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The covalent modification of proteins by the small ubiquitin-like protein SUMO has been implicated in the
regulation of numerous biological processes, including nucleocytoplasmic transport, genomic stability, and
gene transcription. Sumoylation occurs by a multienzyme process similar to ubiquitination and, in Saccharo-
myces cerevisiae, is reversed by desumoylating enzymes encoded by the Ulpl and Smt4/Ulp2 genes. The
physiological importance of desumoylation has been revealed by mutations in either gene, which lead to
nonoverlapping defects in cell cycle transition and meiosis. Several mammalian Ulp homologues have been
identified, but, to date, nothing is known of the phenotypic effects of their loss of function. Here, we describe
a random retroviral insertional mutation of one homolog, mouse SENP1/SuPr-2. The mutation causes in-
creased steady-state levels of the sumoylated forms of a number of proteins and results in placental abnor-
malities incompatible with embryonic development. Our findings provide the first insight into the critical

importance of regulating sumoylation in mammals.

Posttranslational modification of proteins by ubiquitin is
now well established as a key cellular regulatory mechanism
(14, 48). The paradigm is the addition of polyubiquitin chains
as a signal for proteasomal degradation, but additional roles in
regulating protein function also have recently come to light
(16). The function of the ubiquitin-like protein SUMO (small
ubiquitin-like modifier; also called SMT3 in Saccharomyces
cerevisiae) is less well understood, but sumoylation is emerging
as an important control point for numerous biological pro-
cesses, including nucleocytoplasmic trafficking, transcription,
DNA repair and replication, and mitotic and meiotic chromo-
some behavior (10, 15, 30, 39, 41, 43, 47). A variety of proteins
have been shown to be sumoylated, but the specific effects of
SUMO modification vary depending on the target protein. For
example, sumoylation of IkB indirectly affects its stability by
antagonizing ubiquitination (8), whereas sumoylation of Ran-
GAP1 and PML regulates their subcellular localization to the
nuclear pore and nuclear bodies, respectively (31, 35, 45). In
addition, mammals have four SUMOs: SUMO-1 (also known
as GMP-1, PIC1, UBLI, Sentrin, SMT3C, or Smt3h3) and the
highly related SUMO-2 (also known as Sentrin-3, SMT3B, or
Smt3h2), SUMO-3 (also known as Sentrin-2, SMT3A, or
Smt3h1), and the recently discovered SUMO-4 (7). These can
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modify distinct sets of target proteins and therefore probably
serve distinct functions (40).

SUMO is added to lysine residues on target proteins by a
three-step process involving E1, E2, and E3 enzymatic activi-
ties that show great similarity to the corresponding ubiquitin-
specific pathway enzymes. Again like ubiquitination, sumoyla-
tion is a dynamic, reversible process with deconjugation
influencing overall levels of sumoylated forms of target pro-
teins. The first desumoylating enzyme identified, Ulpl from
yeast, was found to be bifunctional, acting both to deconjugate
sumoylated proteins and to carry out proteolytic processing of
immature SUMO (26). A second yeast protein, Smt4/Ulp2,
and several vertebrate proteins that share homology to Ulpl
and show evidence for desumoylation activity have since been
identified (reviewed in references 15, 32, and 43). These in-
clude Sentrin protease 1 (SENP1) (13), SUMO-specific pro-
tease 1 (SUSP1, also known as SENP6) (19), and Smt3-specific
isopeptidase 1 (Smt3IP1, also called SENP3, SUSP3, or
SuPr-3) (37). There are also three proteins encoded by splice
variants of the same gene, namely: SENP2, also called Axam;
Smt3IP2, also called Axam?2; and SuPr-1 (6, 17, 36). In yeast,
Ulp1 and Smt4/Ulp2 have nonoverlapping biological functions.
Mutations in Ulpl cause cell cycle defects and are lethal (26),
whereas Smt4/Ulp2 mutants are viable but do not undergo
normal meiosis, among other defects (28, 42). In addition,
Ulpl and Smt4/Ulp2 have distinct subcellular localizations, a
characteristic which appears to be a key element in determin-
ing their different substrate specificities (27). The vertebrate
desumoylating enzymes also have apparent differences in in-
tracellular distribution, and therefore probably also have dif-
ferent substrates and distinct overall biological functions. How-
ever, no mutations that would provide insight into these roles
have yet been described.

Here, we describe the characterization of a random retrovi-
ral insertional mutation in the gene for the mouse ortholog of
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SENP1, also known as SuPr-2 (6). The mutation causes a net
increase in the level of conjugation with SUMO-1, but leaves
SUMO-2 and SUMO-3 protein sumoylation levels unaffected.
In addition, mutant cells show accumulation of unprocessed
SUMO-1. These results confirm a role for SENP1/SuPr-2 in
both deconjugation and maturation of SUMO-1. The physio-
logical consequences of loss of SENP1/SuPr-2 function during
mouse development are first apparent after midgestation in the
placenta. These defects appear incompatible with normal pla-
cental function and embryonic viability. Our findings highlight
the critical importance of regulating levels of sumoylation in
the developing mammalian organism.

