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Abstract

SUMO modification of transcription factors is linked to repression of transcription. The physiological significance of SUMO
attachment to a particular transcriptional regulator, however, is largely unknown. We have employed the ubiquitously
expressed murine transcription factor Sp3 to analyze the role of SUMOylation in vivo. We generated mice and mouse
embryonic fibroblasts (MEFs) carrying a subtle point mutation in the SUMO attachment sequence of Sp3 (IKEEss3sD
mutation). The Ess3D mutation impedes SUMOylation of Sp3 at Kss; in vivo, without affecting Sp3 protein levels. Expression
profiling revealed that spermatocyte-specific genes, such as Dmc1 and Dnahc8, and neuronal genes, including Pagr6, Rims3,
and Robo3, are de-repressed in non-testicular and extra-neuronal mouse tissues and in mouse embryonic fibroblasts
expressing the SUMOylation-deficient Sp3Ess3D mutant protein. Chromatin immunoprecipitation experiments show that
transcriptional de-repression of these genes is accompanied by the loss of repressive heterochromatic marks such as H3K9
and H4K20 tri-methylation and impaired recruitment of repressive chromatin-modifying enzymes. Finally, analysis of the
DNA methylation state of the Dmc1, Paqr6, and Rims3 promoters by bisulfite sequencing revealed that these genes are
highly methylated in Sp3wt MEFs but are unmethylated in Sp3Ess3D MEFs linking SUMOylation of Sp3 to tissue-specific CpG
methylation. Our results establish SUMO conjugation to Sp3 as a molecular beacon for the assembly of repression
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machineries to maintain tissue-specific transcriptional gene silencing.
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Introduction

A plethora of proteins involved in regulating gene expression
such as promoter-specific transcription factors, cofactors and
chromatin-modifying enzymes are reversibly modified by the
Small Ubiquitin-like MOdifier SUMO (reviewed in [1,2]). With
few exceptions, SUMO modification of transcriptional regulators
correlates with repression of transcription [3-5].

The ubiquitously expressed transcription factor Sp3 represents a
well-studied paradigm for regulation of activity by SUMOylation
[6-8]. Sp3 belongs to the Sp (specificity protein) family of
transcription factors that is implicated in the expression of a wide
variety of genes including housekeeping, tissue-specific, develop-
mentally and cell-cycle regulated genes [9-12]. A major feature of
Sp3 is that, depending on promoter context, it can either activate
or repress transcription in reporter gene assays [6,7,13]. Two
glutamine-rich domains are known to exercise the activation
function of Sp3 [13]; whereas the repressive activity of Sp3 is
mediated by attachment of SUMO to lysine 551. K55, lies within
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the SUMO consensus motif IKEE located between the second Q-
rich activation domain and the DNA-binding domain [6,7]
(Figure 1A and 1B). The functional complexity of Sp3 is further
increased i vivo by the expression of four different isoforms that
differ in their N-terminal extension [14]. All of these isoforms are
SUMO-modified at Kss5,, giving rise to a composite pattern of at
least eight distinct protein species [14].

Previous investigations of the molecular events associated with
Sp3-SUMO-dependent repression have provided mechanistic
clues underlying SUMO-dependent gene silencing [15,16].
SUMO-modification can act as a signal for the recruitment of
various chromatin-associated repression components including the
chromatin remodeler Mi-2, the MBT-domain proteins LSMBTLI
and L3MBTL2, heterochromatin protein 1 (HP1) and the histone
methyltransferases (HMTs) SETDB1/ESET and SUV4-20H,
concomitant with the establishment of repressive histone modifi-
cations such as H3K9 and H4K20 tri-methylation [16].

Despite extensive studies on the repression function of
SUMOylated Sp3 and other transcription factors, the significance
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Author Summary

Cell type-specific gene expression patterns are largely
regulated by positively or negatively acting transcription
factors binding to promoter and enhancer elements. The
ubiquitous transcription factor Sp3 represents a paradigm
for a dual function transcription factor as it can activate
and repress transcription. The repression function of Sp3 is
mediated by attachment of a small protein designated
SUMO to a single lysine residue. SUMOylation of Sp3 thus
acts as a molecular switch that determines whether Sp3
acts as an activator or repressor. In this study, we have
generated mice with a subtle mutation in the SUMO
attachment site of Sp3. We found that several spermato-
cyte- and brain-specific genes that are silenced in non-
testicular and extra-neuronal tissues of wild-type animals
become aberrantly de-repressed in mice in which the
SUMO attachment site of Sp3 is mutated. De-repression of
these genes is accompanied with dramatic epigenetic
changes including the loss of repressive histone methyl-
ation marks and, most significantly, loss of DNA methyl-
ation. Our findings suggest that SUMO modification of a
transcription factor can act as a molecular beacon for the
assembly of repression machineries to maintain tissue-
specific transcriptional gene silencing in vivo.

of SUMO attachment for the expression of endogenous genes in
vivo 1s still largely unknown. Here, we report the generation of mice
and mouse embryonic fibroblasts (MEFs) with a point mutation in
the SUMO attachment sequence of Sp3. Expression profiling
revealed that SUMOylation of Sp3 is required for silencing of
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Figure 1. Targeting of the mouse Sp3 SUMO attachment site.
(A) Sp3 is posttranslationally modified at Kss; within the SUMO
consensus sequence WKXE. In Sp3ki/ki mice the IKss{EEss3 sequence is
replaced by IKs5:EDss3. (B) Schematic presentation of Sp3 protein
structure and part of the Sp3 gene. The glutamine-rich activation
domains A and B, the SUMO attachment site (IKEE) within the inhibitory
domain (ID) and the zinc fingers (black bars) of the DNA-binding
domain are indicated. Arrows depict the four translational start sites
and the lengths of the resulting Sp3 isoforms are shown. In the mutated
Sp3ki allele, wild type exon 5 is replaced by the mutant exon 5 carrying
the Ess3sD mutation. (C) Sp3ki/ki mice lack SUMO modification of Sp3.
MEFs obtained from Sp3wt (wt) and Sp3ki/ki (ki) embryos at E13.5 were
subjected to Western blot analysis with Sp3 antibodies. The asterisk
denotes an aspecific band.

