sacs in zimp10
knockouts appeared pitted and pale (Fig. 3B and 6A). Intrigu-



288 BELIAKOFF ET AL.

Zimp10 +/+ Zimp10 -/-

D- ® 15,
£ T O Zimp10 +/+
2 0 Zimp10-/-
o 10
[=
o
om
©
® 5 x
g T
E I
=]
=
ol

FIG. 5. Analysis of embryo vasculature. (A) India ink was injected
into the cardiac outflow tract of E9.5 zimpl10*'* and zimpl0~/~ em-
bryos to visualize the embryo vasculature. (B) Whole-mount immu-
nostaining of E9.5 zimpl0*'* and zimpl0~/~ embryos using an
antibody against the endothelium-specific marker PECAM.
(C) High magnification of the head region of PECAM-stained em-
bryos. Small capillaries are observed in wild-type embryos (arrows)
but not in zimp10~'~ embryos. (D) Branching capillaries within the
perineural vascular plexus of PECAM-stained E9.5 embryos were
quantified. Bars represent the averages and standard deviations
from duplicate experiments. *, P < 0.05.
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ingly, we discovered the complete absence of a branching vas-
cular network in zimpl0 '~ yolk sacs, which was most pro-
nounced at E10.5. To identify the precise abnormalities of
zimpl0~'~ yolk sacs, we systematically characterized yolk sac
vascular development using E9.5 embryos isolated from het-
erozygous intercrosses. First, Zimp10 expression in the yolk sac
vasculature of wild-type embryos was confirmed using whole-
mount immunohistochemistry with a chicken antibody against
the N terminus of Zimp10. As shown in Fig. 6C, staining of the
yolk sac vascular network was observed with an anti-Zimp10
antibody (top image) but not with immunoglobulin Y, which
was used as a control (bottom image). As expected, this vas-
cular-network-specific staining was not observed in zimpl0~/~
yolk sacs using the Zimpl0 antibodies (Fig. 6D, bottom im-
age). Staining for the endothelial cell marker PECAM then
was carried out. The data showed that endothelial cells were
present in zimpl0~'~ yolk sacs but failed to organize into a
vascular network (Fig. 6E). Following primitive endothelial
tube formation, mesenchymal cells are recruited and differen-
tiate into vascular smooth-muscle cells to establish mature
blood vessels (28). Smooth-muscle actin staining showed that
smooth-muscle cells in the zimp10~'~ yolk sac are mislocalized
and accumulate in a spotted, punctate pattern (Fig. 6F). In
contrast, a branching network of vessels was clearly observed in
normal yolk sacs by bright-field microscopy or immunostaining
with antibodies against PECAM or smooth-muscle actin (Fig.
6A, E, and F). Analysis of the capillary branch point numbers
in yolk sacs showed a significant reduction in the knockouts
(Fig. 6G). To determine the integrity of intact vessel networks
in zimp10~'~ yolk sacs, the yolk sacs were deflected from the
dissected E9.5 embryos that were injected with India ink
through the cardiac outflow tract of the heart. Under bright-
field microscopy, we observed that the ink traveled through the
embryo vasculature and into the yolk sac vasculature. How-
ever, the vasculature was severely disorganized and lacked the
typical branching pattern of vessels that was observed in
zimp10™*'" yolk sacs (Fig. 6B). These results suggest a potential
role for Zimp10 in the remodeling of the primitive yolk sac
vascular plexus during embryogenesis, as a loss of Zimp10
function results in the observed defects in yolk sac vasculature
during midgestation.

Zimp10 regulates expression of the Fra-1 transcription fac-
tor. Previous studies have shown that Zimp10 is a transcrip-
tional coregulator and modulates the transcription mediated
by multiple transcriptional factors (21, 33). To search for po-
tential molecular mechanisms by which Zimp10 regulates vas-
cular development, we evaluated possible downstream targets
of Zimp10 using microarray analysis. RNA samples from wild-
type and knockout E10 yolk sacs were isolated, and expression
was analyzed using Affymetrix mouse arrays (http://smd
.stanford.edu). Interestingly, a variety of transcripts encoding
proteins involved in vascular development were shown to be
downregulated in zimpl0~'~ yolk sacs, including proliferator
protein-activated receptor gamma (PPAR-y), activator protein
2 gamma (AP-2v), GATA-2, GATA-3, and Fra-1 (Table 2).
Using RT-PCR analysis, we confirmed that the amount of
Fra-1 transcript was reduced in zimp10~'~ yolk sacs (Fig. 7A).
To determine if residual Fra-1 expression in the zimpl0~/'~
samples was due to Zimp7 expression, we infected zimpl0~/~
MEFs with a specific Zimp7 shRNA lentivirus or control virus
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TABLE 2. Microarray analysis of zimpl0~'~ yolk sacs

