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The LSD1-CoREST histone demethylase complex is required to re-
press neuronal genes in nonneuronal tissues. Here we show that
sumoylation of Braf35, one of the subunits of the complex, is re-
quired to maintain full repression of neuron-specific genes and for
occupancy of the LSD1-CoREST complex at its gene targets. Inter-
estingly, expression of Braf35 was sufficient to prevent neuronal
differentiation induced by bHLH neurogenic transcription factors
in P19 cells and in neuronal progenitors of the chicken embryo
neural tube. Sumoylation of Braf35 is required for this antineuro-
genic activity. We also show that iBraf, a paralogue of Braf35,
forms heterodimers with Braf35. Braf35-iBraf heterodimerization
impairs Braf35 interaction with the LSD1-CoREST complex and
inhibits Braf35 sumoylation. Consistent with these results, iBraf
prevents the antineurogenic activity of Braf35 in vivo. Our data
uncover a mechanism of regulation of the LSD1-CoREST complex
and provide a molecular explanation for the antagonism between
Braf35 and iBraf in neuronal differentiation.
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Cell differentiation involves large modifications of gene ex-
pression that require extensive changes of chromatin epige-
netic marks (1). Epigenetic marks are DNA or histone posttrans-
lational modifications that are inherited through cell division and
that inform about the transcriptional state of loci. Among his-
tone modifications, histone lysine methylation is of particular
interest in development for the broad range of processes in
which it is involved, including maintenance of stem cell pluri-
potency, germ-line determination, cell differentiation, control of
HOX genes expression, and so forth (2, 3). Histone lysine meth-
ylation was considered a stable posttranslational modification
until the discovery of histone demethylases. LSD1/KDM1 (ly-
sine-specific demethylase 1) was the first demethylase identified
and catalyzes demethylation of both di- and monomethylated
lysine 4 (K4) or lysine 9 (K9) of histone H3 (H3K4me2/1 or
H3K9me2/1) (4, 5). The lysine specificity of LSD1 seems to
depend on its molecular partners. Thus, when LSD1 is associated
with CoREST in the LSD1-CoREST corepressor complex (also
called BHC, BRAF-histone deacetylase complex), the preferred
substrate is H3K4me?2/1, consistent with the fact that methylation
of H3K4 is a mark of transcriptionaly active genes. In addition to
LSD1 and CoREST, the LSD1-CoREST complex also contains
HDACI1-2, BHC80, and BRAF35 (also called HMG20B) (6-9).
BRAF35 contains a high-mobility group (HMG) domain and
a coiled-coil domain, but its function within the complex is not
well-understood (7, 10). Several functions of the LSD1-CoREST
complex in differentiation and development have been reported
(2). One of the best-characterized functions of the complex is its
role in repression of neuronal genes in nonneuronal tissues and
neuronal progenitors through its interaction with repressor factor
REST (REI silencing transcription factor) (11, 12).

iBRAF (inhibitor of BRAF35, also called HMG20A) is a close
paralogue of BRAF35 (13). As BRAF35, iBRAF contains an
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HMG domain in its amino terminus and a coiled-coil domain in
the carboxyl-terminal half of the protein. In the mouse developing
brain, Braf35 is predominantly expressed in immature neurons at
the edges of the ventricles whereas iBraf is expressed in mature
neurons, with the highest level being present in the outer cortex
(13). Consistent with this expression pattern it has been shown
that iBRAF improves neuronal differentiation of P19 cells. Fur-
thermore, iBRAF activates expression of neuronal specific genes,
whereas BRAF35 represses neuronal specific genes. Wynder et al.
showed that iBRAF promotes recruitment of the histone meth-
yltransferase MLL to neuronal specific genes (13). However, the
molecular mechanism by which iBRAF antagonizes BRAF35
activity was unclear.

Posttranslational modification by small ubiquitin-related
modifier (SUMO) regulates many cellular processes such as pro-
liferation, intracellular trafficking, and transcription (reviewed in
ref. 14). SUMO conjugation often occurs at the consensus se-
quence WKxE/D and creates new protein—protein interaction
surfaces that modulate localization and/or activity of the target
substrate. In transcription, sumoylation is normally associated
with repression (reviewed in refs. 15 and 16). However, very little
is known about how sumoylation is regulated.

