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Abstract Regulatory transcription factors of the Pax
family play fundamental roles in the function of multipotent
cells during vertebrate development, post-natal regenera-
tion, and cancer. Pax7 and its homologue Pax3 are important
players in neural crest and muscle development. Both genes
are coexpressed in various tissues and are thought to provide
similar, but not identical, functions. The mechanisms that
allow specific regulation of Pax7 remain largely unknown.
Here, we report for the first time that Pax7 is regulated by
SUMOylation. We identify the interaction of Pax7 with
Ubc9, the SUMO conjugating enzyme, and reveal that
SUMOylation machinery is enriched in neural crest precur-
sors and plays a critical role in NC development. We
demonstrate that Pax7 becomes SUMOylated and identify an
essential role for lysine 85 (K85) in Pax7-SUMOylation.
Despite high conservation surrounding K85 amongst Pax
genes, we were unable to identify SUMOylation of other Pax
proteins tested, including Pax3. Using a non-SUMOylatable
Pax7 variant (K85 X R), we demonstrate that SUMOylation is
essential for the function of Pax7 in neural crest development,
C2C12 myogenic differentiation, and transcriptional
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transactivation. Our study provides new mechanistic insight
into the molecular regulation of Pax7’s function by
SUMOylation in neural crest and muscle development.
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Introduction

Pax genes emerged from the landmark study by Christiane
Niislein-Volhard and Eric Weischaus that identified genes
essential for development [1]. Pax proteins contribute to
embryonic development, organogenesis, and adult tissue
homeostasis and regeneration. Furthermore, the expression
of some Pax genes is essential for the growth and survival of
certain cancers [2—4]. Despite these fundamental roles in
mammalian tissues, the regulation of Pax proteins is not well
understood.

Pax proteins contain a distinguishing paired box [5] that
binds DNA [6] through two distinctive domains [7-9]. The
family of 9 vertebrate Pax genes has been organized into
four subgroups based on additional structural features, and
their members often display overlapping expression and
function [10]. Pax3 and Pax7, which form the subfamily
III, display highly homologous N-terminus regions con-
taining a paired domain, octapeptide domain, and a paired
type-homeodomain. This N-terminus domain mediates
DNA binding properties, and therefore it has been sug-
gested that Pax3 and Pax7 target similar genes.

Both Pax3 and Pax7 are expressed and function in the
developing central nervous system, neural crest (NC), and
muscle progenitors. Pax3 mutations in mice and humans lead
to various NC defects and in some cases myogenic defi-
ciencies. Pax7 is required for NC development in mouse and
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chick [11, 12], and plays a pivotal role in adult muscle
homeostasis and regeneration [ 13—18]. Pax3 and Pax7 mimic
each other’s function in most of these circumstances; yet,
important divergent functions between these Pax genes have
been identified (reviewed in [19]).

Molecularly, few differences have been noted between
Pax3 and Pax7. Pax3, but not Pax7, is regulated by mono-
ubiquitination of the C-terminus transactivation domain
[20]. In addition, differential binding of interacting partners
may lead to distinct functions of Pax3 and Pax7 [2, 19, 21].

To further characterize the mechanism of action of Pax7-
specific functions, we sought to identify interacting partners
for Pax7. Here, we identified the interaction of Pax7 with the
E2 SUMO-conjugating enzyme, Ubc9. Our data demon-
strate that Pax7, but not Pax3, is regulated by SUMOylation.
We further demonstrate that SUMOylation of Pax7 is
essential for neural crest development in chick embryos and
for the inhibitory roles of Pax7 in C2C12-muscle differen-
tiation. These data implicate post-translational modification
of Pax7 as an essential mechanism for the regulation of Pax7
during development of multiple tissues.

Materials and methods
Yeast two-hybrid screening

All vectors, yeast strains, reagents, and methods were
derived from the MATCHMAKER Two-Hybrid System
(Clontech, Palo Alto, CA, USA). PCR-generated chick Pax7
full length was inserted into pGBKT7 (EcoRI and BamHI)
in-frame with the DNA binding domain of GAL4 atits 3’ end,
to generate pGBKT7-Pax7. Screening was performed using
the Pax7-Gal4 DNA binding domain fusion protein expres-
sed from pGBKT7-Pax7 as the bait. A stage 8 chick whole
embryo cDNA library was constructed and screened
according to the manual. Yeast AH109 was co-transformed
with pGBKT7-Pax7, chick whole embryo library cDNA, and
linearized pGADT7-Rec, using a high-efficiency lithium
acetate/poly-ethylene glycol method. Positive colonies were
selected on SD/-Ade/-His/-Leu/-Trp/4+-8 mM 3-AT plates
and assayed for B-galactosidase activity. Secondary screens
were performed in a similar manner to minimize false pos-
itives, and the bait was expelled through saturation growth in
SD-Leu. Positive interacting colonies were recovered,
sequenced, and matched to known sequences using BLAST
(National Centre for Biotechnology Information, NCBI).

GST pull

Expression of the GST-fusion proteins was induced in
BL21 bacteria (Stratagene) with isopropyl-p-galactoside
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for 3 h at 37 °C. Bacterial lysates were harvested and
purified on Sepharose 4B glutathione beads (Amersham
Pharmacia Biotech). Bead-immobilized GST-tagged pro-
teins were incubated with the bacterial lysates expressing
HA-tagged Pax7 binding proteins for 3 h, washed four
times in lysis buffer supplemented with a protease inhibitor
mixture, and 1 mM DTT, solubilized in 2x sample buffer,
and subjected to western blot analysis.

Cell culture and transfection

293T cells and Murine C2C12 myoblasts were grown in
DMEM, 10 % FCS, 2 mM L-glutamine, 100 U/ml peni-
cillin, and 100 pg/ml streptomycin at 37 °C in 5 % CO,.
C2C12 differentiation was induced on 90 % confluent
cultures with differentiation medium (DMEM, 2 % horse
serum, 4 mM L-glutamine) and analyzed after 96 h. Lipo-
fectamine 2000 (Invitrogen) was used for transient
transfection, and stable Pax7-expressing cells were selected
using G418 at 1,000 pg/ml.

Electrophoretic mobility shift assay (EMSA)

293T cells were transfected with pCIG-Pax7 or pCIG-
Pax7%%R for 48 h to prepare nuclear extracts (Nuclear and
Cytoplasmic Extraction Kit; Pierce Biotech, Rockford, IL,
USA). Pax binding oligonucleotides were labeled using the
Biotin 30-End DNA Labeling Kit (Pierce Biotech), and
LightShift Chemi-luminescent EMSA Kit TM (Pierce Bio-
tech) was used. Briefly, 20 fmol biotin-labeled probes were
incubated with cell nuclear extract, 50 pg/ml poly (dI-dC),
5 % glycerol, 0.05 % NP-40,5 mM MgCl2 in binding buffer
(10 mM Tris—-HCI, pH 7.5, 50 mM KCI, 1 mM DTT) for
20 min at room temperature. As required, 1 pg FLAG anti-
body (F1804; Sigma—Aldrich) was added and incubated for
additional 30 min at room temperature. Samples were run in
6 % polyacrylamide DNA retardation gels and transferred to
a positively charged nylon membrane (Immobilon-NY+ ;
Millipore, Bedford, MA, USA). After UV crosslinking,
detection was performed with streptavidin-horseradish
perioxidase (HRP)-antibody (Pierce Biotech).