Fold change
Gene Role in vascular development from level
in wild type
PPAR-g Endothelial tube formation -6.3
AP-2g Transcription factor involved in -5.9
trophoblast cell development
BMPS8b Ligand for TGF-b receptor =5.7
fra-1 Early endothelial cell development —4.7
GATA-3 Proliferation/differentiation of —4
endothelial cells
GATA-2 Proliferation/differentiation of -39

endothelial cells

but did not observe a further decrease in Fra-1 levels (data not
shown). Fra-1 is a member of the fos family of transcriptional
regulators and heterodimerizes with Jun family members to
form the AP-1 transcription factor (38). fra-1 knockout em-
bryos display embryonic lethality around E10, with defects in
placental and yolk sac vasculature. Given the striking similarity
between the phenotypes of zimpl0 and fra-1 knockouts, we
further investigated the potential role of Zimp10 in Fra-1 tran-
scription. Using luciferase reporter constructs driven by a func-
tional Fra-1 promoter (1), we assessed the regulatory role of
Zimp10 on Fra-1 transcription. As shown in Fig. 7B, exoge-
nous Zimp10 expression increased the activities of three fra-1
promoter/reporter constructs approximately three- to fivefold
in HEK293 cells. Zimp10 in particular showed a high level of
induction of the fra-1-570-luc reporter construct. Interestingly,
Zimp7, a homolog of Zimp10, appeared to show an even greater
enhancement on the fra-1 promoter/reporter plasmids than the
Zimp10 expression construct. To confirm the role of Zimp10 in
Fra-1 transcription, we knocked down the expression of endoge-
nous Zimp10 using specific sSiRNA constructs in HEK293 cells as
described previously (20, 21). As shown in Fig. 7C, a significant
decrease of endogenous Fra-1 transcript was observed in samples
infected with the Zimp10 shRNA viruses compared to that of the
controls. Specific knockdown of the Zimp10 protein in this ex-
periment was confirmed by Western blotting (Fig. 7D). These
results provide evidence to demonstrate a potential role for
Zimp10 in Fra-1 transcription, which may contribute to the vas-
cular defects observed in zimp10 null mice.

DISCUSSION

Zimpl0 is emerging as a transcriptional coregulator in a
variety of important cellular pathways, including the AR, trans-

FIG. 6. Severe vascular defects in zimpl0~'~ yolk sacs. E9.5 yolk
sacs were dissected away from the embryos as described in Materials
and Methods and were used for the following analyses. (A) Bright-field
microscopy; (B) India ink injection; (C) wild-type yolk sacs stained
with the anti-Zimp10 antibody (Ab) or immunoglobulin Y (IgY) as a
control; (D) normal or zimpl10~'~ yolk sacs stained with anti-Zimp10
antibody; (E) PECAM immunostaining; (F) smooth-muscle actin im-
munostaining. (G) Vascular branch points were quantified using
PECAM-stained yolk sacs from wild-type or zimpl0~'~ animals. Bars
represent averages and standard deviations from duplicate experi-
ments. *, P < 0.05.
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FIG. 7. Zimp10 regulates expression of the Fra-1 transcription factor. (A) RT-PCR analysis for Fra-1 expression in E9.5 yolk sacs isolated from
zimpl0™'*, zimp10™'~, or zimpl0~'~ yolk sacs. Specific primers were used to amplify Zimp10 (top), Fra-1 (middle), or GAPDH (bottom)
transcripts. (B) HEK293 cells were transfected with luciferase (Luc) reporter constructs containing 861 (—861-Luc), 570 (—570-Luc), or 105
(—105-Luc) bp of the fra-1 promoter in the presence of pcDNA3-hZimp7 or pcDNA3-hZimp10 expression vector. A constitutive B-galactosidase
(B-gal) vector also was included to control for transfection efficiency. After 48 h, cells were isolated and luciferase and B-gal values were
determined. Bars represent luciferase/B-gal averages and standard errors from triplicate determinations. (C) The levels of Fra-1 transcripts were
assessed in two independent experiments (Exp) by quantitative RT-PCR assays in HEK293 cells infected with Zimp10 shRNA or control
lentiviruses. (D) Western blot analyses were performed using the whole-cell lysates isolated from the cells depicted in panel C.