MATERIALS AND METHODS

Developmental analysis of SENP1/SuPr-2 mutants. The origin and genotyping
analysis of the proviral mutant mouse strain has been described previously (49).
To examine developmental defects, heterozygotes were mated, with the day of
plug detection counted as embryonic day 0.5 (€0.5). Fetus and placenta were
isolated and fixed in 4% paraformaldehyde at 4°C overnight. The yolk sac was
used for PCR genotyping. Fixed samples of defined genotype were then paraffin
embedded and serially sectioned at a thickness of 5 wm. Alternate slides were
either stained with hematoxylin and eosin (H&E), processed for immunohisto-
logical analysis using rabbit polyclonal anti-SUMO-1 antiserum (gift of M.
Dasso) and mouse monoclonal anti-RanGAP1 antibody (Zymed), or used for in
situ hybridization following the procedure of Moorman et al. (34).

Gene structure, expression, and enhancer analysis. To extend the 5’ end of
expressed sequence tag (EST) W64824, 5 rapid amplification of cDNA ends (12)
was used. Briefly, first-strand cDNA was synthesized from total e12.5 RNA
isolated with TRIzol Reagent (Invitrogen), using Superscript II reverse tran-
scriptase (Invitrogen) primed with oligonucleotides TGAGCCAAGGAAACTG
TCTGAGG (lying in SENP1/SuPr-2 exon 5) and AAGCAGTGGTATCAACG
CAGAGTACGCGGG. Nested PCR was then carried out using first-round
primers AAGCAGTGGTATCAACGCAGAGT and CTGGTCAGAAAGCAG
AAGCTGC (lying in exon 2) and second-round primers AAGCAGTGGTATC
AACGCAGAGTA and AGCGTCCATCTTCACCCCATCAGC (also lying in
exon 2). PCR details are available upon request. PCR products were cloned in
pGEM-T Easy (Promega) and sequenced.

For reverse transcriptase (RT)-PCR analysis, first-strand cDNA was synthe-
sized from total RNA isolated from e12.5 wild types and mutants, using random
hexamers to prime and SuperScript III First-Strand Synthesis System (Invitro-
gen) according to the manufacturer’s instructions. To amplify upstream exon A
(UEA)-specific isoforms, primers CTAGCAGCCGGTTCCGGTTCG (located
in UEA) and either GTCACCTGAGCCAAGGAAACTG (in exon 5) or CAT
CAATGTGACTCCGTGGTGTC (in exon 4) were used. To amplify upstream
exon B (UEB) isoforms, primer CCTTACCTGGCTCATCGCCTCTTG (in
UEB) was used with either CAAGGAAACTGTCTGAGGAAGGG (in exon 5)
or the above exon 4-specific primer. To amplify hypoxanthine phosphoribosyl-
transferase (HPRT), primers GCTGGTGAAAAGGACCTCTC and CACAGG
ACTAGAACACCTGC were used. PCR conditions are available upon request.

Real-time PCR was carried out with an Optican2 DNA engine (MJ Research)
using a SYBR green PCR kit (Applied Biosystems) with primers CTACAAGA
AGCCCAGCCTATCGTC and GTCACCTGAGCCAAGGAAACTG, located
in exons 3 and 5, respectively. Amplification with the same HPRT-specific prim-
ers served as a reference standard. PCR conditions are available upon request.
Cycle threshold (C;) values were determined using Optical2 software with the
fluorescence threshold set to 0.016.

To assess enhancer activity, fragments from the first intron were cloned into
pGL3-Promoter (Promega), transfected into P19 cells using Lipofectamine, and
assayed for luciferase activity as described previously (24).

Transgene phenotype rescue. The complete coding region from W64284,
linked to the ROSA26 promoter (22) and polyadenylation sequences from the
PGK gene, was introduced into fertilized eggs of the FVB strain by standard
methods. Transgene positive founders, identified by Southern blot analysis, were
mated with proviral heterozygotes. F, progeny were intercrossed, and F, mice
were PCR genotyped for the proviral integration as described previously (49)
and scored for presence of the transgene by PCR using primers GATTCTGTG
TCTTTACTAAAGC and TTGACCAAAGGTTCTTACGTCACC.

Western blotting and antibodies. To prepare protein extracts, fetus and non-
maternal portions of the placenta were isolated separately, washed in cold phos-
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phate-buffered saline (without Ca and Mg), quickly minced, and then transferred
into either sodium dodecyl sulfate (SDS) sample buffer (250 mM Tris HCI [pH
6.8], 4% SDS, 10% glycerol, 2% beta-mercaptoethanol) or NP-40 lysis buffer (50
mM Tris HCI [pH 8.0], 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS), both supplemented with protease inhibitor cocktail, phenylmethyl-
sulfonyl fluoride, and 10 mM iodoacetamide (prepared fresh at the time of use).
Lysates were then passed successively through 19-, 22-, and 25-gauge needles and
clarified by centrifugation (13,000 rpm for 30 min at 4°C). Samples in SDS buffer
were boiled for 5 min prior to centrifugation. Protein concentrations were de-
termined using a modified Bradford assay (Bio-Rad Laboratories). From 10 to
30 pg of protein extract was then fractionated on 8 to 16% gradient SDS-
polyacrylamide gels (Invitrogen), transferred to polyvinylidene difluoride or ni-
trocellulose membranes using semidry electrophoretic transfer (Hoefer), and
processed as described previously (24). The primary antibodies used were rabbit
polyclonal anti-SUMO-1 (gift of M. Dasso), mouse monoclonal anti-SUMO-1
(anti-GMP-1; Zymed), rabbit polyclonal anti-SUMO-2 (gift of M. Dasso), rabbit
polyclonal anti-SUMO-3 (anti-Sentrin-2; Zymed), mouse monoclonal anti-Ran-
GAP1 (Zymed), and mouse monoclonal anti-green fluorescent protein (anti-
GFP) (Clontech). Mouse monoclonal anti-B-actin (Sigma) was used to confirm
equivalent protein loading. Detection of secondary antibody-horseradish perox-
idase conjugates was done using Super Signal West Pico solution (Pierce). Blots
were stripped using Restore Western Blot Stripping buffer (Pierce) according to
the manufacturer’s specifications.