SUMO conjugation assay

293T cells, transiently transfected with Pax7-Myc or empty
vector (pcDNA), Ubc9 and HA-SUMO-1 (48 h) lysed in
immunoprecipitation buffer 1 (50 mM Tris—HCIL, pH 7.5,
150 mM NaCl, 5mM EDTA, 0.5 % (w/v) sodium
deoxycholate, 1 % NP40, 0.1 % SDS, 20 mM NEM,
10 pg/mL leupeptin, 10 pg/mL pepstatin A and 10 pg/mL
aprotinin), were sonicated and clarified by centrifugation.
Lysates were incubated with an anti-Myc monoclonal
antibody to immunoprecipitate tagged Pax7 followed by
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SDS-PAGE and immunoblotting with anti-HA (HA-
SUMO-1).

Western blots

Protein extracts were run on SDS—polyacrylamide gels and
electrophoretically transferred to PDVF membranes
(Schleicher & Schuell, Dassel, Germany), blocked with
5 % nonfat milk in Tris-buffered saline containing 0.1 %
Tween 20 and incubated with each primary antibody
overnight at 4 °C. Finally, blots were incubated with HRP-
linked secondary antibody (cell signaling) and monitored
for chemiluminescence (ECL kit; GE Healthcare).

Mutagenesis

Pax7 and Pax3K for R substitutions were generated with
Quikchange II XL site-directed mutagenesis (Stratagene)
using pCDNA3.1A-Pax7 or Pax3 as a template, and con-
firmed by DNA sequencing.

Morpholino electroporation

Morpholinos (Gene Tools) were used at 0.48 uM in 3 %
sucrose with 1 pg of DNA (pCIG) as carrier and fast green,
injected and electroporated [22] (5 square electroporation
pulses of 5 mV of 50 ms with 100 ms rest) into St 4
embryos immobilized in filter paper rings. Embryos were
EC-cultured [23] overnight and analyzed by in situ
hybridization or immunofluorescence.

In situ hybridization

Whole mount in situ hybridization was performed as pre-
viously described [24].

Immunofluorescence, microscopy and imaging

Immunofluorescence was performed according to standard
protocols [25]. Briefly, embryos were fixed in4 % PF, rinsed
and washed (3 x 60 min) in PBT (PBS, 2 mg/ml BSA, and
0.1 % Tween), and blocked overnight in PBT+ 10 % FBS.
Incubation with primary and secondary antibodies was per-
formed at 4 °C overnight. Isotype specific Alexa secondary
Abs were used at 1:2,000. Dissections were performed on
Nikon stereo-microscopes, and images were acquired with a
Spot SE camera and software using a Nikon Eclipse 80i
microscope, and processed with Photoshop.

Q-rt-per

RNA (Trizol; Agilent Technologies-Stratagene) was used
to generate cDNA (AMYV reverse transcriptase; Promega,

San Luis Obispo, CA, USA) with poly-dT primers. RT-qPCR
was performed on a iQ5 Real Time PCR Detection System
(Bio-Rad).

Sequences and antibodies

Morpholino target Target site Sequence
relative to start
coden
Ubc9-morpholino- -4 thru +21 ACTTAGAGCTATGCCAGAC
NM_204265. ATATTC
Ubc9-5MM ACTTAcAGETATcCCAGA
morpholinos gATAaTC
Pax7-morpholino- -44 thru-22 TCCGTGCGGAGCGGGTC
NM_205065.1 ACCcCcCC
Pax7- SMM TCgGTcCGGAGcecGG
morpholinos TgACaCCC
EMSA
probes
P6CON TGGAATTCAGGAAAAATTTTCACGCTTGAGT
TCACAGCTCGAGTA
P30OPT TGGTGGTCACGCCTCATTGAATATTA
P2 GATCCTGAGTCTAATTGATTACTGTACAGG
P1/2 GATCCTGAGTCTAATTGAGCGTCTGTAC
PHO GATTTCTTCCAATTAGTCACGCTTGAGTG
Name Dilution  Catalogue # Name of
company
Anti-HA ms IgG2b  (1:1,000) 3992-200 BioVision
Anti-Myc ms IgG2a (1:1,000) sc-47694 Santa Cruz
Anti-DDK (Flag) ms (1:1,000) TAS50011 ORIGENE
IgG1b
Anti-mouse IgG (1:10,000) NXA931 GE Healthcare
HRP-linked
Anti-Ubc9 Rb (1:400) sc-10759 Santa Cruz
Anti-SUMO-1 Rb (1:200) sc-9060 Santa Cruz
Anti-Pax7 ms IgGl  (1:100) Pax7 DSHB (University
of Towa)
Light meromy ms (1:100) MF20 DSHB (University
I1gG2b of Towa)
Myosin S1 ms [gG2a (1:100) A4.1025 DSHB (University
of Towa)
Anti-Sox2 gt (1:300) AF2018 R&D
Anti-Ap2 ms IgG2b  (1:10) 3B5 DSHB (University
of Towa)
Anti-Caspase 3 Rb  (1:500) aal63-175 R&D
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Fig. 1 Pax7 interacts with Ubc9, and is SUMOylated. a Pax7
interaction with Ubc9 identified by yeast two-hybrid screen, and
b verified with full-length Ubc9 by GST-Pax7 pull-down. ¢ Western
blot (Myc antibody) of SUMO-conjugation assays in 293T cells
cotransfected with Pax7-Myc, Ubc9, and HA-SUMOI, lysed with/
without NEM, a SUMOylation-stabilizing compound; Arrow Pax7,
arrowhead SUMOylated Pax7. d Co-immunoprecipitation of Pax7

Results

Pax7 interacts with Ubc9 and is SUMOylated

To improve our understanding of the molecular mecha-
nisms that regulate Pax7 function, we sought to identify
interacting proteins. To this end, we carried out a yeast
two-hybrid screen using Pax7 as bait against a chick cDNA
library. We identified Ubc9, the only E2 SUMO-conju-
gating enzyme [26], as a Pax7-interacting protein (Fig. 1a).
GST pull-down experiments showed that full-length Ubc9
specifically interacts with Pax7-GST, and not with GST
alone (Fig. 1b).