forming growth factor B (TGF-B), and p53 signaling cascades
(20, 21, 33). However, its biological role in vivo still remains
unclear. To address this question, we have generated mice with
a targeted disruption of the zimp10 gene. In this study, we show
that embryos deficient for the Zimp10 allele die around E10.5
due to severe defects in yolk sac vessel organization, indicating
that Zimp10 plays an essential role in the extraembryonic vas-
cular development process. Subtle differences also were ob-
served in aortic arch architecture, heart ventricle development,
and the number of branching capillaries in the head region in
zimp10 knockout embryos. Additionally, cell proliferation was
inhibited in zimpl0~'~ embryo fibroblasts and in cells with
reduced Zimp10 levels. Despite the anemic appearance of the
zimpl0~'~ embryos, the hematopoietic potential appeared
normal in zimpl0~'~ yolk sacs. Intriguingly, we provide evi-
dence in this report demonstrating that the most severe defect
in zimpl0 knockouts is the failure of the yolk sac vascular
plexus to form a mature vascular network, which is critical for
proper development during embryogenesis.

By around E9.5, embryos no longer can survive by the direct
exchange of gasses and nutrients, and thus the establishment of
a functional extraembryonic vasculature becomes critical (10).
The identification of a poorly organized yolk sac vasculature in
zimp10 knockout embryos suggests that this defect is the pri-
mary cause of embryonic death around E10.5. Our results are
consistent with those of previous studies showing similar em-
bryonic lethal phenotypes between E9.5 and E10.5 that result

from yolk sac defects (7, 17, 18, 34). Although we have ob-
served that a primitive vascular network of large vessels is
present in zimpl10~/~ yolk sacs, we demonstrated that the ves-
sels fail to develop from a primitive vascular plexus into a
mature vascular network. In addition, fewer branching capil-
lary structures were observed in the head region of zimpl0~/'~
embryos, and subtle differences in vessel and heart architecture
were observed, suggesting that vascular abnormalities may ex-
ist in zimpl0~/~ embryos as well. The staining of zimpl0~/~
yolk sacs with a smooth-muscle actin antibody revealed that
smooth-muscle cells are organized in a punctate pattern rather
than the expected branching network seen in wild-type yolk
sacs. This result provides evidence that a mature vessel net-
work is unable to form in zimpI0~'~ yolk sacs, which may be
one of the primary factors resulting in the embryonic lethality
of zimpI0~'~ animals. Although the zimpI0 knockout system is
the first in vivo system to implicate a potential role for PIAS-
like proteins in vascular development, previous studies have
shown potential roles for the PIAS proteins in the regulation of
angiogenesis in vivo and in smooth-muscle differentiation in
cell culture systems through the STAT signaling pathways (2,
13). Thus, the roles of Zimpl0 and other PIAS proteins in
angiogenesis and vasculogenesis should be further explored.
Interestingly, disruptions of the Notch and TGF-$ pathways
in mice result in similar defects in vascular remodeling (6, 7,
17, 18, 34). In these models, abnormalities are observed
around E9.5, and embryonic death occurs by E10.5. In partic-
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ular, the TGF-B type I receptor knockout mice showed vascu-
lar defects very similar to those observed in zimpl0~'~ mice.
Previous studies have shown a potential link between PIAS
proteins and Smad proteins, downstream transducers of
TGF-B pathways (23, 24). Interestingly, our recent works
showed that Smad3/4 transcriptional activity is impaired in
Zimpl0 knockout embryos, implying a regulatory role for
Zimpl0 in Smad3- and Smad4-mediated transcription (21).
However, we were unable to identify significant differences in
the expression of notch components in the zimp10~'~ yolk sacs
by RT-PCR in this study (data not shown). Further study of the
precise molecular mechanisms by which Zimp10 regulates the
development of the vascular system and angiogenesis may help
us to understand the interaction between Zimpl0 and TGF-B
pathways.