We have investigated the role of sumoylation in controlling
the function of LSD1-CoREST during neuronal differentiation.
We found that Braf35 is modified by SUMO and that this
modification is relevant for transcriptional repression of neuro-
nal specific genes and to inhibit neuronal differentiation. Fur-
thermore, we found that iBraf specifically inhibits sumoylation of
Braf35 and that this inhibition is dependent on the formation of
a Braf35-iBraf heterodimer. Heterodimer formation also im-
pairs Braf35 incorporation into the LSD1-CoREST complex.
Our data indicate that the interplay between Braf35 and iBraf
controls the activity of the LSD1-CoREST complex during
neuronal differentiation.

Results

Sumoylation of Braf35 Is Involved in LSD1-CoREST-Dependent
Repression. Analysis of the mouse Braf35 sequence with the
SUMOsp 2.0 program (17) revealed the presence of four putative
sumoylation sites: two sites that matched the consensus YKxE/D
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(30-VKQE-33 and 155-IKKE-158, putative sumoylated lysines are
in boldface) and two nonconsensus sites (124-EKEK-127 and 156-
KKED-159) (Fig. S1). Three of these sites are extensively con-
served in vertebrates (Fig. S1). To verify whether these sites were
substrate for SUMO conjugation in vivo, SUMO1 and UBC9 (E2
SUMO-conjugating enzyme) were coexpressed with Braf35 in
293T cells. Two Braf35 slow-migrating bands were observed only
when SUMO1 was expressed (Fig. 14). Similar results were ob-
served when SUMO2 was coexpressed with Braf35 (Fig. S24).
Expression of a dominant-negative UBC9 protein strongly im-
paired sumoylation of Braf35 (Fig. 14). Next, a lysine-to-arginine
mutational analysis was performed to identify sumoylated lysines.
First, we decided to mutate lysines of conserved sites. Because two
of the putative target lysines were contiguous (K156 and K157),
both lysines were mutated at the same time. Mutants of one
(Braf35-K31R), two (Braf35-K156,157R), or three conserved pu-
tative sumoylation sites (Braf35-K31,156,157R, called Braf35-
3KR) still exhibited some residual sumoylation. Then, a quadruple
mutant was constructed where all putative SUMO target lysines
were mutated (Braf35-K31,125,156,157R, called Braf35-4KR),
and it was confirmed that sumoylation was completely abolished in
this mutant (Fig. 1B).

Mutation of the sumoylation sites of Braf35 did not affect either
nuclear localization (Fig. S3) or assembly of the mutant protein
into the LSD1-CoREST complex (Fig. 1C). Then, we analyzed the
functional consequences of sumoylation of Braf35 in LSD1-
CoREST-mediated transcriptional repression. It has been shown
that the LSD1-CoREST complex represses the neuronal specific
voltage-gated sodium-channel a-subunit genes SCN1A4, SCN2A42,
and SCN34 in Hel a cells (4, 9, 18). As shown in Fig. 1D, expres-
sion of Braf35 provoked a slight down-regulation of the three
genes. In contrast, expression of Braf35-4KR significantly dere-
pressed the three genes (2.4-, 3.0-, and 2.4-fold induction for
SCNIA, SCN2A42, and SCN3A genes, respectively), suggesting
that the assembly of a nonsumoylatable Braf35 protein in the
LSD1-CoREST complex impairs its repressive function. Then, we
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analyzed how Braf35 sumoylation affected LSD1-CoREST oc-
cupancy at the SCN1A gene promoter by chromatin immunopre-
cipitation. Expression of Braf35 had no effect on LSD1 occupancy.
However, expression of the Braf35-4KR mutant protein led to
a reduced binding of LSD1 to the SCNIA promoter (Fig. 1E).
Consistently, expression of Braf35-4KR provoked an increase in
both acetylated histone H3 (AcH3) and methylated histone H3
lysine 4 (H3K4me?2/3). Therefore, our data suggest that sumoy-
lation of Braf35 is required for the targeting or the stabilization of
the LSD1-CoREST complex in chromatin.