Since UbcY is critical for the conjugation of small
ubiquitin-like modifier (SUMO) motifs to target proteins in
a dynamic and reversible fashion [27, 28], we explored the
possibility that Pax7 is SUMOylated by performing
SUMO-conjugation experiments. We cotransfected 293T
cells with myc-tagged Pax7 (Pax7-Myc), Ubc9, and
SUMOI. Western blot analysis revealed the appearance of
a species of Pax7 with slower mobility (&70 kDa). This
band requires the expression of SUMOI, and the presence
of the sulthydry-blocking agent N-ethylmaleimide (NEM)
that stabilizes SUMOylated conjugates [29] (Fig. 1c). This
slower mobility band of Pax7 is therefore thought to cor-
respond to SUMOylated-Pax7.
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and SUMO from 293T cells cotransfected with Pax7-Myc, Ubc9, and
HA-SUMOL, lysed in the presence of NEM. Top panel anti-HA IP
followed by anti-Myc WB, reversed in bottom panel. e Endogenous
Pax7 SUMOylation observed by WB of stage 8 chick embryos lysed
with/without NEM, using an anti-Pax7 antibody, Arrow indicates
Pax7, arrowhead SUMOylated Pax7

To confirm that Pax7 is SUMOylated, we performed
reciprocal co-immunoprecipitation assays in 293T cells.
Blotting against the HA tag on SUMO-1 (SUMOI1-HA)
following immunoprecipitation of Pax7-Myc, or the
reverse experiment, confirmed the association between
Pax7 and SUMOI (Fig. 1d). To investigate if Pax7 is
SUMOylated in vivo, we performed western blot analysis
of total protein extracts from stage 8 chick embryos [31].
This revealed additional slower mobility Pax7-isoforms
(=70 kDa) in the presence of NEM that correspond to
stabilized SUMO-conjugated Pax7 (Fig. le). These results
demonstrate that Pax7 interacts with Ubc9; that this inter-
action leads to the SUMOylation of Pax7, and that Pax7 is
SUMOylated in vivo in chick embryos.

Ubc9, SUMOI1 and Pax7 are coexpressed
by prospective neural crest

In chick embryos, Pax7 expression starts after gastrulation,
marking NC precursors in the neural plate border, and is
later maintained in the neural folds [12, 30]. To ascertain if
Pax7 and Ubc9 could interact in vivo during NC devel-
opment, we analyzed the expression of these proteins in
chick embryos. While in situ hybridization on stages 4-6
[31] revealed a broad expression of Ubc9 mRNA
throughout the embryo, at stage 8 we identified an
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a

Fig. 2 Ubc9 and SUMO-1 co-localizes with Pax7 in NC precursors
at the neural folds. a Ubc9 expression (in situ hybridization) in chick
embryos at early stages (st). Sections at the indicated level of the st 8
embryo are shown on right. b Ubc9 and ¢ SUMOI proteins are

enrichment of Ubc9 in the neural folds (Fig. 2a). Further-
more, immunofluorescence analysis of sections of chick
embryos demonstrated that neural fold cells coexpress
Pax7 with Ubc9 (Fig. 2b) and SUMO-1 (Fig. 2c). These
studies demonstrate that Pax7, Ubc9, and SUMOI1 are
coexpressed in NC precursors, and reveal an unexpected
enrichment of SUMOylation machinery in these
precursors.

The SUMO pathway is crucial for neural crest
development

Genetic and biochemical studies have linked SUMOylation
to craniofacial defects [32], such as cleft lip/palate
([33-36], although see [37, 38]) and heart [39] malforma-
tions. Craniofacial and heart structures receive important
contributions from NC, and several NC-related transcrip-
tion factors are also SUMOylated [34]. Our observed
unexpected enrichment of Ubc9 expression in the neural

coexpressed with Pax7 in NC precursors of the neural fold of st 8
embryos. Framed regions of merged images are shown at higher
magnification

folds, suggests that perhaps the SUMOylation pathway
may be required during early NC development.

To test this hypothesis, we used sequence-specific
morpholinos (Mo) to reduce Ubc9 levels in chick embryos.
Unilateral electroporation of morpholinos provide an
internal control in the untreated contralateral side. A
5- mismatch Ubc9-control morpholino (SMM-Mo) had
minimal or no effect on NC development as indicated
by the normal mRNA expression of the NC markers Snail2
(1 out of 9 embryos displayed abnormal pattern, 1/9), Sox9
(1/10), and FoxD3 (1/8) (Fig. 3a, c, e). Conversely, Ubc9-Mo
led to reduced expression of mRNA encoding Snail2 (7/9),
Sox9 (5/6), and FoxD3 (6/10) in the anterior neural folds
(Fig. 3b, d, f).

To further analyze the effects of Ubc9-Mo treatment, we
monitored the expression of earlier markers associated with
the neural plate (Sox2) or its border (Pax7, AP2), as well as
the apoptosis marker Caspase 3 (Casp3). To afford the
study of multiple markers by immunofluorescence in a
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Fig. 3 SUMO pathway is

required for nefral cre}s/t Co ntro l_ M o
development. Unilateral
electroporation of 5 mismatch
control morpholinos have no
effect on the expression of NC
markers Snail2 (a), Sox9 (¢),
and FoxD3 (e), while Ubc9-
morpholino downregulates their
expression (Snail2 (b), Sox9 (d),
and FoxD3 (f). Insets show the
localization of morpholinos
(green) before in situ
hybridization. Right panels
show higher-magnification of
framed regions, arrows point to
untreated internal control signal
and brackets demarcate treated c
areas. The number of embryos

with altered expression over the

total of embryos treated

indicated in right bottom corner.
Representative sections from

embryos electroporated with

control-Mo (g—i) and Ubc9-Mo

(j-1), showing FoxD3 in situ

hybridization (g, j), and
immunofluorescence for Pax7

and Sox2 (h, k), and Pax6, Sox2 .
and Ap2a (1, j). While Ubc9-Mo :
treatment reduced FoxD3 in the SOX 9
unilaterally treated neural fold

(j), no effects were noted for the e
earlier neural crest markers N
Pax7 and Ap2, nor for the
neural marker Sox2 (k, 1)

d

.ﬂ""'l\"._"

memmmemae——-

-
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restricted region, we generated sets of sequential sections
from Ubc9-Mo treated embryos (n = 14) and SMM-Mo
control embryos (n = 4) that had previously been pro-
cessed for in situ hybridization (Snail2, Sox9, or FoxD3).
We acquired images of 4-6 sections per embryo and
analyzed the specific signal for each marker counter-
stained with DAPI to visualize nuclei. Embryos
electroporated with control-Mo displayed similar expres-
sion of Pax7, AP2, and Sox2 in treated and contralateral
neural folds. Similarly, the majority of embryos treated
with Ubc9-MO (9/14) display even expression of Pax7
and AP2 in both neural folds despite clear depletion of
in situ hybridization signal for neural crest specifiers in
the treated side (Fig. 3g—1). In 3/14 embryos, a unilateral
moderate reduction in Pax7 and AP2 signal was noted in
the Ubc9-Mo-treated neural fold, while in 2 other
embryos, a spatially restricted depletion of both markers
was found (data not shown). To analyze possible changes
in neural tissue, we monitored Sox2 expression, as well as
the width and length of the forming neural tube. Our
results suggest that neural development was not affected,
as Sox2 expression and neural tube dimensions were not
significantly associated with Ubc9-Mo treatment and
changes in expression of any of the neural crest markers
analyzed (12/14; Fig. 3g-1).

