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Precise control of cell proliferation and differentiation is critical for organogenesis. Geminin (Gem) has been
proposed to link cell cycle exit and differentiation as a prodifferentiation factor and plays a role in neural cell
fate acquisition. Here, we identified the SWI/SNF chromatin-remodeling protein Brgl as an interacting partner
of Gem. Brgl has been implicated in cell cycle withdrawal and cellular differentiation. Surprisingly, we
discovered that Gem antagonizes Brgl activity during neurogenesis to maintain the undifferentiated cell state.
Down-regulation of Gem expression normally precedes neuronal differentiation, and gain- and loss-of-function

experiments in Xenopus embryos and mouse P19 cells demonstrated that Gem was essential to prevent
premature neurogenesis. Misexpression of Gem also suppressed ectopic neurogenesis driven by Ngn and
NeuroD. Gem'’s activity to block differentiation depended upon its ability to bind Brgl and could be mediated
by Gem'’s inhibition of proneural basic helix-loop-helix (P HLH)-Brgl interactions required for bHLH target
gene activation. Our data demonstrate a novel mechanism of Gem activity, through regulation of SWI/SNF
chromatin-remodeling proteins, and indicate that Gem is an essential regulator of neurogenesis that can
control the timing of neural progenitor differentiation and maintain the undifferentiated cell state.
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Formation of the nervous system during vertebrate em-
bryonic development is a complex process requiring pre-
cise coordination between cellular programs that control
the determination of proliferating neuronal progenitors
and those that govern cell cycle exit and terminal differ-
entiation to generate functional neurons. Precise tempo-
ral control of the transition from proliferation to differ-
entiation is particularly critical, as either precocious or
delayed onset of differentiation results in abnormal de-
velopment of the nervous system (Cremisi et al. 2003;
Ohnuma and Harris 2003).

In recent years a number of molecules that regulate
various aspects of neurogenesis have been identified.
The initial formation of proliferating neural precursors is
marked by the expression of members of the SoxB1 sub-
family of HMG box transcription factors, and these pro-
teins have been recently shown to be essential for main-
taining the proliferating precursor state (Bylund et al.
2003; Graham et al. 2003). Later commitment of speci-
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fied progenitors to a neuronal fate is governed by the
expression of transcription factors in the basic helix—
loop-helix (bHLH) family, including the Neurogenin
proteins, which are related to Drosophila Atonal (Ber-
trand et al. 2002). In addition to activating transcription
of downstream genes involved in acquisition of neuronal
fate, these bHLH factors activate a subprogram of gene
expression required for exit from the cell cycle prior to
terminal differentiation (Farah et al. 2000; Bertrand et al.
2002). This transition is likely to entail both chromatin
reorganization and extensive changes in gene expression.

Nonamniotic vertebrates such as Xenopus laevis un-
dergo primary neurogenesis during early embryonic de-
velopment to generate a simple nervous system allowing
tadpole locomotion. In Xenopus, the presumptive neural
plate is marked at early gastrulation by the expression of
several nuclear factors, including Sox2, Sox3, and Gemi-
nin (Gem) (Penzel et al. 1997; Kroll et al. 1998; Mizuseki
et al. 1998). Subsequently, the Xenopus bHLH protein
Neurogenin-related-1 (X-Ngnr-1) is expressed in a subset
of these cells to generate three stripes of primary neurons
at medial, intermediate and lateral positions (Ma et al.
1996). These cells later give rise respectively to future
motor-, inter-, and sensory neurons. X-Ngnr-1 activates
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expression of downstream genes, including p27*i! a cy-
clin-dependent kinase inhibitor involved in regulating
cell cycle exit (Vernon et al. 2003) and the bHLH protein
X-NeuroD (Lee et al. 1995; Vernon et al. 2003). X-Ngnr-1
also activates expression of the Notch pathway ligand
X-Delta-1, which laterally inhibits surrounding cells
from developing as neurons, and the zinc-finger tran-
scription factor MyT1, which renders the primary neu-
rons resistant to lateral inhibition. Finally, X-NeuroD
acts in post-mitotic neurons to promote a differentiation
program, which includes activation of markers of termi-
nal differentiation (Bertrand et al. 2002). In the mam-
malian central and peripheral nervous system, three
X-Ngnr-1-related genes (Ngnl-3) are present in prolifer-
ating neuronal precursors, while mammalian genes re-
lated to X-NeuroD include the mouse ortholog, NeuroD/
BETA2, and three other closely related proteins, Neu-
roD2/NDRF, NeuroM/MATH3, and MATH2/NEX2 (for
review, see Chae et al. 2004).