Sumoylation-Dependent Inhibition of Neurogenesis by Braf35. To
analyze the biological consequences of Braf35 sumoylation, we
used the P19 embryonal carcinoma stem cell line, a multipotent
progenitor cell line that can be differentiated into neurons (19).
It has been reported that expression of the neurogenic tran-
scription factor NeuroD2 with its dimerization partner E12 ef-
ficiently promotes differentiation of P19 cells into fully func-
tional neurons (20, 21). Fig. 24 shows that 3 d after expression of
NeuroD2 and E12, a high percentage (64 + 12%) of P19 trans-
fected cells induced expression of the neuron-specific BIII-tu-
bulin (TUBB3 gene) detected by the antibody TuJl (see Fig. 2B
for quantification) or by RT-quantitative (q)PCR (Fig. S44).
Coexpression of Braf35 together with NeuroD2 and E12 strongly
impairs differentiation (27 + 3% TulJl-positive cells) (Fig. 243),
consistent with the role of Braf35 in repressing neuronal genes.
This antineurogenic activity of Braf35 requires interaction of
Braf35 with the LSD1-CoREST complex, because coexpression
of a Braf35 mutant in the coiled-coil domain (Braf35Acc, de-
letion of amino acids 195-210), which is not assembled into the
complex (Fig. SS5), was unable to inhibit neurogenesis (Fig. 2 4
and B and Fig. S44). More importantly, coexpression of the
Braf35-4KR mutant failed to inhibit NeuroD2/E12-promoted
differentiation (Fig. 2 A5 and B and Fig. S44), indicating that
sumoylation of Braf35 is essential for inhibition of neuronal
differentiation. Consistently, inhibition of sumoylation by coex-
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Fig. 1. Braf35 sumoylation is required for LSD1-CoREST repression. (A and B) Braf35 is sumoylated. 293T cells were transfected with expression vectors for

the indicated proteins. wt, wild type Flag-Braf35; 4KR, Flag-Braf35-4KR mutant; dnUBC9, dominant-negative UBC9 (C93S). Flag-tagged proteins were
detected by Western blot using anti-Flag antibodies. (C) Sumoylation of Braf35 is not required for its assembly in the LSD1-CoREST complex. 293T cells were
transfected with expression vectors encoding Flag-Braf35 (wt), Flag-Braf35-3KR (3KR), or Flag-Braf35-4KR (4KR) sumoylation-defective mutants. Whole-cell
extracts were subjected to immunoprecipitation with anti-Flag antibody (IP a-Flag) or mouse purified IgG as a control and analyzed by Western blot using the
indicated antibodies. The asterisk denotes bands corresponding to immunoglobulins. (D) Derepression of SCN1A, SCN2A2, and SCN3A genes in Hela cells.
SCN1A, SCN2A2, and SCN3A mRNA levels were determined by RT-qPCR from Hela cells transfected with expression vectors for the indicated proteins. (E)
Overexpression of Braf35-4KR is coupled with dissociation of LSD1 and elevated levels of AcH3, H3K4me2, and H3K4me3 at the SCNTA promoter. Hela cells
transfected with Braf35, Braf35-4KR, or empty vector were subjected to ChIP assays with the indicated antibodies. Relative fold values indicate occupancies
relative to empty vector set at 1. (D and E) Values are the average of multiple experiments (n > 3) +SD. *P < 0.1, **P < 0.05, ***P < 0.01 by ANOVA analysis,
compared with cells transfected with empty vector.
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Expression of Braf35 inhibits neuronal differentiation. (A) P19 cells were transfected with a GFP expression vector and with expression vectors

encoding the indicated proteins or empty vector. Three days after transfection, cells were analyzed by TuJ1 immunostaining (A1-A6) and GFP expression (A7-
A12). A13-A18 are overlay images. (Scale bars, 10 pm.) (B) TuJ1-positive cells were scored as a percentage of GFP-positive transfected cells. (C) Diagram
showing regions occupied by proliferating progenitors (ventricular zone; VZ) and postmitotic neurons (mantle zone; MZ) in HH21 chicken embryo spinal cord.
(D) The neural tube of chicken embryos was electroporated with constructs expressing the proteins indicated at the top of each panel or empty vector. GFP
was used to monitor electroporation. Thirty hours postelectroporation, embryos were immunostained for TuJ1 and DAPI. (Scale bars, 50 pm.) (E) Quantifi-
cation of data presented in D as a percentage of TulJ1-positive cells per total number of GFP-positive cells. (B and E) Data are the average of three in-

dependent experiments +SD. ***P < 0.01 by ANOVA analysis.

pression of the dominant-negative mutant of UBC9 (dnUBC9)
together with Braf35 strongly impaired Braf35 antidifferen-
tiation activity (Fig. 2 46 and B and Fig. S44). As a control,
we verified that expression of dnUBCY together with NeuroD2
and E12 did not affect differentiation (Fig. 2B and Fig. S44).
Interestingly, all sumoylation sites were not equally important for
inhibition of neurogenesis. Thus, mutation of the conserved
lysines K31 (Braf35-K31R), K156 and K157 (Braf3s-
K156,157R), or the three conserved lysines (Braf35-3KR)
impaired inhibition of differentiation similar to the Braf35-
4KR mutant (Fig. S4B). However, mutation of the non-
conserved K125 had little effect on the antidifferentiation
activity of Braf35, highlighting the importance of evolution-
arily conserved sumoylation sites.