Finally, we sought to establish if the reduced Ubc9
triggered by Ubc9-Mo treatment could be associated with
increased apoptosis, which in turn could explain the
reduced signal of NC specifiers (Snail2, Sox9, and
FoxD3). To this end, images of sections immunostained
with Caspase 3, Sox2, and Pax7 were processed with
Photoshop and ImageJ to score the number of cells with
positive Casp3 signal in the forming neural tube and
neural folds. In Ubc9-Mo-treated embryos, we noted an
average of 5.5 Casp3+ cells in treated neural folds and
4.3 in the contralateral not treated side. In the forming
neural tube (excluding the neural fold territory defined by
the expression of Pax7), we observed an average of 6.37
Csp3+ cells in the treated side versus 6.34 in the con-
tralateral side. The different values observed in treated
and control sides of the neural folds and forming neural
tube were analyzed using a ¢ test and found to be not
statistically significant (data not shown).

Because Ubc9 is required for the expression of NC
transcription factors like Snail2 prior to emigration, but is
not required for the expression of earlier markers like Pax7
and AP2, we suggest that SUMOylation is required for NC
development after initial specification.

SUMOylation of Pax7 requires Lysine 85

SUMO conjugation occurs at an acceptor lysine, often
found within a consensus sequence \-Lys-X-Glu/Asp

(y = large hydrophobic amino acid, often isoleucine or
valine), consensus-variations, or their inverted arrangement
[28, 40]. Identification of SUMOylation aceptor sites is
regularly achieved by performing a mild substitution of the
acceptor lysine (K), for an arginine (R), rendering the
molecule “unSUMOylatable”. Putative SUMOylation sites
for Pax7 were suggested by two different software appli-
cations [SUOplotTM Prediction (Abgent) included K139,
K161, K164, and K483, and SUMOsp 2 software [41]
suggested K164]; however, Pax7-SUMOylation was not
disrupted when KxR substitutions where performed in any
of these positions. Because several molecules are known to
undergo SUMOylation in non-consensus sites, we tested
possible SUMOylation acceptor sites throughout Pax7 by
generating KxR substitutions, and performing SUMOcon-
jugation assays in the presence of NEM. From 22
substitutions, K85R was the only one that resulted in a loss
of the slower migrating form of Pax7 (Fig. 4a). This
strongly suggests that Pax7 is SUMOylated at K85, within
a non-consensus SUMOylation sequence. Importantly, K85
resides in the o3 helix of the PAI subdomain of the
PAIRED domain (Fig. 4b), a region strongly conserved
amongst all Pax genes (Fig. 4c). This suggested the pos-
sibility that other Pax genes could be SUMOylated at the
same position. We therefore tested full-length sequences of
at least one member of each Pax-subfamily in SUMO
conjugation assays. Unlike Pax7, neither Pax2, Pax3, Pax6,
nor Pax9 were SUMOylated (Fig. 4c).

Pax7 protein structure is essential for its SUMOylation

To further characterize the requirements for Pax7-SU-
MOylation, we performed conjugation assays with Pax7
deletion constructs (Fig. 4d). We generated Myc-tagged
forms of Pax7 lacking 64 or 124 amino acids in the C-ter-
minus (AC’-64 and AC’-124). We also generated forms of
Pax7 lacking the whole transactivation domain (ATAD), the
transactivation domain and the homeodomain (AHD),
transactivation homeo and octapeptide domains (AOP), and
one in which only the paired domain was removed (APD). As
expected, the APD construct could not be SUMOylated.
Surprisingly, however, all the other Pax7 deletion constructs,
which retain a full paired domain with the acceptor K85,
failed to undergo SUMOylation (Fig. 4d). Therefore, it
seems that, in addition to K85, the general Pax7 protein
structure is critical for Pax7-SUMOylation.

Pax7 transactivation domain confers SUMOylation
capabilities to Pax3

Pax3 and Pax7 share high homology at the paired, octa-

peptide, and homeo domains, while they differ significantly
at the transactivation domain. To test the possibility that
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Fig. 4 Pax7 requires K85 and
additional structural features for
its SUMOylation. a Mapping
the SUMOylation acceptor site
of Pax7 through SUMO-
conjugation assays in 293T cells
cotransfected with Ubc9,
SUMOI, and a Pax7 variant
with a single K to R
substitution, and carried out in
the presence of NEM. The
position of the substituted K is
indicated at the fop of each lane.
Arrow indicates Pax7,
arrowhead SUMOylated Pax7,
short arrows K85. b Diagram of
Pax7 domains and detail of the
PAI subdomain, arrow indicates
acceptor K85. ¢ Sequence
around Pax7-K85 is highly
conserved amongst other Pax
genes. Representatives from
other Pax subfamilies were
subjected to SUMO-conjugation
assays; however, despite
homology surrounding the
putative Pax7-accepotor site, no
other Pax was SUMOylated.

d Structural features of Pax7 are
essential for its SUMOylation.
All Pax7 deletion constructs
tested lack SUMOylation
capacity in our conjugation
assays. PD paired, OP
octapeptide, HD homeo, TA
transactivation domains.

e Exchange of the
transactivation domain of Pax7
confers SUMOylability to the
N-terminus of Pax3 under
SUMO-conjugation assays. PD
paired, OP octapeptide, HD
homeo, TA transactivation
domain
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the SUMOylation machinery relies on Pax7’s-transactiva-
tion domain, we exchanged these domains in Pax3 and
Pax7. Remarkably, Pax3n-7¢ (Pax3 N-terminus (paired,
octapeptide, and homeo domains) with Pax7 C-terminus
(transactivation domain)) was efficiently SUMOylated,
while the Pax7y-3¢ was not (Fig. 4d). These results dem-
onstrate that the transactivation domain of Pax7 confers
SUMOylation capabilities to the N-terminus of Pax3 and
that it is essential for the SUMOylation of Pax7.

Pax7-SUMOylation is dispensable for its DNA binding
activity

Given the location of the acceptor K85 in the conserved
PAI DNA binding domain, we decided to investigate
whether SUMOylation of Pax7 is necessary for its DNA
binding ability. To this end, we compared the capacity of
flag-tagged forms of Pax7 and the mutant Pax7 that cannot
be SUMOylated, PaX7K85R, to bind Pax-specific DNA
sequences in electrophoretic mobility shift assays (EMSA).
Probes included paired (P30OPT)-, homeodomain (P1/2)-,
and dual paired-homeodomain (PHO)-specific sequences
(Fig. 5). Both Pax7-flag and Pax7***®-flag formed clear
complexes with all labeled probes, and were disrupted by a
specific flag antibody (Fig.5). Similar results were
obtained with two additional probes targeted by paired and
paired-type homeodomain factors (P6CON and P2; data
not shown). As an additional test, we attempted to super-
shift the Pax7-DNA complexes with an anti-SUMO
antibody. However, we were never able to show binding
under these conditions (data not shown), suggesting that
SUMOylated Pax7 does not bind to DNA. Alternatively,