Mouse embryo fibroblasts. Mouse embryo fibroblasts (MEFs) were isolated
from e12.5 mutant and wild-type fetuses by passing eviscerated torsos succes-
sively through 18- and 21-gauge needles. The cell suspension was then placed in
a 25-cm? flask containing Dulbecco’s modified Eagle medium supplemented with
10% fetal bovine serum, penicillin, and streptomycin. After 2 days, cells were
transferred to 75-cm? flasks, cultured to 90% confluency, and then subcultured at
5 X 10° cells per 75-cm? flask every 3 to 4 days in the absence of antibiotics.
MEFs were maintained in reduced oxygen (3%) to allow long-term culture as
described previously (38). To prepare protein extracts, MEFs were lysed directly
in flasks by adding either SDS sample buffer or NP-40 lysis buffer and proceeding
as described above.

Retrovirus production and infection. An Nhel/Smal fragment containing the
GFP-SUMO-1 sequence (20) was inserted at the HindIII site of retroviral vector
LNCX (33). High-titer stocks of helper-free retrovirus were generated by tran-
sient transfection of Phoenix Ampho packaging cells (21). The LNCX-GFP-
SUMO-1 virus-containing supernatants were collected at 6- to 12-h intervals
starting 48 h after transfection and were used to infect wild-type and mutant
MEFs seeded at 1 X 10° per 10-cm dish in the presence of 8 pg/ml Polybrene.
After 24 h, infected cultures were subjected to selection in the presence of 400
pg/ml G418 (Gemini).

RESULTS

Phenotypic analysis of a prenatal lethal insertion mutation
reveals placental defects. In a screening of mice derived from
retrovirus-infected embryonic stem cells, we identified a pro-
virus that, when homozygous, leads to death between e12.5 and
el4.5. Gross examination of mutants revealed no conspicuous
morphological or patterning defects (Fig. 1A to D), although
some collected at e13.5 and e14.5 showed pooling of blood in
the trunk region (Fig. 1B and D). Histology also showed no
obvious abnormalities at any stage examined until e13.5, when
the majority of mutants began showing widespread cell death.
The lack of overt defects coupled with the timing of prenatal
death, which occurs soon after dependence on placental circu-
lation for gas and nutrient exchange begins, led us to examine
the placenta for defects. Up to e12.5, we found no significant
change in placental size, as determined by gross analysis (Fig.
1C and D), or in structure, as determined by in situ hybridiza-
tion with placental layer-specific markers (data not shown).
However, at e12.5 and later, we did find defects within the
placental labyrinths of mutants. Compared to wild-type laby-
rinths, which show extensive maternal blood sinuses and inter-
calated fetal capillaries (Fig. 1E), mutant labyrinths had a
significant reduction in both maternal and fetal blood spaces
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FIG. 1. Phenotype of the retroviral insertional mutant. (A) Wild-
type e12.5 fetus and (B) mutant littermate showing accumulated blood
in the trunk region. (C) H&E-stained, mid-sagittal section of an e12.5
wild-type fetus and placenta and (D) that of a mutant littermate,
showing no significant change in placental size. (E) Close-up of a
wild-type placental labyrinth and (F) that of a mutant littermate show-
ing a less porous structure. (G) Higher magnification of a wild-type
labyrinth and (H) that of a mutant littermate showing wide separation
of fetal (arrowhead) and maternal (arrow) blood.

and appeared to contain excess trophoblast (Fig. 1F). Closer
examination showed that compared to the wild type, in which
fetal and maternal blood supplies are in close proximity (Fig.
1G), mutant fetal vessels were widely separated from maternal
blood sinuses (Fig. 1H). These defects no doubt negatively
affect the capacity of the mutant placenta to carry out gas
and/or nutrient exchange, thus leading to death of the fetus.
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Importantly, we found these placental abnormalities even in
el2.5 and el13.5 mutants that still appeared viable, although
they were more pronounced in ones in which the fetus was
undergoing widespread cell death.

Proviral insertion is in the SENP1/SuPr-2 gene. We recently
reported the isolation and initial characterization of the
genomic region surrounding the provirus (49). This locus is
highly complex, with multiple transcripts initiating in both ori-
entations. These include a novel isoform of muscle phospho-
fructokinase (PFK-M) expressed only in testes and embryos
(TE-PFK-M) and three short overlapping polyadenylated tran-
scripts with which it shares exons. In addition, the 5" end of
EST W64284, which is transcribed in the opposite orientation,
was found on the other side of the proviral integration (Fig.
2A). BLAST searches with the complete sequence for W64284,
which we determined, showed significant similarity to the hu-
man gene for the SUMO protease SENP1 (13). Recently, the
sequences of three putative mouse SUMO proteases have been
described, with SuPr-2 identified as the likely mouse ortholog
of SENP1 (6). Importantly, the published protein sequence of
SuPr-2 is identical to our deduced protein sequence of
W64284.