doi:10.1371/journal.pgen.1001203.g001
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spermatocyte-specific genes such as Dmcl and Dnahe8 in somatic
cells, and neuronal genes including Pagr6, Rims3 and Robo3 in non-
neuronal cells. Transcriptional de-repression of these genes in
MEFs expressing the Sp3E;53D mutant protein is accompanied by
the loss of repressive heterochromatic marks such as H3K9 and
H4K20 tri-methylation, impaired recruitment of repressive
chromatin-modifying enzymes and loss of DNA methylation.
Our results establish that SUMO-modification of Sp3 acts as a
platform for the assembly of repression machineries to maintain
tissue-specific transcriptional gene silencing.

Results

Generating mutant mice deficient for SUMO modification
of Sp3

To investigate the in vivo function of Sp3 SUMOylation, we
generated mice in which the SUMO attachment site IKs5,EE is
mutated to IK;5,ED (Figure 1A). We chose glutamic acid residue
Ess3 for mutation because Kss; might also be a target for other
posttranslational modifications such as methylation or acetylation.
A vector carrying the Sp3Es553D mutation and a floxed neomycin-
resistance cassette was used for targeting of ES cells to generate
heterozygous mutant mice (Figure 1B; Figure S1). The neomycin-
resistance gene was subsequently removed by mating with
appropriate Cre recombinase-expressing mice [17]. Mice carrying
the Sp3E;53D mutation will from hereon be referred to as Sp3
knockin ($p3k) mutant. Heterozygous Sp3wt/ki mice and homo-
zygous Sp3ki/ki mice were fertile, born at the expected Mendelian
frequency and exhibited no obvious phenotype (Table S1).

To ensure that the Es53D mutation impaired SUMOylation of
Sp3, we performed Western blotting of adult mouse tissues and
MEFs derived from E13.5 embryos. SUMO-modification of Sp3
was readily detectable in Sp3wt and heterozygous SpSwt/ki but not
in homozygous Sp3ki/ki tissues and MEFs (Figure 1C; Figure S1).
This result demonstrates that the glutamic acid residue within the
SUMOylation consensus motif WKXE is absolutely essential for
the attachment of SUMO to endogenous Sp3. We conclude that
the E;53D mutation carried by Sp3ki/ki mice impedes SUMOyla-
tion of Sp3 at Ks5; i vivo, without affecting Sp3 protein levels.

SUMOylated Sp3 represses spermatocyte-specific and
neuronal genes

To identify genes that are regulated by SUMO-modified Sp3,
we performed gene expression profiling with RNA extracted from
primary SpSwt and Sp3ki/ki MEFs derived from E13.5 littermates.
This identified 68 genes that were upregulated and 7 genes that
were downregulated by more than 2-fold in Sp3ki/ki MEFs (Table
S2). Notably, top candidate genes that were upregulated in Sp3ki/
ki MEFs encode developmentally-regulated meiotic and neuronal
proteins. Dmcl and Dnahce8 are expressed in meiotic spermatocytes
and encode a RecA-like recombinase and a flagellar protein,
respectively [18,19]. Pagr6, Rims3 and Robo3 are expressed in the
central nervous system [20-22]. The expression pattern of another
upregulated gene (Villin-like, Vill) is largely unknown, although a
low level of expression in early embryogenesis was reported [23].

To validate aberrant de-repression of these genes, we analyzed
their expression in MEF cultures by quantitative RT-PCR. Dmcl,
Dnahc8, Pagr6, Rims3, Robo3 and Vill mRNA levels were elevated in
primary Sp3ki/ki MEFs as well as in immortalized Sp3ki/ki MEFs
(Figure 2). We also analyzed expression of Dmc!, Dnahc8, Paqr6,
Rims3, Robo3 and Vill in Sp3-deficient (Sp3-/-) MEFs obtained
from E13.5 Sp3 knockout embryos [24]. Consistent with an Sp3-
SUMO-dependent silencing function, all six genes were upregu-
lated also in $p3-/- MEFs as compared to corresponding SpSwt
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Figure 2. SUMOylation of Sp3 is required for silencing of spermatocyte-specific and neuronal genes in MEFs. Quantitative real-time
RT-PCR analysis of Dmc1, Dnahc8, Paqr6, Rims3, Robo3 and Vill expression in primary (p) and immortalized (i) Sp3wt (wt), Sp3ki/ki (ki) and Sp3-/- (—/—)
MEFs. Normalized mRNA levels are presented relative to wild type MEFs arbitrarily set to 1. Data are expressed as mean +/—SD.