a b c
P30PT probe P1/2 probe PHO probe
(paired domain) (homeo domain) (combined PD-HD)
Pax7-Flag = o ok om o= e B daesis s b e =
Pax7*f-Flag = = = + + - = = + + - - - + +
Anti-FlagAB - - + - + - o o
’ u L) i I j [ | U L"

| - - ;
» ' .
Seuey Buwer dbubM

Fig. 5 Pax7 SUMOylation is dispensable for DNA binding. DNA
binding capacity of Pax7 and the unSUMOylatable form (Pax7 K85R)
measured in electrophoretic mobility shift assay (EMSA). FLAG-
tagged Pax7 and FLAG-tagged Pax7%%°® bind to: a paired domain-,
b homeodomain-, and ¢ combined PD-HD-recognition sequences in
EMSA assays. All oligos formed a complex with Pax7 and Pax7%%°}
(thin arrow), which were disrupted by Flag antibody leading to slower
mobility complexes (thick arrow)

the interaction between SUMOylated Pax7 and DNA might
be beyond our detection capabilities, either because of a
short life span and/or low quantity. In a second effort to test
if SUMOylated Pax7 is able to bind target sequences, we
performed EMSA experiments similar to the ones descri-
bed above, but in which NEM and control extracts were
used. However, the inclusion of NEM prevented the for-
mation of DNA-protein complexes of both Pax7-flag and
Pax7K85R-ﬂag (data not shown).

Our results demonstrate that Pax is capable of
binding Pax consensus sequences, and that SUMOylation is
dispensable for this function.

K85R
7

SUMOylation of Pax7 is required for early neural crest
formation

To examine the specific involvement of Pax7-SUMOyla-
tion in NC development, we interrogated the capacity of
Pax7 and its unSUMOylatable form (PaX7K85R) to rescue
NC deficiencies seen in embryos electroporated unilater-
ally with a Pax7-Mo. We previously showed that
knockdown of Pax7 via sequence specific morpholino
oligonucleotides (Pax7-Mo) compromises the expression
of neural crest markers like Snail2, Sox9, Sox10, and
HNK-1 [12]. Since the target sequence for the Pax7-Mo is
not present in our constructs overexpressing Pax7 or
Pax7¥®R  translation of these molecules will not be altered
by the presence of the Pax7-Mo.

Electroporation of Pax7-Mo and a control vector causes
a downregulation of Snail2 (9/11), Sox9 (6/8), and FoxD3
(5/6) expression (Fig. 6a). When a full-length Pax7 con-
struct is coelectroporated with the Pax7-Mo, this phenotype
is rescued and only a few embryos display defects in the
expression of Snail2 (2/10), Sox9 (1/9), and FoxD3 (0/11)
(Fig. 6b). Importantly, coelectroporation of a Pax7<®R
construct with Pax7-Mo is unable to rescue expression of
these markers, and several of the embryos display reduced
expression for Snail2 (6/10), Sox9 (6/7), and FoxD3 (7/10)
(Fig. 6¢). To further address the role of SUMOylated Pax7,
we generated a SUMO1-Pax7%®R  fusion construct,
attaching SUMO-1 to the carboxy terminus of Pax7%%®,
and performed rescue experiments for the Pax7-Mo phe-
notype on Sox9. Our results suggest that the SUMO-1-Pax7
K85R fusion is able to partially rescue the Sox9 phenotype
because only 40 % (4/10) of embryos receiving Pax7-Mo
and SUMO1-Pax7*%® fusion displayed a defective Sox9
pattern (data not shown). The 40 % phenotype obtained
with SUMO1-Pax7%*°R is halfway from the 11 % obtained
with wild-type Pax7, and the more than 75 % observed
with pCIG control or Pax7%%°R_ These results demonstrate
that K85 is required for Pax7’s function in NC develop-
ment, and strongly suggest an essential role for Pax7-
SUMOylation during this process.
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Fig. 6 SUMOylation of Pax7 is required for its function in early
neural crest formation. A Pax-7 morphant-rescue assay was per-
formed to assess the effect of Pax7-SUMOylation on neural crest
development. a Unilateral electroporation of Pax7-Mo and control
empty vector (pCIG) downregulates the expression of the NC markers
Snail2 (left), Sox9 (middle), and FoxD3 (right). b Coelectroporation
with a Pax7 construct not targeted by the Mo rescues the expression

Pax7-SUMOylation is necessary to prevent C2C12
myogenic differentiation

In addition to its role in NC development, Pax7 plays a
critical role in myogenesis. It is expressed in muscle stem
cell progenitors, is necessary for the survival and activation
of adult satellite cells, and prevents their premature dif-
ferentiation [13-18, 42-49]. To investigate the possible
role of Pax7-SUMOylation in myogenic differentiation, we
generated stable C2C12 myoblast cell lines expressing a
vehicle control, Pax7, or Pax7%8R  Control C2C12 cells
transfected with an empty vector readily generate myotu-
bes when induced in low serum media and express Myosin

@ Springer

of Snail2, Sox9, and FoxD3 (white arrowhead); ¢ instead, Pax7%8R

co-electroporation is unable to rescue. Insets display electroporated
areas (red) before in situ hybridization. Arrows point to untreated
internal control signal and brackets highlight treated areas. The
fraction of embryos showing inhibition of expression is shown in the
top right of each image

heavy chain components (Fig. 7a, b). As previously shown
by other groups [44-49], overexpression of Pax7 led to a
dramatic delay in myogenesis and neither myotubes nor
myosin components (Myosin S1 domain) were detected
(Fig. 7a, b). In contrast, overexpression of Pax7*°® failed
to prevent C2C12 myogenic differentiation (Fig. 7a, b).

Pax7-SUMOylation is necessary for transactivation
during myogenic differentiation

To determine if Pax7-SUMOylation is required for
expression of known Pax7 target genes [46, 48], we ana-
lyzed mRNA expression levels via real time PCR in C2C12
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Fig. 7 SUMOylation of Pax7 is required in C2C12 to delay
myogenic differentiation and to transactivate Pax7 responsive genes.
a Myogenic differentiation of control C2C12 cells permanently
transfected with empty vector (pCDNA) is seen after 4 days under
low serum conditions. C2C12 cells permanently transfected with
Pax7 display a severe delay or inhibition of myotube formation and
myosin heavy chain expression. Instead, C2C12 cells permanently
transfected with Pax75%® fail to inhibit myogenic differentiation and
differentiate similar to control cells. Myosin heavy chain red, DAPI
blue. b Graphs of myotube formation and myosin expression.
Quantification of myotubes was performed in 3 independent 10x
frames per sample. Percentage of DAPI stained nuclei positive for
MyHC markers was performed in 5 independent frames of 50% pm. ¢,

cells transfected with Pax7 or Pax7®®. While Trim and
IGFBP were unresponsive to Pax7, ID3—a direct target of
Pax7 [48]—as well as Mest, and Lix were activated in
C2C12 cells stably expressing Pax7, but not Pax7<%R
(Fig. 7¢). These results demonstrate that K85 is essential
for Pax7’s function during myogenic differentiation,
including target gene expression, and strongly support the
need for Pax7-SUMOylation during myogenesis.