To investigate whether Braf35 ability to inhibit neurogenesis is
conserved in other vertebrates, we performed in ovo electro-
poration experiments of chicken embryo neural tube. Analysis of
chicken genome databases demonstrated the conservation of the
consensus sumoylation sites in the chicken Braf35 protein (Fig.
S1). Two zones are distinguished in the chicken embryo neural
tube: the ventricular zone, formed by proliferating neuroblasts
(neuronal progenitors), and the mantle zone, where postmitotic
neuroblasts migrate and differentiate into neurons (Fig. 2C).
Progression of differentiation was followed by monitoring mi-
gration of neuroblasts to the mantle layer. Mantle neurons were
stained with the TuJ1 antibody. Expression of the neurogenic
factor Neurogenin2 strongly promoted migration of the elec-
troporated cells to the mantle zone (Fig. 2D2). However, coex-
pression of Braf35 strongly inhibited Neurogenin2-mediated
migration of the electroporated cells (Fig. 2D3; quantification in
Fig. 2F), indicating that Braf35 inhibits neuronal differentiation
in the chick neural tube. Braf35Acc was not able to inhibit dif-
ferentiation (Fig. 2 D4 and E), suggesting that Braf35 interaction
with the LSD1-CoREST complex is also required for the anti-
neurogenic activity in the chick neural tube. Inhibition of dif-
ferentiation by Braf35 was sumoylation-dependent, because
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expression of Braf35-4KR had no effect on neuroblast migration
to the mantle layer (Fig. 2 D5 and E). Therefore, our data
demonstrate, in two different systems, not only the ability of
Braf35 to repress neuronal differentiation but also that this ac-
tivity depends on Braf35 sumoylation.

iBraf Forms Homodimers and Heterodimers with Braf35. To in-
vestigate the role of iBraf in transcription and its possible re-
lationship with the LSD1-CoREST complex, a yeast two-hybrid
screening of a library of 8.5 days post coitum mouse embryo
cDNAs was performed, using full-length iBraf protein as bait. A
total of 14 yeast clones able to grow in the restrictive medium was
selected, and their respective cDNAs were subjected to nucleo-
tide sequence analysis. Two of them corresponded to a-Dystro-
brevin, a cytoplasmic component of the dystrophin-associated
protein complex (Fig. S64). Interestingly, an interaction between
iBraf and p-Dystrobrevin has recently been reported (22), in-
dicating that iBraf can interact with both homologous proteins.
Two other selected clones contained full-length and truncated
(encoding amino acids 201-346) iBraf cDNAs, suggesting that
iBraf is able to form homodimers (Fig. S6B). GST pull-down and
immunoprecipitation experiments also indicated that iBraf forms
homodimers in vitro and in vivo, respectively (Fig. 3 A and B).
Analysis of the domain responsible for the interaction by the yeast
two-hybrid system demonstrated that an intact coiled-coil region
was required for the homodimerization (Fig. S6B).