doi:10.1371/journal.pgen.1001203.g002

MEFs derived from littermates (Figure 2). We also performed
immunoblot analysis for Dmcl and Dnahc8 but failed to detect
these proteins probably due to their low expression levels.
However, de-repression of the Dmcl gene in Sp3ki/ki and Sp3-/-
MEFs was verified with different amplimers spanning different
exons (data not shown), thereby precluding the possibility that the
qRT-PCR analyses detected an aberrant Dmc! transcript.
De-repression of Dmcl, Dnahc8, Pagr6, Rims3, Robo3 and Vill in
SpSki/ki and Sp3-/- MEF cultures suggested that SUMO
modification of Sp3 might be essential for silencing these genes
in tissues other than testis and brain, respectively. We analyzed
RNA from various tissues of adult SpSwt and Sp3ki/ki mice. As
expected, Dmel and Dnahc8 were strongly expressed in testis of
SpSwt and Sp3ki/ki mice at similar levels but were not or only
marginally expressed in other tissues such as brain, heart, intestine,
kidney, liver, lung and spleen. In Sp3ki/ki mice, Dmel and Dnahc8
mRNA levels were significantly higher in all tissues (Figure 3).
However, the amount of RNA in testis was still one to three orders
of magnitude higher indicating that testis-specific activators further
enhance expression of Dmcl and Dnahe8 in spermatocytes.
Previous reports have attributed silencing of several meiotic and
male germ-line-specific genes in somatic cells such as Smclf and
Stag3 to E2F6 [25,26], a repressive member of the E2F family of
transcription factors. We analyzed expression of Smclf and Stag3
in tissues of Sp3ki/ki mice as well. Both genes were only detectable
in testis RNA preparations and were not de-repressed in non-
testicular Sp3ki/ki tissues or Sp3ki/ki MEFs (data not shown). Vice
versa, the Dmcl gene is not de-repressed in E2F6-/- MEFs [27]
although the Dme¢! promoter region is bound by E2F6 i vivo at a
conserved binding site [27]. This observation suggests that
different transcription factors and mechanisms are responsible
for repressing spermatocyte-specific genes in somatic cells.
Consistent with published data, Pagr6, Rims5 and Robo3 mRNA
levels were highest in mouse brain. Strikingly, all three genes were
also highly expressed in testis and in the case of Robo3 also in
kidney. In all other organs these mRINAs were either not
detectable or expressed only at a very low level (Figure 3).
Nevertheless, expression of Pagr6, Rims3 and Robo3 as well as Vill
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mRNA was significantly elevated in several organs of Sp3ki/ki mice
(Figure 3). Taken together, these results demonstrate that
SUMOylation of Sp3 is essential for silencing of a subset of
spermatocyte-specific and neuronal genes in somatic and non-
neuronal tissues, respectively, implying an important role of the
SUMO moiety attached to Sp3 in establishing tissue-specific gene
expression patterns.

Gene silencing of meiotic and neuronal genes is rescued
by re-expression of SUMOylation-competent Sp3 in
Sp3-/- MEFs

To substantiate the notion that SUMOylation of Sp3 is directly
responsible for silencing testis- and neuronal-specific genes in
MEFs, we re-expressed the short and long isoforms of Sp3 (Sp3si-
wt and Sp3li-wt) in Sp3-/- MEFs by retroviral transduction
(Figure 4A). As controls, we used the corresponding SUMOyla-
tion-deficient Sp3 mutants (Sp3si-Ks5:D  and  Sp3li-K;5,R).
Particularly, re-expression of the long isoform of Sp3 resulted in
significantly reduced expression of the Dmc!, Dnahc8, Pagr6, Rims3,
Robo3 and Vill genes. Repression of these genes by re-expression of
the small isoforms of Sp3 was less pronounced (Figure 4B—4G).
The weaker effects observed with the small isoforms of Sp3 could
be due to their lower expression level (see Figure 4A). Potentially,
simultaneous expression of all four wild type Sp3 isoforms would
be necessary to restore repression completely. Nevertheless, in
contrast to the wild type Sp3 isoforms, introduction of the
SUMOylation-deficient Sp3 mutants failed to rescue gene
silencing but instead further enhanced expression of these genes
(Figure 4B—4G). These results show that reintroduction of Sp3
partially reverses de-repression of these genes in a SUMOylation-
dependent manner.

Sp3 is bound to the promoters of repressed genes in vivo

To analyze whether Sp3 is bound to the promoters of genes that
are repressed by Sp3-SUMO, we performed ChIP analyses.
Because of the lack of precise promoter information for Dnahc8,
Robo3 and Vill we focused on Dmcl, Pagr6 and Rims3. All three
promoters contain several potential binding sites for Sp3.
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Figure 3. SUMOylation of Sp3 restricts tissue-specific gene expression in mouse organs. RNA from adult mouse organs was analyzed for
Dmc1, Dnahc8, Villin-like, Pagré, Rims3 and Robo3 expression by qRT-PCR. Expression levels were normalized to Gapdh mRNA and are presented
relative to testis (Dmc1, Dnahc8 and Villin-like) or brain (Paqr6, Rims3 and Robo3) RNA arbitrarily set to 100. Abbreviations: Br, brain; Te, testis; He,
heart; In, intestine; Ki, kidney; Li, liver, Lu, lung; Sp, spleen. Data are expressed as mean +/—SD.

doi:10.1371/journal.pgen.1001203.g003
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Figure 4. Sp3-SUMO-dependent rescue of gene silencing. Sp3-/- MEFs were transduced with retroviral expression vectors for the
SUMOylation-competent long and short Sp3 isoforms (Sp3li-wt and Sp3si-wt), and corresponding SUMOylation-deficient mutants (Sp3/i-Kss;R and
Sp3si-Kss;D), respectively. (A) Immunoblot analysis of the various MEF cultures. (B-G) Expression of Dmc1, Dnahc8, Paqr6, Robo3, Rims3 and Vill in
rescue MEFs. Gapdh-normalized mRNA expression levels are presented relative to the expression in wild type MEFs arbitrarily set to 1. Data are
expressed as mean +/—SD.

doi:10.1371/journal.pgen.1001203.9004
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Antibodies to Sp3 precipitated all three promoters from SpSwt and
Sp3ki/ki MEF chromatin but not from $p3-/- MEF chromatin
(Figure 5), demonstrating that both wild type Sp3 and the
SUMOylation-deficient Sp3Es53D mutant were bound to the
Dmel, Pagr6 and Rims3 promoters.