K85 is essential for Pax7- but not for Pax3- inhibiton
of C2C12 differentiation

Our results demonstrate that the mild substitution of K85
for R in Pax7 dramatically changes Pax7 properties.
Pax7K85R can not be SUMOylated, and appears to lack
function in neural crest development, myogenic target

1803
% MyHC
g 20 o 30
= % & Myo S1
g it T i L-mero
g 10 520 [
a )
=3 o
§_ 0- . B g 10
= éi‘oq'sré’ % . . il
& Q,;-\} a Control  Pax7 Pax7K85R
C 10 72 Control
E 28 W Pax7
= 10 m Pax7K85R
i -
0
c
7}
2 | I I I
o
L
0.1
Mest Lix Trim ID3  IGFBP

Pax7K85R

Pax3 Pax3K85R

Q-RT-PCR analysis of Pax7 responsive genes in C2C12 cells
permanently transfected with an empty control (pcDNA3.1A), Pax7
or Pax7%®°®_ Expression of Lix/, Mest and ID3 is activated in C2C12
myoblasts expressing Pax7, but not in those expressing Pax7%%R,
Expression was normalized to GAPDH transcript levels and is shown
relative to the empty vector (pcDNA3.1A) control. d K85 is critical
for Pax7, but not for Pax3 inhibition of C2C12 myogenic differen-
tiation. C2C12 control line permanently transfected with pCDNA
empty vector, undergoes myogenic differentiation. Lines permanently
transfected with Pax7, Pax3, and Pax3%®® all inhibit differentiation.
Instead, Pax75®R fails to inhibit and cells differentiate as in control
samples

transactivation, and myogenic differentiation in C2C12
cells. We suggest that the lack of function of this variant is
due to its defective SUMOylation. An alternative expla-
nation could be that the K85R substitution may abrogate
Pax function regardless of the SUMOyation status. Pax3
performs similar functions to Pax7 and shares this K85, but
does not seem to be modified by SUMOylation. Therefore,
Pax3 offers an excellent opportunity to test the role of K85
in a SUMO-independent context. To assess this alternative
explanation, we took advantage of the robust C2CI12
myogenic differentiation assay in which Pax3, like Pax7, is
known to inhibit C2C12 myogenic differentiation. We first
generated two additional stable C2C12 myoblast cell lines
expressing Pax3 or Pax3%%R_Then, we performed differ-
entiation assays with controls (C2C12 alone, and C2C12
with pCDNA empty vector), Pax7, Pax7K85R, Pax3, and
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Pax3%®R In agreement with previous reports and our own
results, cells transfected with both controls readily differ-
entiate and express myosin heavy chain antigens. Instead,
C2C12 cell permanently transfected with either Pax3 or
Pax7 display a clear delay or inhibition of differentiation.
Similarly, C2C12 cells transfected with the Pax3¥®°® dis-
play a delay/inhibition of differentiation as effective as
when transfected with Pax3 or Pax7, suggesting that the
K85R substitution did not alter Pax3 function. Instead,
C2CI12 cells transfected with the Pax7*®® differentiate
like the controls.

These results demonstrate that the substitution of K85R
alters the function of Pax7 and not of Pax3, further sup-
porting our thesis that the lack of function in Pax7%%® is
due to its defective SUMOylation.

Discussion

We previously identified Pax7 as a critical component and
early marker of neural crest in the chick embryo [12]. In the
mouse, Pax7 is also involved in cranial neural crest devel-
opment [11]. And Pax7-progenitor cells have been recently
shown to contribute to multiple neural crest derivatives,
including olfactory ensheathing cells in the olfactory epi-
thelium [50, 51]. In humans, as in model organisms, Pax7 is
expressed in the dorsal neural tube and in early migratory
neural crest cells of young human embryos [25]. However,
Pax7 role in muscle progenitors has attracted considerably
more attention (reviewed in [52]). Several signaling path-
ways are known to regulate Pax7 expression, particularly
during early NC development [12, 53-56]. Yet, the mole-
cular mechanisms controlling Pax7 function are not well
understood. Here, we provide several lines of evidence
exposing the interaction between Pax7 and Ubc9, leading to
the SUMOylation of Pax7. We identified and verified the
interaction between Pax7 and Ubc9 through a yeast two-
hybrid screen and GST pull-down assays. Conjugation and
co-immunoprecipitation assays confirm interaction and
concomitant Pax7-SUMOylation. We also exposed the
coexpression of Ubc9 and SUMO1 with Pax7 in the neural
folds of stage 8 chick embryos, a region containing neural
crest precursors, and provide in vivo evidence that Pax7 is
SUMOylated in similarly staged embryos. Other transcrip-
tion factors that influence neural crest development have
been shown to be SUMOylated, such as Msx1, Msx2, Sox9,
Sox10, Tbx22, and the TGFR transducer SMAD4 [34, 57],
but direct evidence of the requirement of Ubc9 or SUMOy-
lation during early stages of NC development had not been
reported. Using morpholino-mediated knockdown of Ubc9,
we were unable to identify effects on neural fate (Sox2) or
early neural plate border markers (Ap2 and Pax7); instead,
we demonstrate the requirement of Ubc9 and therefore
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SUMOylation for expression of later neural crest markers
(Snail2, Sox9, and FoxD3), exposing a critical role for SU-
MOylation in early neural crest development. Additionally,
we identified the requirement of K85 for Pax7 SUMOyla-
tion, and suggest that this lysine is most likely the acceptor
site on Pax7; however, definitive proof awaits mass spec-
trometry analysis.

It was surprising that, from representatives of all Pax
subfamilies tested using our conjugation assay, only Pax7
was SUMOylated. This suggests that the acceptor site and
the surrounding conserved sequences shared with other Pax
genes are not sufficient to direct SUMOylation. Impor-
tantly, recent reports have identified the SUMOylation of
other Pax proteins; however, in neither case has the paired
domain been involved. Murine Pax8 (no avian form
reported) is SUMOylated at its transactivation domain, and
a variant of Pax6 lacking its paired domain is SUMOylated
in a variant-specific region [58, 59].

Further analysis of the molecular requirements for
SUMOylation of Pax7 revealed that the integrity of protein
structure and the transactivation domain are critical for
Pax7-SUMOylation. Pax3 and Pax7 differ more on their
C-terminus transactivation domain, and, unlike Pax7, Pax3
is not SUMOylated. When exchanged, the C-terminus of
Pax7 confered SUMOylation capabilities to the N-terminus
of Pax3, and, instead, the N-terminus of Pax7 lost its
SUMOylation capabilities when fused to the C-terminus of
Pax3. Therefore, the C-terminus of Pax7 may provide a
specific structure enabling required contacts between
SUMOylation machinery and Pax7’s paired domain, per-
haps operating as a docking site for SUMOylation
machinery, bringing it closer to a putative acceptor site
(like K85). Interestingly, differential regulation between
Pax3 and Pax7 has been reported to rely on the C-terminus
[20]. These results pinpoint critical differences between
Pax3 and Pax7 that aid in explaining noted disparate
functions and/or regulation between these paralogous,
often coexpresed proteins [15, 16, 20, 46, 49].