Using 5’ rapid amplification of cDNA ends (12) on a mid-
gestation cDNA library, we identified an upstream noncoding
exon (UEA) lying on the opposite side of the proviral integra-
tion site (Fig. 2B). RT-PCR analysis of fetal cDNA and exam-
ination of several ESTs subsequently deposited in the database
confirmed this structure and also identified a second alterna-
tively used upstream noncoding exon (UEB). Thus, it is likely
that the retroviral insertion is within the first intron of the
mouse SENP1/SuPr-2 gene.

Proviral insertion disrupts SENP1/SuPr-2 expression. As a
first step in determining whether SENP1/SuPr-2 is affected in
mutants, we examined mRNA expression during normal de-
velopment. Using RT-PCR analysis with primers correspond-
ing to sequences in UEA and in a downstream exon, we de-
tected SENP1/SuPr-2 mRNA expression starting at about €9.5
(data not shown). This study also revealed a second, larger
transcript present at only very low levels, which further analysis
showed to be due to alternative inclusion of an intervening
exon (Fig. 2B, exon 4). Transcripts initiating in UEB also show
alternative splicing of this exon. Examination of the EST da-
tabase revealed a small number of entries corresponding to the
larger transcript, but the majority lacks this exon. Due to its
inclusion, these larger transcripts have a frame shift in the
following exon (exon 5), resulting in a stop codon, and thus
encode truncated translational isoforms lacking the more car-
boxyl-terminal protease active site (Fig. 2C).

To examine mRNA expression in mutants, RT-PCR was
carried out using the above primer sets to detect transcripts
initiating in UEA or UEB, supplemented with additional
primer sets specific for the minor transcripts. Analysis of €12.5
mutants and wild-type littermates revealed a significant reduc-
tion of all transcripts in mutants (Fig. 3A). To obtain a more
quantitative estimate of the total level of SENP1/SuPr-2 ex-
pression in the mutant compared to the wild type, we carried
out real-time RT-PCR using a primer pair that amplifies all of
the transcripts. This analysis showed an over 50-fold decrease
in transcription in the mutant (Fig. 3B).
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FIG. 2. Structure of the SENP1/SuPr-2 genomic region and transcriptional isoforms. (A) Transcripts in the area surrounding the proviral
insertion (downward-pointing arrow) include the EST W64824 as well as the oppositely transcribed TE-PFK-M and three small overlapping
mRNAs. Hatch marks on the line graph are 1 kb apart. (B) Full-length SENP1/SuPr-2 transcripts initiate at upstream exon A (UEA) or B (UEB)
and show alternative splicing of exon 4. The ATG initiation codon is in exon 1 (original 5 end of W64824). (C) Full-length SENP1/SuPr-2 protein
is 640 amino acids. Key amino acid residues involved in the active site are marked. Translation of the alternatively spliced transcripts results in the
addition of 43 amino acids encoded by exon 4 (from position 74 to 117, shown in dark gray). The shift in the reading frame in exon 5 (shown in

light gray) results in a stop codon after amino acid 130.

Proviral insertion affects a SENP1 enhancer. To gain insight
into the mechanism by which proviral insertion affects SENP1/
SuPr-2 expression, we asked whether a regulatory sequence is
disrupted. This was a good possibility in that the integration is
not within coding DNA, and other proviruses causing inser-
tional mutations have been shown to disrupt intronic regula-
tory elements (5; M.R.K., unpublished results). Using a lucif-
erase reporter-based assay, we analyzed for enhancer activity a
series of fragments encompassing the entire first intron (Fig.
4A). These fragments were introduced into the pGL3 pro-
moter vector and transfected into P19 embryonal carcinoma
cells. Constructs containing a 1.5-kb fragment that surrounds
the proviral preintegration site showed an almost threefold
increase in reporter levels compared to the empty vector. De-
letion analysis of this fragment identified two separate regions
with enhancer activity in this assay, with the 310-bp region
immediately surrounding the preintegration site showing a
greater-than-fourfold increase in luciferase activity. This re-
gion has several binding sites for transcription factors, includ-
ing one directly at the site of integration (Fig. 4B). Thus, the
significant reduction in SENP1/SuPr-2 expression can be ex-

plained by the physical disruption of an intron enhancer ele-
ment by the integrated provirus.

A SENP1/SuPr-2 transgene rescues the proviral mutation.
Given the complexity of the SENP1/SuPr-2 genomic region,
the integrated provirus could affect the expression of multiple
genes. To determine if the phenotype is due specifically to
effects on SENP1/SuPr-2 expression, we carried out a trans-
gene phenotype rescue experiment. Using a SENP1/SuPr-2
cDNA driven by regulatory elements from the ubiquitously
expressed Rosa26 gene (22, 50), several transgenic strains that
varied from approximately 10 to over 100 copies of the trans-
gene were generated. Representative strains with low (10),
moderate (10 to 50), and high (50 to 100) transgene copy
number were bred to mice heterozygous for the provirus. The
resulting F, animals carrying both the transgene and provirus
were then intercrossed to generate F, animals. As shown in
Table 1, F, animals homozygous for the provirus and carrying
the SENP1/SuPr-2 transgene did not undergo prenatal lethal-
ity and were found at the expected Mendelian ratio. Indeed,
these animals have proven to be fully viable and fertile. Trans-
gene rescue occurred regardless of transgene copy number,
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FIG. 3. Reduced expression of SENP1/SuPr-2 transcriptional iso-
forms in mutants. (A) RT-PCR analysis of e12.5 wild-type (wt) or
mutant (m) littermates. The size of the RT-PCR products in base pairs
is at the left. The schematics to the right of each panel indicate the
corresponding cDNA structure and location of primers used for the
reactions. The upper five panels show PCR of SENP1/SuPr-2, and the
lower panel shows HPRT results as the control. (B) Real-time RT-
PCR analysis of SENP1/SuPr-2. Relative expression levels were nor-
malized to HPRT.
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indicating that even at low copy number, the transgene is
expressed above the required threshold. These results provide
conclusive evidence that the mutant phenotype is due solely to
transcriptional down regulation of SENP1/SuPr-2 and not to
effects of proviral integration on the other transcripts originat-
ing in this region.