Repressive chromatin components are enriched on
promoters silenced by Sp3-SUMO

Next, we analyzed the Dmc1, Pagr6 and Rims3 promoters for the
presence of repressive histone modifications (Figure 5). In SpSwt
MEFs, the H3K27me3 mark is abundantly present at the Dmel
and Rims3 promoters but not at the Pagr6 promoter. Moreover,
this mark is not or only marginally reduced in the absence of
SUMOylated Sp3 suggesting that H3K27me3 does not contribute
to SUMO-dependent gene silencing of these three genes. In
contrast, H3K9me3 and H4K20me3 marks are present at all three
promoters in Sp3wt MEFs but are strongly reduced in Sp3ki/ki and
in Sp3-/- MEFs. Consistently, HP1o, which binds H3K9me3, is
present at the Dmcl, Pagr6 and Rims3 promoters in Sp3wt MEFs
but not in Sp3ki/ki and Sp3-/- MEFs. Thus, the presence or
absence of H3K9me3, H4K20me3 and HPlo at the Dmcl, Pagr6
and Rims3 promoters correlates strictly with the repressed or de-
repressed state of these genes. We also analyzed for the presence of
H3K4 trimethylation, an epigenetic mark characteristic for

Epigenetic Silencing by SUMOylated Sp3

promoter-proximal nucleosomes of most active as well as inactive
genes [28]. The co-occurrence of H3K9me3, H3K27me3 and
H3K4me3 marks is a characteristic property of “bivalent”
promoters of euchromatic genes in ES cells, believed to reflect a
repressed but poised transcriptional state [29]. The H3K4me3
mark was abundantly present on the Dmcl, Pagr6 and Rims3
promoters in SpSwt MEFs. In Sp3ki/ki MEFs we found an
approximately 2-fold and 3-fold increase of H3K4 trimethylation
on the Dmel promoter and on the Pagr6 promoter, respectively,
but not on the Rims3 promoter (Figure 5). In $p3-/- cells, higher
H3K4me3 levels were detected on the Dmel promoter but not on
the Rims3 and Pagr6 promoters. Thus, there is no strict correlation
between the changes of the H3K4me3 mark and the expression
state of the different target genes.

Our previous investigations revealed that the establishment of
repressive nucleosomal signatures on a chromatinized Gal4-driven
reporter gene by Gal4-Sp3-SUMO involves the recruitment of the
histone methyltransferase SETDBI, the chromatin remodeler Mi-2,
and the chromatin-compacting MBT-domain proteins L3MBTLI
and L3MBTL2 [16]. Therefore, we analyzed the Dmcl, Pagr6 and
Rims3 promoters for the presence of these proteins. ChIP analysis
revealed that all four proteins are abundantly present on the
promoters in Sp3wt MEFs but strongly reduced in Sp3ki/ki and Sp3-/-
MEFs (Figure 5). The recruitment of these chromatin-modifying
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Figure 5. Sp3-SUMO-dependent association of heterochromatic histone modifications and repressive chromatin components.
Sp3wt, Sp3ki/ki and Sp3-/- MEFs were subjected to ChIP analysis with the indicated antibodies. Precipitated DNA was amplified by gPCR with
promoter-specific primers for Dmc1, Rims3 and Pagr6. The locations of the primers are indicated as filled arrowheads in the schematic presentation of
the promoters in Figure 6. DNA recoveries are expressed as percentage of input (mean +/—SD).

doi:10.1371/journal.pgen.1001203.g005
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proteins to the endogenous Dimcl, Pagr6 and Rims3 promoters is thus
dependent on the presence of the Sp3 SUMO moiety. Taken
together, these results support the conclusion that the posttransla-
tional modification of Sp3 at Kss; provokes a local repressive
chromatin structure on a subset of spermatocyte- and neuronal-
specific genes in somatic and non-neuronal cells, respectively.
Repression of many nervous system-specific genes in unrelated
tissues has been attributed to the corepressor CoRESTI.
CoREST1 is recruited to promoters by the transcriptional
repressor REST/NRSF [30] and, alternatively, by a REST/
NRSF-independent mechanism that involves direct interaction
between CoREST1 and a thus far unknown SUMO2/3-modified
transcription factor [31]. To examine whether CoREST1 i1s also
involved in silencing the Dmcl, Pagr6 and Rims3 promoters, we
performed ChIP analysis for the presence of CoRESTI.
CoREST1 was to some extent detectable on the Rims5 promoter
but not on the Dme! and Pagr6 promoters irrespectively of the Sp3

Epigenetic Silencing by SUMOylated Sp3

SUMOylation status (Figure S2). This finding indicates that
SUMOylation of Sp3 represents an alternative, CoREST1-
independent pathway mediating extra-neuronal repression.

SUMO modification of Sp3 is essential for DNA
methylation of target genes

An EMBOS CpGPlot analysis (http://www.ebi.ac.uk/Tools/
emboss/cpgplot/index.html) revealed that the Dmcl, Pagr6 and
Rims3 promoters are embedded in CpG islands. CpG island
methylation may contribute to silencing of these genes in MEFs and
may be reversed in Sp3ki/ki and Sp3-/- MEFs. Therefore, we
analyzed the methylation states of these promoters in Sp3wt, Sp3ki/ki
and Sp3-/- MEFs. Bisulfite sequencing revealed that the proximal
promoters and the first exons of the Dmcl, Pagr6 and Rims3 genes
are highly methylated in Sp5wt MEFs. In contrast, CpG methylation
is strongly reduced in Sp3ki/ki and in Sp3-/- MEFs (Figure 6). In
summary, there is a very tight correlation between SUMO

Dmc1 gene Paqré6 gene
> p Sp3sites E2F - 25 bp 5 25bp  Sp3 sites exon 1
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Figure 6. SUMOylation-dependent CpG methylation of the Dmc1, Paqr6, and Rims3 genes. The methylation state of individual CpGs in
Sp3wt, Sp3ki/ki and Sp3-/- MEFs was analyzed by bisulfite sequencing of ten clones. Non-methylated CpGs are indicated as open squares and
methylated CpGs as filled squares. The promoters along with the position of Sp3 binding sites and the first exon are depicted schematically. Vertical
lines depict the positions of CpG dinucleotides. Unfilled arrowheads indicate the locations of the primers used for PCR, and filled arrowheads indicate
the locations of the primers used for the ChIP experiments shown in Figure 5.

doi:10.1371/journal.pgen.1001203.g006
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modification of Sp3, transcriptional repression, repressive histone
modifications and DNA methylation of these promoters. Lack of
SUMOylation of Sp3 results in their de-repression accompanied by
the absence of repressive histone modifications and the absence of
CpG methylation.