Another positive clone isolated in the yeast two-hybrid
screening contained a truncated cDNA of Braf35 (encoding
amino acids 176-317), suggesting that iBraf can form hetero-
dimers with Braf35 (Fig. S6B). GST pull-down experiments
confirmed that iBraf interacts directly with Braf35 in vitro (Fig.
3C). Furthermore, BRAF35 was coimmunoprecipitated with
iBRAF from 293T cell extracts by using anti-iBraf antibodies
(Fig. 3D), demonstrating that both endogenous proteins interact
in vivo. Mapping the interaction domains by the two-hybrid
system indicated that the coiled-coil domain of iBraf is again
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Fig. 3. iBraf forms homodimers and heterodimers with Braf35. (A and C)
iBraf homodimerizes and heterodimerizes with Braf35 in vitro. One micro-
gram of GST-iBraf or GST proteins bound to glutathione-Sepharose beads was
incubated with in vitro translated 3°S-labeled iBraf (A) or 3°S-labeled Braf35
(C). Bound proteins and 20% of the input were subjected to SDS/PAGE. Gels
were dried and autoradiographed. (B) iBraf homodimerizes in vivo. 293T cells
were transfected with expression vectors encoding HA-iBraf or Flag-iBraf.
Whole-cell extracts were subjected to immunoprecipitation with anti-HA
antibodies (IP a-HA) or mouse purified IgG as a control and analyzed by
Western blot using a-Flag antibodies. (D) Endogenous iBRAF and BRAF35 in-
teract in vivo. Whole-cell extracts from 293T cells were subjected to immu-
noprecipitation with anti-iBraf antibody or rabbit purified IgG as a control.
Immunoprecipitated proteins and 3% of the input were analyzed by Western
blot with anti-Braf35 antibodies. (E-G) The coiled-coil domains of iBraf and
Braf35 are required for iBraf-iBraf and iBraf-Braf35 interactions. Plasmids
expressing the indicated proteins were transfected in 293T cells. Flag-iBraf (E),
Flag-Braf35 (F), or HA-iBraf (G) were immunoprecipitated and analyzed by
Western blot using the indicated antibodies. (H) Composition of LSD1-CoREST
complexes upon overexpression of iBraf. 293T cells were transfected with
expression vectors encoding HA (-), HA-iBraf (wt), or HA-iBrafAcc (Acc). Cell
extracts were subjected to immunoprecipitation with anti-LSD 1 antibodies or
purified IgG as a control. Immunoprecipitated proteins and 3% of the input
were analyzed by Western blot with the indicated antibodies.

essential for the heterodimerization (Fig. S6B). To confirm the
role of this domain in dimerization, an iBraf coiled-coil mutant
was generated by deleting 15 amino acids (residues 252-266) of
the coiled-coil region (iBrafAcc). Immunoprecipitation experi-
ments demonstrated that iBrafAcc was not able to form homo-
dimers or heterodimers with Braf35 (Fig. 3 E and F). Equally,
Braf35Acc was also unable to form heterodimers with iBraf (Fig.
3G). All these experiments demonstrate that the coiled-coil
domains of Braf35 and iBraf are essential for the formation of
iBraf-iBraf and Braf35-iBraf dimers. Taking into account the
homology between iBraf and Braf35, we tested, both by two-
hybrid assay and immunoprecipitation, whether Braf35 was able
to form homodimers. None of these experiments confirmed the
homodimerization of Braf35 (Fig. S6 C and D). Then, we in-
vestigated whether heterodimer formation affects assembly of
Braf35 into the LSD1-CoREST complex. Fig. 3H shows that
overexpression of iBraf, but not of iBrafAcc, provoked a decrease
in the level of Braf35 coimmunoprecipitated with LSD1, sug-
gesting Braf35-iBraf heterodimer formation interferes with the
interaction of Braf35 with the complex.
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iBraf Inhibits Sumoylation of Braf35. Despite the homology be-
tween Braf35 and iBraf, analysis of the iBraf amino acid se-
quence indicated that this protein lacked sumoylation consensus
sites. Consistently, iBraf was not sumoylated in SUMO1 or
SUMO?2 transfected 293T cells (Fig. S74). Given the fact that
Braf35 forms heterodimers with iBraf, we checked whether
heterodimerization affects sumoylation of Braf35. Interestingly,
we observed that coexpression of Braf35 and iBraf significantly
inhibited sumoylation of Braf35 (Fig. 44). Furthermore, in-
creasing quantities of iBraf were able to completely inhibit
Braf35 sumoylation. Then, we checked whether iBraf was
a general inhibitor of sumoylation. For that, sumoylation of the
carboxyl-terminal part of RanGAP1 (RanGAPI1-Cter), a well-
known sumoylation substrate (23), was assayed. Upon coex-
pression with SUMO1, RanGAP1-Cter was sumoylated regard-
less of the presence of Braf35, iBraf, or both, indicating that
iBraf is not a general inhibitor of the sumoylation enzymatic
machinery (Fig. S7B).

Then, we investigated whether iBraf-dependent inhibition of
Braf35 sumoylation required iBraf-Braf35 heterodimerization.
We have shown above that Braf35Acc and iBrafAcc are unable to
form heterodimers (Fig. 3). Fig. 4B shows that iBrafAcc was
unable to inhibit sumoylation of Braf35. Furthermore, sumoy-
lation of the Braf35Acc mutant was not correctly inhibited by
iBraf (Fig. 4C). All these experiments indicate that iBraf is
a specific inhibitor of Braf35 sumoylation and that inhibition of
sumoylation requires heterodimerization of both proteins.