Gem represents another potential regulator of tran-
scriptional events during early neural development.
Gem was identified based on its ability to expand the
neural plate at the expense of nonneural ectoderm when
overexpressed (Kroll et al. 1998). Gem has also been char-
acterized as a molecule with a role in regulating normal
chromosomal ploidy and cell cycle progression (McGarry
and Kirschner 1998; Mihaylov et al. 2002; Melixetian et
al. 2004; Zhu et al. 2004): Gem associates with Cdtl, a
component of the prereplication complex, and blocks the
recruitment of Mcm complex to replication origins (Mc-
Garry and Kirschner 1998; Wohlschlegel et al. 2000;
Tada et al. 2001). Therefore, Gem prevents reinitiation of
DNA replication within the cell cycle to maintain chro-
mosomal integrity and prevent aneuploidy. More re-
cently, Gem has been shown to affect the activity of Hox
and Six transcription factors in the mouse embryo and
medaka retina, respectively, and was proposed to link
cell cycle exit and differentiation (Del Bene et al. 2004;
Luo and Kessel 2004; Luo et al. 2004).

While Gem can regulate cell fate and differentiation in
several contexts, the molecular basis of its activities in
these processes was unclear. To address this issue, we
undertook a two-hybrid screen for Gem-interacting pro-
teins and isolated Brgl, the catalytic subunit of the SWI/
SNF chromatin-remodeling complex, as a major known
hit. The SWI/SNF complex is a multisubunit complex
(seven to 13 proteins) with a total molecular mass of ~2
MDa that uses ATP to locally disrupt histone-DNA as-
sociations and relocate nucleosomes to alternate posi-
tions (Kingston and Narlikar 1999; Whitehouse et al.
1999). SWI/SNF complexes have previously been shown
to associate with various sequence-specific transcription
factors and with histone acetyltransferases (HATs) and
histone deacetylases (HDACsS) to activate or repress tar-
get genes (Peterson and Logie 2000; Kadam and Emerson
2003). In mammals, SWI/SNF complexes are composed
of either one of two catalytic subunits, Brahma (Brm) or
Brahma-related gene 1 (Brgl) (Martens and Winston
2003), and play a critical role in transcriptional regula-
tion in a number of processes including cell proliferation

1724 GENES & DEVELOPMENT

and differentiation (Gebuhr et al. 2000; Martens and
Winston 2003).

Recently, we determined that Brgl activity played a
critical role in primary neurogenesis in Xenopus and
neuronal differentiation in mammalian P19 embryonic
carcinoma cells (Seo et al. 2005). Inhibition of Brgl ac-
tivity resulted in an expansion of the proliferating neu-
ronal precursor population and inhibition of neuronal
differentiation. We demonstrated that Brgl interacted
with the Xenopus Neurogenin (X-Ngnr-1) and X-NeuroD
proteins, and found that the ability of these bHLH pro-
neural proteins to drive neurogenesis and to transacti-
vate their target genes required Brgl activity. Together,
these data indicated that Brgl plays a critical role in tar-
get gene activation by the bHLH factors during neuro-
genesis.