Discussion

The generation and analysis of mice with a subtle point
mutation in the SUMO attachment site of the transcription factor
Sp3 has revealed the relevance of SUMO modification of Sp3 for
gene silencing @ vivo. SUMO attachment to Sp3 serves as a
molecular beacon for the recruitment of chromatin-modifying
machineries that impose epigenetic silencing on a subset of
spermatocyte-specific and neuronal genes. Our data are consistent
with the bidirectional crosstalk between repressive histone
modification and DNA methylation, that was established by
demonstrating direct interactions between SETDBI and the de
novo methylase DNMT3A [32]. However, SETDBI may also be
recruited indirectly through interaction with the methyl-CpG
binding protein MBD1 that forms a stable complex with SETDB1
[33]. We note that a functional SUMO interaction motif (SIM) is
present in the histone methyltransferase SETDB1 [34] and that
potential SIMs are also present in DNMTs. Thus, SUMO-
modified Sp3 might recruit SETDB1 and DNMTs independently.
Sp3-SUMO-mediated repression might involve a timely coordi-
nated recruitment of chromatin remodelers, nucleosome compac-
tors such as MBT domain proteins, HMTs and DNMTs.
Alternatively, these different types of epigenetic players might be
recruited simultaneously. The Sp3ki/ki and Sp3-/- MEFs described
here provide essential tools for future experiments addressing these
questions.

The lack of Sp3 SUMOylation in Sp3ki/ki mice causes aberrant
expression of several spermatocyte-specific and neuronal genes in
various somatic tissues. Although de-repression of these genes is
best described by the loss of the repressive function of
SUMOylated Sp3 in Sp3ki/ki mice, it is conceivable that the
activation function of the Sp3Ess3sD mutant protein may
contribute directly or indirectly to the aberrant expression of
these genes as well. However, expression of the spermatocyte-
specific and neuronal genes in testis and brain, respectively, is not
affected. This tissue-selectivity could be due to low-level Sp3
SUMOylation in spermatocytes and neurons. To investigate this,
we performed Western blot analysis of testis and brain extracts.
Consistent with the lack of repression in testis and brain,
SUMOylated Sp3 species were barely detectable in these tissues
(Figure S3). Future studies using purified spermatocytes and
neurons might provide further insight on the cell type-specific
SUMOylation state of Sp3. Interestingly, it has been reported that
Sp3 expression in germ cells declines during the leptotene to
pachytene transition whereas the related transcription factor Spl
did not decline until the mid-pachytene phase of meiosis [35].
Dmcl is expressed in leptotene to zygotene spermatocytes [19],
and Dnahc8 from mid-pachytene to diplotene spermatocytes [18].
Thus, activation of the Dmcl and Dnahc8 genes at these meiotic
stages correlates with down-regulation of Sp3. Accordingly, one
could image a scenario in which down-regulation of the Sp3
protein level facilitates Spl-mediated activation of these two Sp3-
SUMO target genes during spermatocyte development.

The promoters of the three Sp3-SUMO target genes that we
analyzed in detail share several features. They contain multiple
GC-boxes, lack a TATA box and are embedded in CpG islands.
Such a promoter arrangement is reminiscent of housekeeping
genes. In contrast to the three Sp3 target genes, housekeeping
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genes are ubiquitously expressed and remain unmethylated in all
tissues. It is currently unclear why the three Sp3 target genes are
expressed in such a highly tissue-specific manner. We have not
detected obvious features in the spacing or orientation of Sp-
binding sites that can account for this interesting difference.
Further investigations comparing these two types of promoters are
required to address this enigmatic point.

The aberrant expression of several testicular and neuronal genes
in Sp3ki/ki mice apparently does not lead to obvious histological or
behavioral abnormalities under standard mouse housing condi-
tions indicating that essential functions of differentiated cell types
are not grossly impaired. We note that the overall amounts of
aberrantly produced mRNA transcripts in somatic extra-neuronal
cells are low. This provides an explanation for the absence of clear
anatomical and physiological anomalies in the Sp3ki/k mice.

The phenotype of the Sp3ki/ki mice differs significantly from
mice lacking the entire Sp3 protein. Sp3-deficient mice display
skeletal, tooth, hematopoietic and heart defects at late embryonic
development, and die immediately after birth due to respiratory
failure [24,36-38]. Given that SUMOylation-deficient Sp3
proteins are strong activators [13,14] the defects observed in
Sp3-/- mice have to be attributed largely to the activation function
of Sp3.

Materials and Methods

Ethics statement

Research involving mice have been conducted according to the
German Animal Protection Law (Tierschutzgesetz). The applica-
tion for the experiments was reviewed and approved by the
responsible local authorities (Regierungsprésidium Giessen, refer-
ence number V 54-19 ¢ 20/15 cMR20/27).