Then, we analyzed whether the level of sumoylation of en-
dogenous Braf35 was controlled by iBraf. For that, His-SUMO1
was expressed in 293T cells and all endogenous sumoylated
proteins were purified by nickel-affinity chromatography. As
shown in Fig. 4D, two bands of sumoylated BRAF35 were clearly
observed, demonstrating sumoylation of endogenous BRAF35.
Most importantly, the level of sumoylated BRAF35 was strongly
decreased upon expression of iBraf. Therefore, our data dem-

A + + + + Flag-Braf35 B + + + + Flag-Braf35
+ + + + SUMOT1 -+ + + SUMO1
+ + + + UBC9 + + + + UBC9
0 1x 2.5x 5x HA-iBraf - - wt Acc HA-iBraf
I
a-Flag |===—— o-Flag
Flag-Braf35 4 Flag-Braf35
- : - ¢ HA-iBraf

C wt wt wt AccAcc Flag -Braf35 D
- + + + + SUMOT1

+ + + + + UBC9 - - + + Flag-iBraf
- - + -+ HA-iBraf -+ + - HissHA-SUMO1
[ e — ]

a-Flag| == o-Flag[ == 4Flag-iBraf

1Flag -Braf35Acc
5 Flag -Braf35

Fig. 4. Inhibition of Braf35 sumoylation by iBraf. (A) iBraf inhibits Braf35
sumoylation. Numbers are the amount of transfected HA-iBraf-expressing
vector with respect to the amount of Flag-Braf35-expressing vector. (B) The
coiled-coil domain of iBraf is required for inhibition of Braf35 sumoylation.
(C) The coiled-coil domain of Braf35 is required for iBraf-dependent in-
hibition of Braf35 sumoylation. (A-C) 293T cells were transfected with ex-
pression vectors for the indicated proteins. Flag-tagged, or HA-tagged
proteins were detected by Western blot using anti-Flag or anti-HA anti-
bodies. (Lower) Inputs of the indicated proteins. (D) Sumoylation of en-
dogenous BRAF35 depends on the level of iBraf. 293T cells were transfected
with expression vectors for His-HA-SUMO1 and Flag-iBraf as indicated.
Sumoylated proteins were purified using nickel-affinity chromatography
and subjected to Western blot analysis using anti-Braf35 antibodies. (Lower)
The presence of Flag-iBraf in the extracts was verified by Western blot using
anti-Flag antibodies.
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onstrate that iBraf controls the degree of sumoylation of endo-
genous BRAF35.

Functional Consequences of iBraf-Braf35 Interaction. Next, the effect
of iBraf in Braf35-dependent repression of SCN genes was in-
vestigated. Expression of iBraf led to derepression of SCNIA,
SCN2A2, and SCN3A genes in HeLa cells (Fig. 1D). Furthermore,
expression of iBraf was able to overcome the repressive effect of
Braf35 in this assay. Then, we investigated the effect of Braf35—
iBraf interaction in P19 neuronal differentiation. Coexpression
of iBraf with NeuroD2 and E12 did not increase neuronal differ-
entiation with respect to that obtained by only expressing NeuroD2
and E12 (Fig. 54). We have previously shown that sumoylation
of Braf35 is essential for inhibition of neurogenesis and that
iBraf inhibits Braf35 sumoylation. Furthermore, iBraf-Braf35
heterodimer formation impairs association of Braf35 with the
LSD1-CoREST complex. Therefore, we hypothesized that iBraf
should impair Braf35-dependent inhibition of neurogenesis. In-
deed, we observed that coexpression of iBraf together with Braf35
in P19 cells abolished Braf35-dependent inhibition of differentia-
tion. This effect was dependent on Braf35-iBraf heterodimeriza-
tion, because iBrafAcc was unable to suppress the effect of Braf35
(Fig. 54).