Here, we demonstrated that Gem regulates neurogen-
esis by modulating the activity of the SWI/SNF chroma-
tin-remodeling complex. We demonstrated that Gem in-
teracts with Brgl through a Gem C-terminal motif and
found that Gem and the SWI/SNF complex act antago-
nistically in the Drosophila eye and wing. Gem is highly
expressed in undifferentiated cells and is down-regulated
before neuronal differentiation. Overexpression of Gem
suppressed neurogenesis and blocked the ability of the
bHLH factors Ngn and NeuroD to induce target gene
expression in both Xenopus embryos and P19 cells.
These activities were dependent on Gem'’s ability to in-
teract with Brgl, and the Gem C terminus, which binds
Brgl, was also sufficient to carry out these activities.
Conversely, reducing Gem activity resulted in preco-
cious neurogenesis. Finally we found that Gem could
both block the ability of Ngn to transactivate target gene
expression and could block interactions between Brgl
and the bHLH factors, with these activities again con-
tingent on Gem’s ability to bind Brgl. Together, these
data indicate that Gem not only regulates the fidelity of
DNA replication but is also a transcriptional regulator
modulating SWI/SNF chromatin-remodeling complex
activity. We suggest that during neurogenesis Gem acts
as a differentiation timer controlling the transition from
undifferentiated neural progenitors to differentiated neu-
rons by modulating SWI/SNF and proneural bHLH inter-
actions.

Results

Geminin interacts with the SWI/SNF
chromatin-remodeling protein Brgl

Brgl was identified as a major hit in a two-hybrid screen
using Gem as a bait (data not shown). To validate that
Gem-Brgl interaction occurred under physiological con-
ditions, we conducted coimmunoprecipitation (co-IP) as-
says using lysates from HEK293 and HelLa cells, which
express both Brgl and Gem endogenously (Fig. 1A; data
not shown). Anti-Brgl antibody immunoprecipitated a
protein of ~30 kDa that was recognized by several anti-
Gem antibodies (Fig. 1A, lane 2; data not shown). Gem
was not precipitated by Protein A (Fig. 1A, lane 1) or
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Figure 1. Gem interacts with Brgl. (A) Co-IP of Brgl and Gem from HEK293 cell extract. (B) Scanning electron micrograph of adult
male eyes from wild-type (panel i), GMR-GAL4/+; UAS-Brm*8°*R [+ (panel ii), and GMR-GAL4/Gem"®*03292, [JAS-Brm*8%*%/+ (panel
iii). (Panels i'-iii’) Higher magnification of the ventral half of the eye. (Panels i"-iii") Transverse eye sections stained for thabdomeres.
Arrowheads mark losses of photoreceptor cells. (C) Overexpression of both Brm*%%*R and wild-type Gem in the wing produces

Gem; UAS-Brm*8%*®/+_ Panels i, ii’, and iii" are a higher magnification of panels i, ii, and iii, respectively. Note the loss of cells and

bristles in panels iii and iii’ (arrowheads).

when lysate was heat-denatured (Fig. 1A, lane 3). We
further tested whether overexpression of Brgl Domain II
(Dom II), which is sufficient to bind Gem (see below) but
not recognized by the anti-Brgl antibody used above (see
Materials and Methods), could competitively block the
interaction of endogenous Brgl and Gem. Indeed, endog-
enous Gem failed to be precipitated when Brgl Dom II
was overexpressed (Fig. 1A, lane 5), demonstrating the
specificity of the Gem-Brgl interaction.

We also analyzed the orthologous interaction geneti-
cally in Drosophila. Drosophila Brm is the single ortho-
log of mammalian Brgl and Brm. Overexpression of
dominant-negative Brm (Brm™®°*R) using the GMR-Gal4
driver, which is expressed in the posterior region of the
third instar larval eye disc, led to a rough eye phenotype
(Brumby et al. 2002) with severe disruption of the om-
matidial pattern and loss of photoreceptor cells (Fig. 1B).
On this background, halving the dosage of Gem using
Gem!®k03202 mytant, which has been shown to reduce
Gem protein levels significantly (Quinn et al. 2001),
greatly reduced the severity of the Brm®®%#R rough eye
phenotype (Fig. 1B). In addition, simultaneous overex-
pression of wild-type Gem and Brm*8%#% in the adult
wing resulted in synergistic defects, including loss of tis-
sue and bristles in the posterior region of the wing mar-
gin (Fig. 1C). Together these data indicate that Gem and
Brm genetically interact and act in an antagonistic man-
ner in the Drosophila eye and wing.