Generation of Sp3ki/ki mice

A targeting vector containing the Sp3Ess3D mutation was
constructed and transfected into ES cells (Text S1). For selection of
ES cells, we used a floxed IRES-Lacl-neo-polyA cassette that
integrates into intron 5 of the $p5 gene by homologous
recombination. A single clone out of >200 G418-resistant colonies
showed the homologous recombination event. After karyotyping,
the ES clone was injected into C57BL/6 blastocysts. Breeding of
the chimeras revealed germ-line transmission of the targeted Sp3
allele. The IRES-lacl-neo cassette was removed by mating
heterozygous mice with mice expressing the Cre recombinase
under control of the cytomegalovirus-immediate early enhancer-
chicken beta-actin hybrid (CAG) promoter [17]. Offspring were
genotyped by Southern blotting and PCR (Figure S1). The Sp3wt/
ki heterozygous offspring were intercrossed and homozygous
Sp3ki/ki mice were obtained.

Retroviral infections

Retroviral vectors for expression of the long and short isoforms
of Sp3 and corresponding SUMOylation-deficient mutants were
generated by cloning of appropriate wild type and mutant S$p3
cDNA fragments [14] into the pBABE-puro plasmid. Retroviral
packaging in Phoenix cells and infection of immortalized S$p3-/-
MEFs [24] were performed according to standard procedures.
Transduced cells were selected for uptake of retrovirus with 2 ug/
mL of puromycin.

Western blotting

Whole cell extract from MEFs and mouse tissues were prepared
as described [7], separated on SDS-polyacrylamide gels, blotted on
PVDF membranes and probed with anti Sp3 antibodies (Santa
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Cruz Biotechnology, sc-644). Secondary antibodies were visualized
using the Immobilon Western HRP substrate (Millipore).

Expression profiling

Total RNA was prepared from freshly isolated Sp3wt and Sp3ki/ki
mouse embryonic fibroblasts of E13.5 siblings using the RNeasy kit
(Qiagen). Purified RNA was labeled with the two-color Quick-Amp
Labeling kit (Agilent) and hybridized to a whole genome microarray
4x44K 60mer slide (G4122F) according to the manufacturer’s
instructions (Agilent). Microarray data were analyzed using
Bioconductor [39]. The loess method implemented in the
Bioconductor package marray was applied for normalization.
Two biological replicates (male and female MEFs) were performed.
Genes were considered as regulated when they had a fold change of
=2, a logarithmic intensity value (base 2) of =5 in Sp3ki/ki, and
when the expression level of replicates were similar. Similarity for
two log?2 transformed expression levels was determined ad hoc by
the constraint max(1, |el, e2| x0.75,) > |el —e2|.

Data deposition
Microarray data were deposited at ArrayExpress (www.ebi.ac.
uk/arrayexpress) under accession number E-MEXP-2755.

Quantitative real-time PCR

One microgram of total RNA prepared from MEFs and mouse
organs was used for cDNA synthesis along with 0.5 pg of oligo(dT)
primer and 200 U of M-MLV reverse transcriptase (Invitrogen).
Quantitative RT-PCR was performed with 1 puL of 1:20 diluted
cDNA using gene-specific primers (Text SI). qPCRs were
performed in quadruplicate using the Absolute SYBRGreen
qPCR Mix (Abgene) on the Mx3000P real-time PCR system
(Stratagene). Values were normalized to Gapdh and/or Spl
mRNA content.

Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed using the One
Day ChIP kit (Diagenode) in accordance to the manufacturer’s
mstructions. Primer sequences specific for Dmcl, Pagr6 and Rims3
promoter regions can be found in Text S1. Antibodies used for
ChIP analysis are described in [16].

Bisulfite sequencing

For DNA methylation analysis, 2 ug of genomic DNA derived
from immortalized SpSwt, Sp5-/- and Sp3ki/ki MEFs were
subjected to sodium bisulfite conversion of unmethylated cytosines
using the EpiTect Bisulfite Kit (Qiagen) in accordance to the
manufacturer’s instructions. Converted DNA was subjected to
PCR amplification using promoter-specific BamHI- and Kpnl-
tailed primers (Text S1) and the ImmoMix PCR reagent (Bioline).
PCR products were cloned into the pcDNA3 vector and 10 clones
were sequenced using the BGHrev primer.

Supporting Information

Figure S1 Targeting the mouse Sp3 SUMO site. (A) Top,
schematic representation of Sp3 protein structure. The glutamine-
rich activation domains A and B, the SUMO attachment site
(IKEE) within the inhibitory domain (ID) and the zinc fingers
(black bars) of the DNA binding domain as well as the translational
start sites and the length of the four different isoforms (781, 769,
496 and 479 aa) of Sp3 are indicated. Connecting lines with the
corresponding murine $p3 gene regions show the derivation of the
inhibitory domain of the Sp3 protein from exon 5. In the targeting
vector, exon 5 was replaced by the mutagenized exon and a floxed
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cassette containing a splice acceptor site (£r2-S4), an internal
ribosomal entry site (IRES) and a lacS-neomycin fusion gene (lac-
Neo) [ Mountford, et al]. The positions of the BglIl (B) sites, the
probe used for Southern blotting (B-probe) and the lengths of the
corresponding DNA fragments are given as well. (B) Restriction of
genomic DNA with Bglll and hybridization with the probe
indicated in (A) detected a 6.7 kb fragment of the wild type allele
and a 10.6 kb fragment of the mutated allele. (C) Schematic
presentation of the Sp3ki allele after removal of the selection
cassette by crossing targeted heterozygous mice with CAG-driven
Cre recombinase expressing mice. (D) Southern blot analysis after
EcoRV restriction revealed successful deletion of the selection
cassette. (I}) PCR strategy for genotyping of Sp3k mice. The Sp3wt
allele, the Sp3ki allele, the position of allele-specific primers
(arrows) and the lengths of the amplicons are depicted. The black
arrowhead in the Sp3k: allele represents the remaining loxP site
after removal of the lac<-neo cassette. (I) PCR analysis. Sequence-
specific primers for the Sp3wt and the Sp5k: alleles and a common
intronic reverse primer produce 728 bp and 762 bp DNA
fragments, respectively. (G) Lack of Sp3 SUMOylation in tissues
and MEFs of Sp3ki/ki mutant mice. Mouse lung and spleen tissue
samples, and MEFs obtained from E13.5 embryos as well as from
Sp3wt  (wt/wl) and Sp3ki/ki mice (ki/ki) were subjected to
immunoblot analyses with antibodies specific for Sp3. The asterisk
indicates an aspecific band. [Mountford P, Zevnik B, Duwel A,
Nichols J, Li M, et al. (1994) Dicistronic targeting constructs:
reporters and modifiers of mammalian gene expression. Proc Natl
Acad Sci USA 91: 4303-4307.]