Mutation of SENP1/SuPr-2 reduces SUMO-1 deconjuga-
tion. The dramatically reduced SENP1/SuPr-2 mRNA levels
found in the mutant should result in a significant reduction in
SENP1/SuPr-2 protein levels and in desumoylation activity.
Although suitable antiserum against mouse SENP1/SuPr-2 is
not yet available to test protein levels, we were able to examine
the overall level of SUMO conjugation by Western blotting
using anti-SUMO specific antisera. Protein extracts from indi-
vidual fetuses and their associated placentas, for which the
genotype had been determined by analysis of yolk sac material,
were prepared first in buffer containing high SDS to eliminate
nonspecific postlysis desumoylation by any of the other related
SUMO proteases. Previous studies have shown that desumoy-
lation activity continues following lysis in less stringent buffer
conditions (8). As shown in Fig. 5A and B, analysis with two
different anti-SUMO-1 antisera revealed a significant increase
in high-molecular-weight SUMO-1 conjugates in the mutant
fetus and placenta compared to the wild type and a corre-
sponding decrease in free mature SUMO-1. These findings
indicate a substantial reduction in desumoylation in the mu-
tant, leading to higher steady-state levels of the sumoylated
forms of target proteins and decreased replenishment of the
pool of free SUMO-1. The latter result suggests that, normally,
the majority of the free SUMO-1 pool comes from desumoy-
lation rather than from de novo expression. Similar conclu-
sions were reached based on results obtained from expressing
a dominant negative form of SENP1 in established cell lines
4).

Extracts also were prepared in standard NP-40 lysis buffer.
As expected, the analysis of wild-type samples revealed a loss
of high-molecular-weight conjugates (Fig. 5B, compare lane 1
to lane 3), confirming that lysis in this less stringent denaturing
buffer fails to eliminate desumoylation activity and also indi-
cating that a far greater number of SUMO conjugates are
potential substrates than are actually desumoylated under
physiological conditions. Surprisingly, SENP1/SuPr-2 mutant
samples lysed in NP-40 buffer retain a significant level of high-
molecular-weight SUMO conjugates (Fig. 5B, lane 4), al-
though other SUMO proteases should be present and still
active in these lysates, as in wild-type samples. No reduction in
the level of these conjugates was seen, even after prolonged
incubation at 37°C (data not shown). The inability of these
proteins to be desumoylated by other SUMO proteases sug-
gests they may be targeted uniquely by SENP1/SuPr-2. These
results were somewhat surprising, as it has been proposed that
SUMO proteases are generally active towards conjugated pro-
teins, and specificity is a by-product of localization to the same
subcellular compartments (27). Our results indicate that this
nonspecific activity may be more limited.

To provide additional evidence for reduced desumoylation,
we carried out immunohistological staining of paraffin sections
of el2.5 wild-type and mutant fetus and placenta using anti-
SUMO-1 antiserum (Fig. 6). With wild-type fetus and placenta
sections, we found strong staining around the nucleus as well as
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FIG. 4. Identification of SENP1/SuPr-2 transcriptional regulatory domains. (A) The entire first intron and fragments A to E were analyzed for
enhancer activity. Luciferase activity levels are relative to the activity of the empty pGL3-promoter vector (set to 1). Fragment C showed the highest
activity and was further divided (C1 to C10). Fragment C10 (containing the proviral preintegration site; arrow) showed maximal activity. (B) The
sequence of fragment C10 is shown aligned with the orthologous human region. The alignment was done using the AVID algorithm with output
generated by the VISTA set (http://www.gsd.Ibl.gov/vista/index.html). Conserved binding sites for the transcription factors Evi-1 (ectopic viral
integration site 1-encoded factor; shown as white letters on a black background), c-Myb (MYB; black letters on gray background), and GATA-1
(black letters on gray background), which were determined using the Transfac Matrix and Factor databases created by Biobase (http://www.gene

-regulation.com/pub/databases.html), are shown.

diffuse cytoplasmic staining (Fig. 6A and C). With mutant
sections, the staining pattern showed a dramatic shift to strong
intranuclear staining (Fig. 6B and D). The intensity of the
anti-SUMO-1 staining was such that it occluded the nuclear
counterstaining seen for the wild type. These results are con-
sistent with either an increase in the level of sumoylation of
nuclear proteins or accumulation of sumoylated proteins

within the nucleus due to retargeting to, or retention within,
the nuclear compartment.

We also examined the level of SUMO-2 and SUMO-3 con-
jugation in the SENP1/SuPr-2 mutant, using two different an-
tisera that are presumed to cross-react with these two highly
related SUMO types (and perhaps also with the newly discov-
ered SUMO-4). Although the specificities of these antisera
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TABLE 1. A SENP1/SuPr-2 transgene rescues
homozygous mutants®

Transgene copy no.