Geminin interacts with Brgl and Brm Domain II
through its C-terminal motif

To define interacting regions within Gem and Brgl, we
generated a series of deletion mutants for both Brgl and
Gem (Fig. 2A,C) and assayed these proteins for interac-
tion. In co-IP experiments, Brgl Dom II (amino acids

342-598) strongly associated with Gem, while other re-
gions of Brgl (Dom I and Dom III + IV) did not (Fig. 2B).
Analysis of Gem variants revealed that Gem amino acids
160-175 was necessary for interaction with Brgl Dom II
and that the C-terminal domain (Gem CT; amino acids
142-206) was sufficient for this interaction (Fig. 2D). To
our knowledge, no interacting proteins or activities have
been previously assigned to the Gem CT to date. This
result also suggested that Gem homo-dimerization,
which is mediated by the coiled-coil domain (amino ac-
ids 107-141) (Saxena et al. 2004; our unpublished data),
was not required for Brgl-Gem interaction.

To determine whether Gem and Brgl interact directly
or indirectly, we conducted a GST pull-down assay using
purified GST-Gem fusion protein and in vitro translated
Brgl. In this assay, while GST alone did not coprecipitate
with Brgl, GST-Gem fusion protein specifically copre-
cipitated Brgl (Fig. 1E), showing that Gem and Brgl in-
teract directly.

As Brgl Dom II and Gem CT contain many basic
amino acids (pI = 10.07) and acidic amino acids (pI = 3.51),
respectively, and the Gem-Brgl complex was disrupted
under high-salt conditions (Supplementary Fig. 1A), it is
possible that Gem-Brgl association is dependent on
electrostatic interactions between positively and nega-
tively charged amino acids in the two proteins. Thus, we
tested whether acidic amino acids in the Gem CT are
critical for the Gem-Brgl interaction. Glutamic (E) and
aspartic (D) acids in this region were substituted to glu-
tamine (Q) and asparagine (N), respectively (Fig. 2F). Co-
IP assays revealed that five acidic amino acids between
amino acids 170 and 176 were critical for Gem-Brgl in-
teraction (Fig. 2G). Substitution of those amino acids to-
gether completely abolished the Gem-Brgl interaction
(5EQ) (Fig. 2G). Deletion of Gem amino acids 161-176
[A(Brgl-binding domain, BD)| also abolished interac-
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Figure 2. Geminin interacts with Domain II of Brgl through its C terminus. (A) Schematics for Brgl deletion constructs used to map
Gem-interacting domain and summary of the result. Numbers denote amino acid positions. (B) Co-IP assays with Myc-tagged Brgl
deletion mutants and Flag-Gem. (C) Schematics for Gem deletion constructs used to map Brgl-interacting domain and summary of the
result. Numbers denote amino acid positions. Asterisks depict the substitution of five acidic amino acids to neutral ones with similar
side-chains in the Gem C terminus. (D) Co-IP assays with Myc-Gem deletion mutants and Flag-Brgl Dom II. (E) GST-pull down assay
reveals that Gem directly interacts with Brgl. GST and GST-Gem proteins were purified from E. coli, and Myc-Brgl was generated by
in vitro translation. After GST pull-down, bound proteins were analyzed by anti-Myc Western blotting, revealing specific and direct
interaction of Gem and Brgl. (F) Amino acid sequences (amino acids 142-177) of wild-type and mutant Gem variants used in G. Acidic
amino acids were color-coded in red. In mutant Gem variants, glutamic acid (E) and aspartic acid (D) were replaced with glutamine (Q)
and aspargine (N), respectively. Other amino acids were identical and are not shown. Deleted amino acids in GemA(BD) were depicted

as a dash (—). A(BD) indicates deletion of Brgl-binding domain. (G) Co-IP assays using mutated Gem variants.

tion (data not shown). We likewise found that Gem as-
sociated with Brm through the same domain (Supple-
mentary Fig. 1B) and found that interaction with Brm
was also abolished by the Gem 5EQ mutation (Supple-
mentary Fig. 1C). However, as Brm has not been charac-
terized as having a role in early vertebrate embryogen-
esis, we focused our study on the functional relevance of
Gem-Brgl interaction.