Found at: do1:10.1371/journal.pgen.1001203.s001 (2.18 MB TIF)

Figure $2 Sp3-SUMO-dependent silencing of the Dmcl, Pagr6
and Rims3 promoters is independent of CoREST. SpSwt (wi),
Sp3ki/ki and Sp3-/- MEFs were subjected to ChIP analysis with a
CoREST-specific antibody. The glutamate receptor M4 promoter
was used as positive control [30]. Precipitated DNA was amplified
by qPCR with primers for the M4, Dmcl, Pagr6 and Rims3
promoters. DNA recoveries are expressed as percentage of input
(mean +/— SD).

Found at: doi:10.1371/journal.pgen.1001203.5s002 (0.09 MB TIF)

Figure 83 Sp3 expression in mouse testis and brain. Mouse
testis, brain and lung protein samples from adult Sp3wt (wf) and
Sp3ki/ki mice (ki) were subjected to immunoblot analyses with anti
Sp3 antibodies. Two different exposure times of the blots are
shown. The asterisks indicate uncharacterized Sp3 isoforms or
aspecific bands. The SUMOylated small isoforms could not
assigned to specific signals.

Found at: doi:10.1371/journal.pgen.1001203.s003 (1.02 MB TIF)

Table S1 Genotype distribution of SpSwt/ki intercrossings.
Found at: doi:10.1371/journal.pgen.1001203.s004 (0.03 MB
DOC)

Table S2 List of differentially expressed genes identified by
expression profiling.

Found at: doi:10.1371/journal.pgen.1001203.5005
XLS)

(0.03 MB

Text 81 Supporting materials and methods. Generation of the
S$p3 knockin homologous recombination construct. Genotyping of
targeted Sp3 knockin mice by PCR. Transfection of ES cells and
generation of chimeric and Sp3 SUMOylation-deficient mice.
Primers for RT-qPCR. Primers for promoter/exon amplification
and cloning after bisulfite treatment.

Found at: doi:10.1371/journal.pgen.1001203.s006 (0.04 MB
DOC)

November 2010 | Volume 6 | Issue 11 | 1001203



Acknowledgments

We thank Michael Krause and the technical staff members of the
Genomics Unit of the Institute of Molecular Biology and Tumor Research,
Marburg, for gene expression profiling. Iris Rohner is gratefully
acknowledged for excellent technical assistance, and Kerstin Nau and
Andrea Ullius for help with the establishment and analysis of primary

References

1.

20.

Geiss-Iriedlander R, Melchior I (2007) Concepts in sumoylation: a decade on.
Nat Rev Mol Cell Biol 8: 947-956.

Secler JS, Dejean A (2003) Nuclear and unclear functions of SUMO. Nat Rev
Mol Cell Biol 4: 690-699.

. Garcia-Dominguez M, Reyes JC (2009) SUMO association with repressor

complexes, emerging routes for transcriptional control. Biochim Biophys Acta
1789: 451-459.

. Gill G (2005) Something about SUMO inhibits transcription. Curr Opin Genet

Dev 15: 536-541.

. Hay RT (2005) SUMO: a history of modification. Mol Cell 18: 1-12.
. Ross S, Best JL, Zon LI, Gill G (2002) SUMO-1 modification represses Sp3

transcriptional activation and modulates its subnuclear localization. Mol Cell 10:
831-842.

Sapetschnig A, Rischitor G, Braun H, Doll A, Schergaut M, et al. (2002)
Transcription factor Sp3 is silenced through SUMO modification by PIASI.
EMBO J 21: 5206-5215.

. Valin A, Gill G (2007) Regulation of the dual-function transcription factor Sp3

by SUMO. Biochem Soc Trans 35: 1393-1396.

. Bouwman P, Philipsen S (2002) Regulation of the activity of Spl-related

transcription factors. Mol Cell Endocrinol 195: 27-38.

. Philipsen S, Suske G (1999) A tale of three fingers: the family of mammalian Sp/

XKLF transcription factors. Nucleic Acids Res 27: 2991-3000.

Suske G (1999) The Sp-family of transcription factors. Gene 238: 291-300.
Suske G, Bruford E, Philipsen S (2005) Mammalian SP/KLF transcription
factors: bring in the family. Genomics 85: 551-556.

. Dennig J, Beato M, Suske G (1996) An inhibitor domain in Sp3 regulates its

glutamine-rich activation domains. EMBO J 15: 5659-5667.

Sapetschnig A, Koch F, Rischitor G, Mennenga T, Suske G (2004) Complexity
of translationally controlled transcription factor Sp3 isoform expression. ] Biol
Chem 279: 42095-42105.

Sticlow B, Sapetschnig A, Kriiger I, Kunert N, Brehm A, et al. (2008)
Identification of SUMO-dependent chromatin-associated transcriptional repres-
sion components by a genome-wide RNA interference screen. Mol Cell 29:
742-754.

Sticlow B, Sapetschnig A, Wink C, Kriiger I, Suske G (2008) SUMO-modified
Sp3 represses transcription by provoking local heterochromatic gene silencing.
EMBO Rep 9: 899-906.