Genotype
Low Intermediate High Total (%)
Proviral heterozygote 24 10 22 56 (53)
Wild type 12 5 9 26 (24)
Proviral homozygote 11 5 8 24 (23)

“The numbers of offspring obtained from intercrosses between proviral het-
erozygotes in which one parent was transgene positive (with indicated SENP1/
SuPr-2 transgene copy number) are shown.

were somewhat different, neither revealed any significant
changes in the levels of sumoylated proteins or in free SUMO
(Fig. 7A and B). Thus, SENP1/SuPr-2 does not appear to play
a major role in SUMO-2 or SUMO-3 deconjugation or pro-
cessing, at least during development.

SENP1/SuPr-2 mutants show decreased SUMO-1 process-
ing. In some experiments, we could detect in mutants an anti-
SUMO-1 reactive band with a molecular weight slightly higher
than that of free SUMO (Fig. 5A, lane 2). This was presumed
to be the unprocessed form of SUMO-1, which has a 4-amino-
acid carboxyl-terminal extension. It was not clear whether this
form is detectable only in the mutant because of the overall
decrease in levels of free SUMO or is unique to the mutant due
to decreased processing. To explore further whether there is
indeed a normal role for SENP1/SuPr-2 in the maturation of
the SUMO-1 precursor, we derived primary MEFs from
SENP1/SuPr-2 mutant embryos and wild-type littermates at

A B
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day 12.5 of gestation and examined the processing of a GFP-
tagged SUMO-1 (20) stably introduced by retroviral infection.
This GFP-SUMO-1 construct encodes an elongated carboxyl-
terminal tail of 12 amino acids, allowing the unprocessed and
mature forms to be more readily distinguished. Western blots
of lysates prepared from infected wild-type MEF cells showed
a 37-kDa band representing the fully processed free GFP-
SUMO-1 as well as higher-molecular-weight anti-GFP reactive
species representing proteins conjugated with GFP-SUMO-1
(Fig. 5C, lane 1). Mutant MEFs showed a significant increase
in high-molecular-weight GFP-SUMO-1 conjugates and a cor-
responding reduction in free mature GFP-SUMO-1 (Fig. 5C,
lane 2), similar to our findings with endogenous SUMO-1 in
the developing fetus and placenta (Fig. 5A). Strikingly, there
was also a significant accumulation of an anti-GFP reactive
species with slightly higher molecular weight than mature
GFP-SUMO-1, consistent with it representing the unprocessed
form (Fig. 5C, lane 2). Together, this data confirms the role of
SENP1/SuPr-2 in the desumoylation of conjugated proteins
and also provides firm evidence that SENP-1/SuPr-2 activity
contributes to the maturation of SUMO-1.

RanGAP1 sumoylation in SENP1/SuPr-2 mutants. Studies
in cell lines have shown that the major target for sumoylation
in higher eukaryotes is the RanGTPase-activating protein
RanGAP1, which is approximately 70 kDa when unconjugated
and 90 kDa when sumoylated (29). By Western blot analysis of
fetal and placental lysates, we found that one of the strongest,
if not the strongest, anti-SUMO-1 reactive band was 90 kDa,
consistent with it being SUMO-RanGAP1 (Fig. SA and B; Fig.

fetus placenta MEFs
wt m wt m wt m
250— : 250— il
L ‘ - B 150 — 250
100 — == , | = ' 100—- 150 - | T
75— 75— . 100 —
50| = IB: SUMO-1 - IB: GMP-1 75— == IB: GFP
37- 37- . (SUMO-1)
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FIG. 5. Increased conjugation and decreased maturation of SUMO-1 in SENP1/SuPr-2 mutants. In panels A and B, immunoblots (IB) of
lysates from e12.5 wild-type (wt) and mutant (m) fetus and placenta were analyzed with either polyclonal anti-SUMO-1 antiserum (A) or
monoclonal anti-SUMO-1 antiserum (anti-GMP-1; Zymed) (B). Only fetal samples are shown in panel B, with samples in lanes 1 and 2 lysed in
SDS buffer and samples in lanes 3 and 4 lysed in NP-40 buffer. High-molecular-weight SUMO conjugates are marked by brackets. Asterisks mark
a prominent 90-kDa band presumed to be SUMO-RanGAP1. Unconjugated fully processed SUMO-1 is marked by arrowheads. In panel A, the
upper arrowhead marks what is presumed to be unprocessed SUMO-1. In panel B, a very long exposure is shown for the left panel to allow free
SUMO-1 to be visualized. (C) Immunoblot of whole cell lysates from wild-type (wt) and mutant (m) MEFs infected with GFP-SUMO-1 virus
analyzed with anti-GFP antiserum. High-molecular-weight GFP-SUMO-1 conjugates are marked by the bracket. The lower arrowhead marks
unconjugated fully processed GFP-SUMO-1. The upper arrowhead marks unprocessed GFP-SUMO-1. Lower panels show reblotting with

anti-B-actin (actin) to confirm equivalent sample loading.
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placenta

FIG. 6. Increased nuclear SUMO-1 staining in the SENP1/SuPr-2 mutant fetus and placenta. Immunohistochemistry on paraffin sections using
anti-SUMO-1 polyclonal antiserum. (A) A representative field of an e12.5 wild-type (wt) fetal brain is shown. (B) A comparable region of the brain
of a mutant (m) littermate is shown. The lower two panels show representative fields of wild-type (C) and mutant (D) placental labyrinth.