The antagonism between iBraf and Braf35 in neuronal dif-
ferentiation was also investigated in the chick neural tube.
Down-regulation of endogenous chicken iBRAF (ciBRAF), but
not of cBRAF35, impaired neuronal differentiation (Fig. S8),
indicating that ciBRAF is required for differentiation. As de-
scribed above, expression of Braf35 inhibited differentiation.
However, coexpression of iBraf together with Braf35 impaired
the antidifferentiation effect of Braf35 (Fig. 5B; quantification in
Fig. 5C), confirming the opposite effect of iBraf and Braf35 also
in chick neural tube development.
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NeuroD2/E12 - + + + + + + Neurogenin - + + +
Braf35 - - + - - + + Braf35 - - + +
iBraf - - - + - + - iBraf - - - +
iBrafAcc - - - - + - +
Neurogenin Neurogenin

Empty vector Neurogenin

+Braf35 +Braf35 +iBraf

/TuJ1/DAPI

Fig. 5. iBraf antagonizes Braf35-dependent inhibition of differentiation.
(A) P19 cells were transfected with expression vectors for the indicated
proteins together with a GFP expression vector. Three days after trans-
fection, cells were analyzed by TuJ1 immunostaining and GFP expression.
Tul1-positive cells were scored as a percentage of GFP-positive transfected
cells. (B) Sections from HH21 chicken embryos stained with TuJ1 and DAPI
30 h postelectroporation of plasmids encoding Neurogenin2 (B2), Neuro-
genin2 and Braf35 (B3), and Neurogenin2, Braf35, and iBraf (B4), or an
empty vector (B7) together with GFP expression vector. (Scale bars, 50 pm.)
(C) Quantification of data presented in B as a percentage of TuJ1-positive
cells per total number of GFP-positive cells. Data are the average of three
independent experiments +SD. **P < 0.05, ***P < 0.01, by ANOVA analysis.
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Discussion

We have demonstrated that overexpression of Braf35, one of the
subunits of the LSD1-CoREST complex, is sufficient to inhibit
neurogenesis. Furthermore, we show that sumoylation of Braf35
is important for inhibition of neurogenesis and for repression of
neuronal genes. Our study also reveals that Braf35 is able to
form heterodimers with its homologous protein iBraf. This in-
teraction controls Braf35 association with the LSD1-CoREST
complex and impairs its sumoylation.

How the LSD1-CoREST histone demethylase complex is
recruited to its gene targets is being actively investigated. Inter-
actions of several LSD1-CoREST subunits with some transcrip-
tion factors (11, 24-26) or with long noncoding RNAs (27) have
been reported. Furthermore, Ouyang et al. recently showed that
CoREST1 contains a SUMO interaction domain (SIM) respon-
sible for noncovalent interaction with SUMO-2/3 (28). They sug-
gested that interaction of COREST with sumoylated transcription
factors through its SIM mediates recruiting of the complex. The
LSD1-CoREST complex contains two DNA-binding domains:
the SANT?2 domain of CoOREST and the HMG domain of Braf35.
The SANT?2 domain of CoREST is required for the efficient
demethylation of nucleosomes by the LSD1-CoREST dimer and
seems to be essential for a correct presentation of the substrate to
the LSD1 catalytic site (29). The role of the HMG domain of
Braf35 is less clear. Braf35 HMG domain binds structured DNA,
such as four-way junction DNA, without sequence specificity (10).
The Shiekhattar group reported that a point mutation in the HMG
domain of Braf35 abrogates binding of this protein to its target
genes, suggesting that the DNA-binding activity of Braf35 is im-
portant for its function (7). We show that sumoylation of Braf35 is
relevant for LSD1 occupancy, H3 acetylation, and H3K4 methyl-
ation at the SCNIA promoter, suggesting a role of Braf35 in
recruiting the LSD1-CoREST complex or in stabilization of the
complex at the chromatin. Nonsumoylatable Braf35 retains its
ability to interact with the LSD1-CoREST complex. Therefore,
our data suggest that sumoylated Braf35 increases interaction with
DNA or with other components of the chromatin, promoting re-
cruitment or a higher stability of the LSD1-CoREST complex at
its genomic targets.

Recent reports have highlighted the role of LSD1-CoREST
components in stem cell and neural stem cell maintenance (30—
32). Interestingly, our data demonstrate that overexpression of
Braf35 is enough to inhibit neuronal differentiation of the em-
bryonal carcinoma stem cell line P19 and of the neuronal pro-
genitors of the chicken embryo neural tube, suggesting an es-
sential role of Braf35 in maintaining the undifferentiated state,
despite the expression of proneurogenic transcription factors. A
Braf35Acc mutant that cannot interact with the complex was not
able to inhibit differentiation, suggesting that the LSD1-CoREST
complex is required for the antineurogenic activity of Braf35.
Sumoylation of Braf35 is also essential for this antineurogenic
activity. Altogether, these data suggest that high levels of su-
moylatable Braf35 promote stabilization of the LSD1-CoREST
complex in its targets. To our knowledge, it has not been reported
that overexpression of other subunits of the LSD1-CoREST
complex inhibit differentiation, which highlights the important
role that Braf35 plays in the complex.