As we have reported previously, Zimp10 is a PIAS-like pro-
tein and shares structural and functional similarities with mem-
bers of the PIAS family. The biological roles of PIAS proteins
have been investigated in knockout mouse models. Disruption
of the PLASx and PLASy genes did not show significant defects
in mice (30, 36). In contrast, PIAS1 knockout mice display
partial perinatal lethality before E17.5, and mice that survive
are 20 to 40% smaller than wild-type littermates (22). In ad-
dition, these mice displayed enhanced interferon-mediated an-
tiviral activity and increased protection against pathogenic in-
fection. Given the fact that the PIAS proteins are very similar
structurally, it is possible that other members of the PIAS
family compensate for the function of PIAS1x and PIAS1y in
their knockout mice. The creation of knockouts with multiple
PIAS protein deletions may provide useful information in this
regard. The phenotype of zimpl0 null mice appears more se-
vere than those observed for PIAS knockouts. These data
suggest a unique and important role for Zimp10 in early de-
velopment, which may be distinct from and cannot be compen-
sated for by other PIAS proteins. While zimp10 knockout re-
sults in embryonic lethality by E10.5 with 100% penetrance,
intriguingly, we observed that Zimp10 heterozygotes are born
at less than the expected Mendelian ratio. It is currently un-
clear at what stage heterozygote lethality might occur, al-
though several litters have been examined from E9.5 to E15.5
with no observable difference between wild-type and heterozy-
gous embryos (data not shown). It will be very interesting to
further identify the lethality of the heterozygotes, which may
help us to further understand the biological role of Zimp10 in
development.

Vascular development requires the coordinated activation
of several transcription factors through a variety of different
pathways, including the TGF-B, Notch, VEGF, Wnt, and BMP
pathways (5, 26). The widespread implementation of knockout
mouse models has led to the identification of a subset of
transcription factors that are essential for vasculogenesis (28).
To examine the precise role of Zimpl0 in vascular develop-
ment, we used a microarray approach to examine the transcrip-
tion profiles of zimp10™'" and zimp10~'~ yolk sacs. A number
of cDNA sequences encoding proteins that may contribute to
vascular development were identified to be downregulated in
zimp10 knockout yolk sacs, including Fra-1, PPARYy, AP2y,
GATA-2, and GATA-3 (Table 2). Using RT-PCR, we further
confirmed the reduction of Fra-1 expression in Zimp10 knock-
outs. Previous studies have shown that fra-1 knockout mice
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display defects in the placental and yolk sac vasculature and die
at around E10 (32). Using fra-1 promoter/reporter constructs,
we further confirmed a regulatory role for Zimp10 in the fra-1
promoter in human HEK293 cells (Fig. 7B). In addition, quan-
titative RT-PCR experiments revealed that the fra-1 transcript
is downregulated in HEK293 cells infected with a Zimp10-
specific shRNA construct (Fig. 7C and D). Interestingly,
Zimp7, a homolog of Zimp10, also affected the activity of the
fra-1 promoter constructs in the in vitro reporter assays. How-
ever, as shown in this paper, Zimp7 appears to be unable to
functionally compensate for Zimp10 in vivo. These observa-
tions suggest that Zimp7 is able to functionally compensate for
Zimpl0 in certain contexts, but that it may depend on the
temporal and/or tissue-specific expression of the zimp7 gene.
Indeed, our previous work has shown that Zimp7 and Zimp10
have different expression patterns in human tissues (9, 33).
Alternatively, differential requirements for transcriptional co-
factors that are essential for vascular development may explain
this discrepancy. Studies are ongoing to clarify the functional
interplay between Zimp10 and Zimp7 in the vasculature. Since
Zimp10 has been identified to act as a transcriptional coregu-
lator, our data implicate a possible mechanism by which
Zimp10 regulates vascular development through the modula-
tion of Fra-1 transcription.

In conclusion, this study demonstrates an important role for
Zimp10 in development. Although we originally identified
Zimp10 as an AR coactivator, our current data have elucidated
a primary role for Zimp10 in vascular development in vivo.
Specifically, homozygous disruption of the zimp10 allele results
in defects in the remodeling of the yolk sac vascular plexus into
a functional network of mature branching vessels and capillar-
ies. This defect may be due, in part, to reduced expression of
fra-1, which appears to be a novel Zimp10 target gene. Further
study of the molecular mechanisms by which Zimp10 regulates
vasculogenesis and angiogenesis should provide more insight
into the role of Zimp10 in development and disease.
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