A B

fetus placenta fetus placenta
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FIG. 7. No change in SUMO-2 or SUMO-3 conjugation levels in SENP1/SuPr-2 mutants. Immunoblots (IB) of lysates from e12.5 wild-type (wt)
and mutant (m) fetus and placenta were analyzed with either (A) polyclonal anti-SUMO-2 antiserum or (B) polyclonal anti-SUMO-3 antiserum
(anti-Sentrin-2; Zymed). The two antisera are presumed to cross-react with both SUMO-2 and SUMO-3. Arrowheads mark unconjugated, fully
processed SUMO-2 or SUMO-3. Lower panels show reblotting with anti-B-actin (actin) to confirm equivalent sample loading.
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FIG. 8. RanGAP1 sumoylation in SENP1/SuPr-2 mutants. (A) Immunoblots (IB) of lysates from e12.5 wild-type (wt) and mutant (m) fetus
were analyzed with monoclonal anti-SUMO-1 antiserum (anti-GMP-1; Zymed). The arrowhead marks the prominent 90-kDa band presumed to
be SUMO-RanGAP1. (B) Immunoblots of lysates from e12.5 wild-type (wt) and mutant (m) fetus were analyzed with monoclonal anti-RanGAP1
antiserum. RanGAP1 is approximately 70 kDa; SUMO-RanGAP1 is approximately 90 kDa. Samples in lanes 1 and 2 were lysed in SDS buffer,
and samples in lanes 3 and 4 were lysed in NP-40 buffer. (A and B) Lower panels show reblotting with anti-B-actin (actin) to confirm equivalent
sample loading. (C) Immunohistochemistry on paraffin sections using anti-RanGAP1 antiserum. A representative field of an e12.5 wild-type (wt)
fetal brain is shown. (B) A comparable region of the brain of a mutant (m) littermate is shown.

8A). Analysis with anti-RanGAP1 antisera also detected a
strong band at 90 kDa, which was presumed to be SUMO-
conjugated RanGAP1, and a weak 70-kDa band, which was
presumed to represent the unsumoylated form (Fig. 8B, lane
1). Thus, as in cell lines, RanGAP1 is the major target for
sumoylation also in the developing fetus and placenta and is
found predominantly in the conjugated form.

An examination of SENP1/SuPr-2 mutants revealed a small
increase, approximately 20% based on densitometric analysis,
in steady-state levels of the sumoylated form of RanGAP1 in
the fetus as detected either with anti-SUMO-1 (Fig. 8A) or
anti-RanGAP1 antisera (Fig. 8B). Analysis with anti-Ran-
GAP1 also revealed a compensatory reduction in unconju-
gated RanGAP1. However, similar changes in the placenta
were not evident (data not shown). The increase in SUMO-
RanGAP1 levels in the mutant fetus indicates that it is nor-
mally a target for SENP1/SuPr-2, but the rather modest change
points to only a very low normal desumoylation rate. We also
examined RanGAP1 sumoylation in samples lysed in NP-40
buffer. Wild-type samples showed an almost complete loss of

the conjugated form, as expected due to continued desumoy-
lation activity in this buffer (Fig. 8B, lane 3). However, mutant
samples lysed in NP-40 buffer showed almost no loss of the
sumoylated form, retaining the same high ratio of SUMO-
RanGAP1 to unconjugated RanGAP1 as seen with SDS lysis
buffer (Fig. 8B, lane 4). This limited desumoylation in NP-40
buffer by other SUMO proteases provides additional evidence
that SUMO-RanGAP1 may be targeted predominantly by
SENP1/SuPr-2, but under physiological conditions this des-
umoylation is tightly regulated.

We also carried out RanGAP1 immunostaining of sections
of wild-type and mutant fetuses. Because anti-RanGAP1 anti-
serum detects both the unconjugated and sumoylated forms,
this approach did not allow a direct determination of any
increase in sumoylation. However, because SUMO-RanGAP1
localizes to the nuclear pore complex (29, 31), an increase in
perinuclear staining provides indirect evidence for increased
RanGAP1 sumoylation in mutants. With wild-type samples, we
found strong perinuclear and cytoplasmic staining for Ran-
GAP1, consistent with a significant fraction of the protein
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normally being sumoylated and associated with the nuclear
pore complex (Fig. 8C). In most tissues of the mutant fetus,
there was an apparent increase in staining around nuclei, con-
sistent with an accumulation of the sumoylated form of Ran-
GAP1 (Fig. 8D). However, no changes in the placenta were
seen (data not shown). Together, these findings provide evi-
dence for a role for SENP1/SuPr-2 desumoylating activity in
the normal low-level turnover of SUMO-RanGAP1, but only
in the fetal compartment during development.

DISCUSSION

Here, we describe a prenatal lethal insertional mutation in
the mouse SENP1/SuPr-2 gene caused by exogenous proviral
integration into the first intron, which is presumed to disrupt
an enhancer element. While there is not a complete block in
transcription, perhaps because another nearby enhancer ele-
ment is undisrupted, SENP1/SuPr-2 mRNA expression levels
are sufficiently reduced to cause SENP1/SuPr-2 activity to fall
below the threshold required for normal function. This mutant
provides the first example in mammals of the genetic disrup-
tion of a component of the SUMO pathway and reveals the
critical importance of proper regulation of this protein conju-
gation system for normal mouse development.