Geminin and Brgl have overlapping expression
profiles in the embryonic nervous system

To determine where Gem-Brgl interactions could occur
during embryonic development, we compared their ex-
pression patterns. Xenopus Brgl was expressed ubiqui-
tously until mid-neurula stages and gradually restricted
to the CNS and neural crest-contributing organs (Fig.
3A-C; Seo et al. 2005). Zygotic X-Gem expression was
detected from the early gastrula stage (stage 10) in the
prospective neural plate and maintained through gastru-
lation (Fig. 3D-H). At tailbud stages, the expression pat-
terns of X-Gem and X-Brg1 were very similar. Thus, Brgl
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and Gem have temporally and spatially overlapping ex-
pression profiles in neural tissues.

We recently demonstrated that Brgl is required for
neuronal differentiation (Seo et al. 2005). Gem has been
implicated in the acquisition of general neural fate (Kroll
et al. 1998), but its role during neuronal differentiation
was unknown. We thus analyzed changes in Gem ex-
pression during neurogenesis. During Xenopus primary
neurogenesis, the neuroectoderm is a bilayer consisting
of superficial and deep layers. Both layers express pan-
neural markers such as NCAM and acquire a general
neural fate (Chalmers et al. 2002). However, committed
neural precursors expressing the proneural genes Ngnrl
and NeuroD arise exclusively in the deep layer beginning
at stage 11.5-12 (Lee et al. 1995; Ma et al. 1996; Chal-
mers et al. 2002). Differentiated neurons, marked by N-
tubulin, are generated beginning at stage 14 only in the
deep layer (Fig. 3I; Ma et al. 1996; Chalmers et al. 2002).
The superficial layer is resistant to neuronal differentia-
tion signals and contributes to later secondary neurogen-
esis (Chalmers et al. 2002). Analysis of Gem expression
during neurogenesis revealed an inverse correlation be-
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Figure 3. Brgl and Gem have overlapping expression patterns
but Gem diminishes prior to neuronal differentiation. In situ
hybridization for X-Brgl (A-C) and X-Gem (D-H) in Xenopus
embryos. (A,D,G) Dorso-lateral views. (C,F) Dorsal views at tail-
bud stages; anterior toward left. (B,E,H) Transverse sections at
stages shown in A, D, and G, respectively. (I) Transverse section
of N-tubulin-stained embryo. In H and I, a dashed line marks
the neural plate-somite boundary. (J) Expression profile of Gem
and other markers during RA-induced neuronal differentiation
of P19 cells.

tween Gem and N-tubulin expression. Until stage 12.5,
Gem was detected in both layers of neuroectoderm (Fig.
3E). Subsequently, however, Gem expression diminished
in the deep layer, and by stage 14 Gem was exclusively
detected in the superficial layer (Fig. 3H).

The mouse P19 embryonic carcinoma cell line is a
tractable system for analyzing neuronal differentiation
(McBurney 1993; Bain et al. 1995). Upon retinoic acid
(RA) treatment and aggregation, P19 cells differentiate
into neurons and glia. Under different conditions, these
cells develop as skeletal or cardiac muscle, endoderm, or
other cell types. Transfection of proneural bHLH pro-
teins such as NeuroD and MASHI is also sufficient to
induce neuronal differentiation from P19 cells in the ab-
sence of RA and aggregation (Farah et al. 2000). These
differentiating neurons undergo alterations in morphol-
ogy such as neurite extension, cell cycle withdrawal, ex-
pression of neuron-specific proteins, and the acquisition
of electrical signaling capabilities, suggesting that this
neuronal differentiation program recapitulates many as-
pects of in vivo neurogenesis (Farah et al. 2000).