Sakai K, Miyazaki J (1997) A transgenic mouse line that retains Cre recombinase
activity in mature oocytes irrespective of the cre transgene transmission.
Biochem Biophys Res Commun 237: 318-324.

Samant SA, Ogunkua O, Hui L, Fossella J, Pilder SH (2002) The T complex
distorter 2 candidate gene, Dnahc8, encodes at least two testis-specific axonemal
dynein heavy chains that differ extensively at their amino and carboxyl termini.

Dev Biol 250: 24—43.

. Yoshida K, Kondoh G, Matsuda Y, Habu T, Nishimune Y, et al. (1998) The

mouse RecA-like gene Dmcl is required for homologous chromosome synapsis
during meiosis. Mol Cell 1: 707-718.

Camurri L, Mambetisaeva E, Sundaresan V (2004) Rig-1 a new member of
Robo family genes exhibits distinct pattern of expression during mouse
development. Gene Expr Patterns 4: 99-103.

. Liang F, Zhang B, Tang J, Guo J, Li W, et al. (2007) RIM3gamma is a

postsynaptic protein in the rat central nervous system. J Comp Neurol 503:
501-510.

@ PLoS Genetics | www.plosgenetics.org

Epigenetic Silencing by SUMOylated Sp3

embryonic mouse fibroblasts. We thank Alexander Brehm and Martha
Kalff-Suske for critical discussions.

Author Contributions

Conceived and designed the experiments: SP GS. Performed the
experiments: BS IK RD NG JKaS. Analyzed the data: BS IK FF GS.
Wrote the paper: GS.

26.

27.

28.

32.

33.

34.

38.

39.

. Tang YT, Hu T, Arterburn M, Boyle B, Bright JM, et al. (2005) PAQR proteins:

a novel membrane receptor family defined by an ancient 7-transmembrane pass

motif. ] Mol Evol 61: 372-380.

. Fu X, Kamps MP (1997) E2a-Pbx1 induces aberrant expression of tissue-specific

and developmentally regulated genes when expressed in NIH 37T3 fibroblasts.
Mol Cell Biol 17: 1503-1512.

. Bouwman P, Géllner H, Elsasser HP, Eckhoff G, Karis A, et al. (2000)

Transcription factor Sp3 is essential for post-natal survival and late tooth

development. EMBO J 19: 655-661.

. Pohlers M, Truss M, Frede U, Scholz A, Strehle M, et al. (2005) A role for E2F6

in the restriction of male-germ-cell-specific gene expression. Curr Biol 15:
1051-1057.

Storre J, Schafer A, Reichert N, Barbero JL, Hauser S, et al. (2005) Silencing of
the meiotic genes SMClbeta and STAG3 in somatic cells by E2F6. ] Biol Chem
280: 41380-41386.

Kehoe SM, Oka M, Hankowski KE, Reichert N, Garcia S, et al. (2008) A
conserved E2F6-binding element in murine meiosis-specific gene promoters.
Biol Reprod 79: 921-930.

Guenther MG, Levine SS, Boyer LA, Jaenisch R, Young RA (2007) A
chromatin landmark and transcription initiation at most promoters in human

cells. Cell 130: 77-88.

. Bilodeau S, Kagey MH, Frampton GM, Rahl PB, Young RA (2009) SetDB1

contributes to repression of genes encoding developmental regulators and
maintenance of ES cell state. Genes Dev 23: 2484-2489.

. Lunyak VV, Burgess R, Prefontaine GG, Nelson C, Sze SH, et al. (2002)

Corepressor-dependent silencing of chromosomal regions encoding neuronal
genes. Science 298: 1747-1752.

Ouyang J, Shi'Y, Valin A, Xuan Y, Gill G (2009) Direct binding of CoREST'1 to
SUMO-2/3 contributes to gene-specific repression by the LSD1/CoREST1/
HDAC complex. Mol Cell 34: 145-154.

Li H, Rauch T, Chen ZX, Szabo PE, Riggs AD, et al. (2006) The histone
methyltransferase SETDBI and the DNA methyltransferase DNMT3A interact
directly and localize to promoters silenced in cancer cells. J Biol Chem 281:
19489-19500.

Sarraf SA, Stancheva I (2004) Methyl-CpG binding protein MBD1 couples
histone H3 methylation at lysine 9 by SETDBI to DNA replication and
chromatin assembly. Mol Cell 15: 595-605.

Ivanov AV, Peng H, Yurchenko V, Yap KL, Negorev DG, et al. (2007) PHD
Domain-Mediated E3 Ligase Activity Directs Intramolecular Sumoylation of an
Adjacent Bromodomain Required for Gene Silencing. Mol Cell 28: 823-837.

. Ma W, Horvath GC, Kistler MK, Kistler WS (2008) Expression patterns of SP1

and SP3 during mouse spermatogenesis: SP1 down-regulation correlates with
two successive promoter changes and translationally compromised transcripts.
Biol Reprod 79: 289-300.

Gollner H, Dani C, Phillips B, Philipsen S, Suske G (2001) Impaired ossification
in mice lacking the transcription factor Sp3. Mech Dev 106: 77-83.

. Van Loo PF, Bouwman P, Ling KW, Middendorp S, Suske G, et al. (2003)

Impaired hematopoiesis in mice lacking the transcription factor Sp3. Blood 102:
858-866.

Van Loo PF, Mahtab EA, Wisse LJ, Hou J, Grosveld F, et al. (2007)
Transcription factor Sp3 knockout mice display serious cardiac malformations.
Mol Cell Biol 27: 8571-8582.

Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, et al. (2004)
Bioconductor: open software development for computational biology and
bioinformatics. Genome Biol 5: R80.

November 2010 | Volume 6 | Issue 11 | 1001203




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