The mutation results in the accumulation of the sumoylated
forms of a number of proteins both in the fetus and placenta.
Thus, a wide variety of cellular processes potentially could be
affected, although the first phenotypic defects are seen in the
placenta just after midgestation. At this stage, the fetus begins
to exceed the size for simple diffusion and starts to depend on
placental circulation for gas and nutrient exchange. In the
developing placenta, fetal blood vessels grow up into the lab-
yrinth layer and intercalate into sinuses that fill with maternal
blood. Specialized trophoblast cells lining these spaces mediate
the necessary interaction between the fetal and maternal blood
supplies (1, 9). In the mutant, the placenta appears to develop
normally up to approximately e11.5, but by e12.5, the normally
porous structure of the labyrinth is absent. There is an increase
of apparently undifferentiated trophoblast, which may contrib-
ute to there being fewer blood spaces and an overall decrease
in fetal blood flow into the placenta. The conspicuous increase
in blood in mutant fetuses may be a secondary consequence of
the reduced circulation into the placenta, with blood normally
allocated to the placental compartment instead being retained
within the fetus. Reduced blood flow into the labyrinth, to-
gether with an observed increase in the physical separation of
the fetal and maternal blood supplies, no doubt severely re-
stricts placental function and compromises fetal survival. An
important question is whether these defects are intrinsic to the
placenta or arise due to defective instructive signaling from
fetal derived cells within the labyrinth. Relevant to this, our
preliminary attempts to rescue mutants with either a SENP1/
SuPr-2 transgene under the control of the labyrinth-specific
promoter of the CYP19 gene (18), or by aggregation of mutant
with tetraploid embryos (25) have failed. Thus, it is quite pos-
sible that the primary defect is in the fetal compartment.

Our major focus now is to identify SENP1/SuPr-2 targets
and ascertain those candidate substrates whose altered sumoy-
lation levels might underlie the mutant phenotype. Our anal-
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ysis of RanGAP1 has revealed an increase of SUMO-Ran-
GAP1 levels in the fetus and a compensatory loss of
unconjugated RanGAP1 as well as increased perinuclear ac-
cumulation, providing evidence that sumoylated RanGAP1 is
normally an in vivo target. This result was unexpected given
that in tissue culture cells, transfected human SENP1 was
reported to lack any activity on SUMO-RanGAP1 (13). One
explanation for this discrepancy may be the very tightly regu-
lated and extremely low desumoylation rate for SUMO-Ran-
GAP1 revealed in our study. The small amount of SUMO-
RanGAP1 available for deconjugation would be handled by
endogenous SENP1 activity, and no amount of overexpression
of SENP1 would alter the overall levels of the modified form.

A key issue is whether increased steady-state sumoylation of
RanGAP1 contributes to the mutant phenotype. The lack of
any detectable changes in SUMO-RanGAP1 levels in the pla-
centa might argue against such a role. However, if placental
failure in SENP1/SuPr-2 mutants results from fetal defects, the
increase in SUMO-RanGAP1 might be contributing in whole
or part by causing some adverse effect on nucleocytoplasmic
transport, perhaps specifically in the import of sumoylated
proteins, as has been postulated previously (39). Thus, the
significant increase in nuclear SUMO-1 staining observed with
the mutant may be due to altered levels of SUMO-RanGAP1
at the nuclear pore as well as to the lack of SENP1/SuPr-2
desumoylating activity in the nucleus itself.

The nuclear accumulation of SUMO in the mutant is con-
sistent with most known sumoylated proteins being either com-
ponents of nuclear bodies, transcription factors or cofactors, or
proteins involved in maintaining genome integrity (reviewed in
reference 43). SUMO modification has been shown to nega-
tively regulate the activity of most known sumoylated tran-
scription factors (10, 47). Thus, overall higher levels of sumoy-
lation might mimic loss of function mutations in a wide variety
of transcription factors. In this regard, it is interesting that a
targeted null mutation of ARNT, a subunit of the heteromeric
transcription factor hypoxia-inducible factor (HIF) recently
shown to be sumoylated and to have an altered subnuclear
localization and reduced transcriptional activity when modified
(46), results in abnormal placental labyrinth development (2,
23). The HIF-1a subunit of HIF also has been shown recently
to be sumoylated, which appears to stabilize HIF-la and
thereby increase HIF transcriptional activity (3, 44). Interest-
ingly, null mutation of pVHL, which normally destabilizes
HIF-1a by targeting it for proteasomal degradation, results in
increased levels of HIF-1a and leads to placental failure (11).
Thus, abnormal sumoylation levels of components of the HIF
pathway might also lead to placental defects.

Further evaluation of ARNT and HIF-la as potential
SENP1/SuPr-2 substrates and the identification of other can-
didates, which may include known and previously unknown
SUMO target proteins, should be facilitated by exploiting the
unique attributes of this mutant mouse strain. For most SUMO
targets, the sumoylated forms exist at low levels and/or are
sumoylated only transiently and are thus hard to detect. The
significant increase in steady-state levels of sumoylated pro-
teins in the mutant, and the use of relaxed stringency lysis
conditions that allow continued SUMO protease activity and
thus enrich for conjugated proteins specifically targeted by
SENP1/SuPr-2, should now permit proteomic approaches to
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determine their identities and allow an assessment of their
potential roles in the mutant phenotype. Regardless of the
underlying mechanism, it is clear that perturbations in sumoy-
lation due to deficiency of SENP1/SuPr-2 function illustrate
the critical importance of maintaining SUMO homeostasis.
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