Neuronal differentiation of P19 cells was induced by
aggregation in the presence of RA, and the expression of
Gem was compared with several markers of the neuronal
differentiation process (Fig. 3]). As seen for Xenopus pri-
mary neurogenesis, Gem expression during RA-induced
neuronal differentiation of P19 cells also demonstrated
an inverse correlation with expression of N-tubulin and
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with the Cdk-inhibitor p27%%! which promotes cell
cycle withdrawal accompanying differentiation. Expres-
sion of N-tubulin and p27%%* increased on day 4 follow-
ing RA induction. Conversely, levels of E-cadherin,
which are reduced accompanying neuronal differentia-
tion (Gao et al. 2001), decreased by day 3. The level of
Gem expression showed a similar decrease during differ-
entiation. Brgl protein levels remained constantly dur-
ing neuronal differentiation after RA induction. Thus in
both Xenopus and mammalian cells, Gem and Brgl are
coexpressed at high levels in undifferentiated precursors,
but Gem levels decrease during neuronal differentiation.

Misexpression of Geminin inhibits
neuronal differentiation

Based on the observations that Brgl is required for neu-
rogenesis (Seo et al. 2005), that Gem is down-regulated
before neuronal differentiation, and that Gem and Brm
(the Brgl ortholog in Drosophila) act antagonistically,
we hypothesized that Gem might inhibit neuronal dif-
ferentiation and tested this hypothesis by both gain- and
loss-of-function approaches. As overexpression of wild-
type Gem in Xenopus caused developmental arrest and
cell death before gastrulation (McGarry and Kirschner
1998; data not shown), we used the coiled-coil domain
deletion mutant, GemA(coil), which still interacts
with Brgl but not with Cdtl, the DNA replication li-
censing factor whose activity is inhibited by Gem (Sax-
ena et al. 2004; our unpublished data). In parallel we
analyzed the GemA(coil) variants, GemA(coil)5EQ and
GemA(coil)A(BD), which are defective in Brgl binding.
As expected from prior results (Kroll et al. 1998), ex-
pression of the general neural marker NCAM was ex-
panded by misexpression of GemA(coil) (Fig. 4A). De-
spite the expanded neural territory, embryos failed to
show an increase in differentiated neurons, and N-tubu-
lin expression was instead suppressed by GemA|coil)
(Fig. 4D). This suppression of N-tubulin by Gem over-
expression was reminiscent of the failure of neuronal
differentiation following Brgl loss of function (Fig. 41,
Seo et al. 2005). Analysis of GemA(coil)5EQ and
GemA(coil)A(BD) demonstrated comparable expansion
of the NCAM-positive territory (Fig. 4B,C), confirming
previous observations that the Gem N-terminal do-
main was sufficient to expand the neural territory (Kroll
et al. 1998). However, in contrast with GemA(coil),
GemA|(coil)5EQ and GemA(coil)A(BD) overexpression in-
creased N-tubulin-expressing cells on the injected side
(Fig. 4E,F). We suggest that this increase may result from
induction of more neural tissue while neurogenesis is no
longer inhibited in that area. Together, these results in-
dicate that while Gem promotes general neural fate ac-
quisition, it can block neuronal differentiation and that
this activity of Gem depends on the presence of an intact
Brgl-binding motif. While overexpression of GemCT,
which was sufficient to bind Brgl, also efficiently
blocked N-tubulin expression (Fig. 4G), a variant of Gem
CT that was severely reduced for Brgl binding had little
effect on N-tubulin expression (Fig. 4H). These differen-
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Figure 4. Misexpression of Gem prevents neurogenesis. (A-O),
Two-cell stage Xenopus embryos were injected in one cell as
indicated (yellow) with B-galactosidase mRNA coinjection for
lineage tracing and analyzed for NCAM (A-C) or N-tubulin (D-
O) expression. (CT) C-terminal region. 3EA is an alanine sub-
stitution mutant of acidic amino acids 188-190 in Xenopus
Gem (which correspond to mouse Gem amino acids 174-176).
Like GemE174Q (Fig. 2F,G), Xenopus Gem 3EA has severely
reduced Brgl binding (data not shown). Numbers indicate the
number of affected embryos over the total number of embryos.
In situ for markers is stained purple, and blue X-gal staining
marks the injected side. Injected sides were oriented rightward.
(P) Expression levels of Gem variants injected into Xenopus
embryos. Embryos were injected as indicated at the two-cell
stage and harvested at stage 12 to prepare lysates. Ten embryos
were used for each sample, and one embryo-equivalent of lysate
was loaded per lane for Western blotting with anti-Myc antibody.

tial effects were not due to observable differences in the
expression level or stability of proteins produced from
different constructs (Fig. 4P). These data indicate that
GemCT has the ability to suppress neurogenesis.