We took advantage of the unSUMOylatable form of
Pax7, Pax75%R 10 assess the roles of Pax7-SUMOylation.
Our data show that, unlike Pax7, Pax7%®R is unable to
rescue the neural crest phenotype generated by Pax7-
morpholino treatment. These results strongly suggest that
Pax7-SUMOylation is critical for NC development. We
further demonstrate that Pax7-SUMOylation is also critical
in a different context, the C2C12 myogenic paradigm. Pax7
is known to block C2C12 myogenic differentiation [44-47,
49], and now we show that the unSUMOylateble form of
Pax7, Pax7K85R, is unable to perform this function, and to
transactivate known myogenic targets of Pax7 in C2C12
cells. Importantly, Pax3 also inhibits C2C12 differentia-
tion; however, the substitution of K85 for R in Pax3
(Pax*™®®) retains full inhibitory activity in C2CI12
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differentiation. These data strongly suggest that Pax7’s
inhibitory role in myogenic differentiation relies on its
SUMOylation. Future research should address the SUMOy-
lation status of Pax7 in quiescent satellite cells, activated
satellite cells, and differentiating progenitors as well as the
possible involvement of Pax7-SUMOylation in differential
target transactivation.

In summary, our study is the first to identify posttrans-
lational modifications of Pax7 that regulate its function in
development through a mechanism not shared by Pax3.
Here, we have uncovered the SUMOylation of Pax7, and
have provided robust evidence that this modification is
necessary for Pax7 functions in NC and C2C12 myogenic
differentiation. Molecularly, Pax7 SUMOylation offers a
wide spectrum of possibilities for novel partners, targets,
and effects. Assessing the relevance of Pax7-SUMOylation
in neurocristopathies and muscle diseases is an attractive
opportunity that could entail the design of novel diagnostic
and therapeutic tools.

Acknowledgments This work was funded by NIH RO1DE(017914.
We thank members of the Garcia-Castro laboratory for comments on
this manuscript.

References

1. Nusslein-Volhard C, Wieschaus E (1980) Mutations affect-
ing segment number and polarity in Drosophila. Nature
287:795-801

2. Chi N, Epstein JA (2002) Getting your Pax straight: Pax proteins
in development and disease. Trends Genet 18:41-47

3. Robson EJ, He SJ, Eccles MR (2006) A PANorama of PAX genes
in cancer and development. Nat Rev Cancer 6:52-62

4. Wang Q et al (2008) Pax genes in embryogenesis and oncogen-
esis. J Cell Mol Med 12:2281-2294

5. Bopp D, Burri M, Baumgartner S, Frigerio G, Noll M (1986)
Conservation of a large protein domain in the segmentation gene
paired and in functionally related genes of Drosophila. Cell
47:1033-1040

6. Treisman J, Harris E, Desplan C (1991) The paired box encodes a
second DNA-binding domain in the paired homeo domain pro-
tein. Genes Dev 5:594-604

7. Czerny T, Schaffner G, Busslinger M (1993) DNA sequence
recognition by Pax proteins: bipartite structure of the paired
domain and its binding site. Genes Dev 7:2048-2061

8. Xu W, Rould MA, Jun S, Desplan C, Pabo CO (1995) Crystal
structure of a paired domain-DNA complex at 2.5 A resolution
reveals structural basis for Pax developmental mutations. Cell
80:639-650

9. Jun S, Desplan C (1996) Cooperative interactions between paired
domain and homeodomain. Development 122:2639-2650

10. Mansouri A, Goudreau G, Gruss P (1999) Pax genes and their
role in organogenesis. Cancer Res 59:1707s-1710s

11. Mansouri A, Stoykova A, Torres M, Gruss P (1996) Dysgenesis
of cephalic neural crest derivatives in Pax7—/— mutant mice.
Development 122:831-838

12. Basch ML, Bronner-Fraser M, Garcia-Castro MI (2006) Speci-
fication of the neural crest occurs during gastrulation and requires
Pax7. Nature 441:218-222

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Seale P et al (2000) Pax7 is required for the specification of
myogenic satellite cells. Cell 102:777-786

Seale P, Ishibashi J, Scime A, Rudnicki MA (2004) Pax7 is
necessary and sufficient for the myogenic specification of
CD45+: Scal+ stem cells from injured muscle. PLoS Biol
2:E130

Relaix F et al (2006) Pax3 and Pax7 have distinct and overlap-
ping functions in adult muscle progenitor cells. J Cell Biol
172:91-102

Kuang S, Charge SB, Seale P, Huh M, Rudnicki MA (2006)
Distinct roles for Pax7 and Pax3 in adult regenerative myogen-
esis. J Cell Biol 172:103-113

Olguin HC, Yang Z, Tapscott SJ, Olwin BB (2007) Reciprocal
inhibition between Pax7 and muscle regulatory factors modulates
myogenic cell fate determination. J Cell Biol 177:769-779
Lepper C, Conway SJ, Fan CM (2009) Adult satellite cells and
embryonic muscle progenitors have distinct genetic requirements.
Nature 460:627-631

Buckingham M, Relaix F (2007) The role of Pax genes in the
development of tissues and organs: Pax3 and Pax7 regulate muscle
progenitor cell functions. Annu Rev Cell Dev Biol 23:645-673
Boutet SC, Disatnik MH, Chan LS, lori K, Rando TA (2007)
Regulation of Pax3 by proteasomal degradation of monoubiqui-
tinated protein in skeletal muscle progenitors. Cell 130:349-362
Hollenbach AD, Sublett JE, McPherson CJ, Grosveld G (1999)
The Pax3-FKHR oncoprotein is unresponsive to the Pax3-asso-
ciated repressor hDaxx. EMBO J 18:3702-3711

Muramatsu T, Mizutani Y, Ohmori Y, Okumura J (1997) Com-
parison of three nonviral transfection methods for foreign gene
expression in early chicken embryos in ovo. Biochem Biophys
Res Commun 230:376-380

Chapman SC, Collignon J, Schoenwolf GC, Lumsden A (2001)
Improved method for chick whole-embryo culture using a filter
paper carrier. Dev Dyn 220:284-289

Henrique D et al (1995) Expression of a Delta homologue in
prospective neurons in the chick. Nature 375:787-790

Betters E, Liu Y, Kjaeldgaard A, Sundstrom E, Garcia-Castro MI
(2010) Analysis of early human neural crest development. Dev
Biol 344:578-592

Johnson ES, Blobel G (1997) Ubc9p is the conjugating enzyme
for the ubiquitin-like protein Smt3p. J Biol Chem 272:26799-
26802

Kerscher O, Felberbaum R, Hochstrasser M (2006) Modification
of proteins by ubiquitin and ubiquitin-like proteins. Annu Rev
Cell Dev Biol 22:159-180