iBraf was described as an antagonist of Braf35 during neuronal
differentiation, based on the fact that iBraf recruits the H3K4
methyltransferase MLL to neuronal specific genes (13). Now we
show that iBraf can form homodimers and heterodimers with
Braf35. Importantly, heterodimerization of Braf35 with iBraf
displaces Braf35 out from the LSD1-CoREST complex and
inhibits sumoylation of Braf35. How is sumoylation inhibited?
One possibility is that Braf35 cannot be sumoylated out of the
LSD1-CoREST complex. However, we ruled out this possibility
because the Braf35Acc mutant protein, which does not interact
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with the complex, was normally sumoylated. Another obvious
possibility is that heterodimerization sterically impairs access of
the sumoylation machinery. It has been previously shown that in
the developing central nervous system, Braf35 and iBraf display
complementary expression patterns. Thus, Braf35 is mostly ex-
pressed in immature neurons whereas iBraf is widely expressed,
with the highest level being present in the mature neurons of the
outer cortex (13). Therefore, we propose a model where heter-
odimerization between Braf35 and iBraf controls LSD1-CoREST
activity. In our model, there is a dynamic equilibrium in which
Braf35 could be in three different forms: free, or associated with
the LSD1-CoREST complex or with iBraf. However, upon an
increase in the level of iBraf, the equilibrium will be displaced
toward the formation of more iBraf-Braf35 heterodimers. This
has two consequences. Part of the Braf35 pool is sequestered out
of the LSD1-CoREST complexes and cannot be sumoylated,
which we have shown to be essential for its activity. Therefore, the
model predicts that an increase of the iBraf:Braf35 ratio is im-
portant for neuronal differentiation. Consistently, we show that
overexpression of Braf35 during the process of neuronal differ-
entiation, which decreases the iBraf:Braf35 ratio, impairs neuro-
genesis. In contrast, if both proteins are expressed at the same
time, neurogenesis is not altered. Furthermore, silencing of
ciBRAF impairs neuronal differentiation in the developing chick
neural tube. Also in agreement with our model, Wynder et al.
reported that overexpression of iBraf stimulates neuronal differ-
entiation (13). We cannot rule out the possibility that other fac-
tors, in addition to just the concentration of the proteins such as
posttranslational modifications or the presence of additional
interacting factors, also affect the Braf35—iBraf equilibrium.
Vertebrates contain genes encoding Braf35 and iBraf; however,
simple chordata such as Branchiostoma and all invertebrates in-
cluding Drosophila melanogaster and the worm Caenorhabditis
elegans have only one representative from the Braf35/iBraf
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subfamily. It is tempting to speculate that development of a com-
plex nervous system might require the fine regulation of the ac-
tivity of the LSD1-CoREST complex, favoring the duplication of
the ancestral Braf35/iBraf gene, the diversification of functions of
both proteins, and the implementation of the complex mechanism
of regulation analyzed in our work.

Materials and Methods

All mammalian expression constructs were derived from vector pAdRSV-Sp
(RSV) (33). Mouse cDNAs of Braf35 and iBraf were kindly provided by
L. Sumoy (Center for Genomic Regulation, Barcelona, Spain) (34). Gene
truncations or point mutations were generated by standard PCR techniques.
293T and Hela cells were cultured in DMEM supplemented with 10% FBS.
P19 cells were cultured in a-modified Eagle’s medium supplemented with
7.5% (vol/vol) calf and 2.5% (vol/vol) fetal bovine sera. Sumoylation assays in
cells and purification of endogenous sumoylated proteins from 293T cells
were performed as described (35). In ovo electroporation and embryo im-
munofluorescence were carried out as described (33). Total RNA was pre-
pared by using the RNeasy Kit (Qiagen) as described in the manufacturer’s
instructions. cDNA was generated by using the SuperScript First Strand
Synthesis System (Invitrogen). Quantification of gene products was per-
formed by gPCR with the Applied Biosystems 7500 FAST Real-Time PCR
System. Values were normalized to the expression of the GAPDH house-
keeping gene. Each experiment was performed at least in triplicate. ChIP
assays were performed as previously described (36). Further details can be
found in S/ Materials and Methods.
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