Gareau JR, Lima CD (2010) The SUMO pathway: emerging
mechanisms that shape specificity, conjugation and recognition.
Nat Rev Mol Cell Biol 11:861-871

Suzuki T et al (1999) A new 30-kDa ubiquitin-related SUMO-1
hydrolase from bovine brain. J Biol Chem 274:31131-31134
Otto A, Schmidt C, Patel K (2006) Pax3 and Pax7 expression and
regulation in the avian embryo. Anat Embryol (Berl) 211:
293-310

Hamburger V, Hamilton HL (1951) A series of normal stages in
the development of the chick embryo. J Morphol 88:49-92
Nowak M, Hammerschmidt M (2006) Ubc9 regulates mitosis and
cell survival during zebrafish development. Mol Biol Cell
17:5324-5336

Alkuraya FS et al (2006) SUMOI1 haploinsufficiency leads to
cleft lip and palate. Science 313:1751

Song T et al (2008) SUMOI polymorphisms are associated with
non-syndromic cleft lip with or without cleft palate. Biochem
Biophys Res Commun 377:1265-1268

Carter TC et al (2010) Testing reported associations of genetic
risk factors for oral clefts in a large Irish study population. Birth
Defects Res A Clin Mol Teratol 88:84-93

@ Springer



1806

Z. Luan et al.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Jia ZL, Shi B, Xu X, Kong XL (2011) Interactions between small
ubiquitin-like modifier 1 and nonsyndromic orofacial clefts. DNA
Cell Biol 30:235-240

Evdokimov E, Sharma P, Lockett SJ, Lualdi M, Kuehn MR
(2008) Loss of SUMOI1 in mice affects RanGAP1 localization
and formation of PML nuclear bodies, but is not lethal as it can be
compensated by SUMO2 or SUMO3. J Cell Sci 121:4106-4113
Zhang FP et al (2008) Sumo-1 function is dispensable in normal
mouse development. Mol Cell Biol 28:5381-5390

Wang J et al (2011) Defective sumoylation pathway directs
congenital heart disease. Birth Defects Res A Clin Mol Teratol
91:468-476

Rodriguez MS, Dargemont C, Hay RT (2001) SUMO-1 conju-
gation in vivo requires both a consensus modification motif and
nuclear targeting. J Biol Chem 276:12654-12659

Ren J et al (2009) Systematic study of protein SUMOylation:
development of a site-specific predictor of SUMOsp 2.0. Pro-
teomics 9:3409-3412

Halevy O et al (2004) Pattern of Pax7 expression during myo-
genesis in the posthatch chicken establishes a model for satellite
cell differentiation and renewal. Dev Dyn 231:489-502
Oustanina S, Hause G, Braun T (2004) Pax7 directs postnatal
renewal and propagation of myogenic satellite cells but not their
specification. EMBO J 23:3430-3439

Olguin HC, Olwin BB (2004) Pax-7 up-regulation inhibits
myogenesis and cell cycle progression in satellite cells: a
potential mechanism for self-renewal. Dev Biol 275:375-388
Zammit PS et al (2006) Pax7 and myogenic progression in
skeletal muscle satellite cells. J Cell Sci 119:1824-1832
McKinnell IW et al (2008) Pax7 activates myogenic genes by
recruitment of a histone methyltransferase complex. Nat Cell Biol
10:77-84

McFarlane C et al (2008) Myostatin signals through Pax7 to
regulate satellite cell self-renewal. Exp Cell Res 314:317-329
Kumar D, Shadrach JL, Wagers AJ, Lassar AB (2009) 1d3 is a
direct transcriptional target of Pax7 in quiescent satellite cells.
Mol Biol Cell 20:3170-3177

@ Springer

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Collins CA et al (2009) Integrated functions of Pax3 and Pax7 in
the regulation of proliferation, cell size and myogenic differen-
tiation. PLoS ONE 4:e4475

Murdoch B, DelConte C, Garcia-Castro MI (2012) Pax7 lineage
contributions to the mammalian neural crest. PLoS One
7(7):e41089. doi:10.1371/journal.phone.0041089

Murdoch B, DelConte C, Garcia-Castro MI (2010) Embryonic
Pax7-expressing progenitors contribute multiple cell types to the
postnatal olfactory epithelium. J Neurosci 30:9523-9532

Olguin HC, Pisconti A (2011) Marking the tempo for myogen-
esis: Pax7 and the regulation of muscle stem cell fate decisions.
J Cell Mol Med

Liem KF Jr, Tremml G, Roelink H, Jessell TM (1995) Dorsal
differentiation of neural plate cells induced by BMP-mediated
signals from epidermal ectoderm. Cell 82:969-979

Linker C et al (2009) Cell communication with the neural plate is
required for induction of neural markers by BMP inhibition:
evidence for homeogenetic induction and implications for
Xenopus animal cap and chick explant assays. Dev Biol
327:478-486

Maczkowiak F et al (2010) The Pax3 and Pax7 paralogs coop-
erate in neural and neural crest patterning using distinct
molecular mechanisms, in Xenopus laevis embryos. Dev Biol
340:381-396

Stuhlmiller TJ, Garcia-Castro MI (2012) FGF/MAPK signaling is
required in the gastrula epiblast for avian neural crest induction.
Development 139:289-300

Taylor KM, Labonne C (2005) SoxE factors function equiva-
lently during neural crest and inner ear development and their
activity is regulated by SUMOylation. Dev Cell 9:593-603

de Cristofaro T et al (2009) Pax8 protein stability is controlled by
sumoylation. J Mol Endocrinol 42:35-46

Yan Q et al (2010) Sumoylation activates the transcriptional
activity of Pax-6, an important transcription factor for eye and
brain development. Proc Natl Acad Sci USA 107:21034-21039


http://dx.doi.org/10.1371/journal.phone.0041089

	SUMOylation of Pax7 is essential for neural crest and muscle development
	Abstract
	Introduction
	Materials and methods
	Yeast two-hybrid screening
	GST pull
	Cell culture and transfection
	Electrophoretic mobility shift assay (EMSA)
	SUMO conjugation assay
	Western blots
	Mutagenesis
	Morpholino electroporation
	In situ hybridization
	Immunofluorescence, microscopy and imaging
	Q-rt-pcr
	Sequences and antibodies

	Results
	Pax7 interacts with Ubc9 and is SUMOylated
	Ubc9, SUMO1 and Pax7 are coexpressed by prospective neural crest
	The SUMO pathway is crucial for neural crest development
	SUMOylation of Pax7 requires Lysine 85
	Pax7 protein structure is essential for its SUMOylation
	Pax7 transactivation domain confers SUMOylation capabilities to Pax3
	Pax7-SUMOylation is dispensable for its DNA binding activity
	SUMOylation of Pax7 is required for early neural crest formation
	Pax7-SUMOylation is necessary to prevent C2C12 myogenic differentiation
	Pax7-SUMOylation is necessary for transactivation during myogenic differentiation
	K85 is essential for Pax7- but not for Pax3- inhibiton of C2C12 differentiation

	Discussion
	Acknowledgments
	References