We previously found that the bHLH proneural proteins
Ngnrl and NeuroD require Brgl activity to induce neu-
rogenesis (Seo et al. 2005). Since overexpression of Gem
mimicked effects of Brgl loss of function, we tested
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whether the ability of Ngnrl and NeuroD to induce neu-
ronal differentiation was likewise sensitive to Gem over-
expression. Whereas injection of Ngnrl or NeuroD in-
duced extensive ectopic neurogenesis (Fig. 4],M), we
found that coinjection of wild-type, but not Brgl bind-
ing-defective, GemCT strongly suppressed the ability of
Ngnrl and NeuroD to promote ectopic neurogenesis
(Fig. 4K,L,N,O). These results suggest that Gem can in-
hibit neurogenesis elicited by bHLH proteins and that
this activity requires an intact Brgl-binding motif.

To investigate whether Gem’s ability to inhibit neu-
rogenesis is conserved in mammals, P19 cells were tran-
siently transfected with plasmids expressing NeuroD2,
E12, and GFP together with wild-type or Brgl binding-
defective Gem variants, and were examined for neuron-
specific class III B-tubulin expression (Fig. 5). Transfec-
tion of 800 ng of CS2-NeuroD2 efficiently induced TuJ1-
positive neurons (75.3% +4.0% of transfected cells;
average data from three experiments). Cotransfection of
either wild-type Gem or dominant-negative Brgl (DN-
Brgl) decreased the ability of NeuroD2 to induce TuJl-
positive cells (37.4% = 3.0% and 34.9% = 12.1%, respec-
tively). In contrast, GemA(BD) was unable to suppress
neuronal differentiation by NeuroD2 (73.6% = 3.3%).

Reduction of Geminin activities causes
premature neurogenesis

As a complementary approach, we investigated whether
loss of Gem function affected neurogenesis. For this pur-
pose, we used anti-sense morpholino oligonucleotides
for X-Gem (GemMO), which were previously shown to
reduce Gem expression specifically and effectively (Mc-
Garry 2002). As previously described (McGarry 2002),
high doses (>3.5 ng) of GemMO caused cell cycle arrest
and subsequent embryonic lethality before neural induc-
tion (data not shown). Therefore we titrated the
GemMO. Intermediate doses (2.5-3.0 ng) of GemMO

Tud1 GFP overlay

NeuroD2

NeuroD2
+
Gem

NeuroD2
-
GemA(BD)

NeuroD2
+
DN-Brg1

Figure 5. Gem misexpression inhibits neuronal differentiation
of mouse P19 cells driven by NeuroD2. P19 cells were trans-
fected as indicated together with GFP expression vectors to
identify transfected cells and subjected to immunofluorescence
with TuJl to detect neurons.



suppressed Sox2 (57 %, n = 30), NCAM (85%, n = 27), and
N-tubulin (74%, n = 34) expression and caused encroach-
ment of epidermal keratin (36%, n = 25) expression into
the neural plate (Fig. 6A-D). These data suggested that
Gem is required for the acquisition or maintenance of
neural fate. However, loss of N-tubulin expression at
this dose might be secondary to loss of properly formed
neuroectoderm and neural progenitors, which are a pre-
requisite to generate differentiated neurons, rather than
reflecting the requirement of Gem in neurogenesis.
Therefore, we tested lower doses of GemMO (1.2-2 ng)
that would have a less severe effect on initial neural fate
acquisition. At these doses of GemMO, many embryos
showed normal N-tubulin expression (data not shown).
However, ~10% of embryos showed premature neuronal
differentiation on the injected side (n = 115) (Fig. 6E,F):
The medial and lateral stripes of N-tubulin were ex-
tended, and the width of the lateral stripe was wider on
the GemMO-injected side. Injection of standard MO, a
negative control, at doses up to 30 ng, did not alter
NCAM or N-tubulin expression (Fig. 6G,H). These data
indicate that while Gem is required for general neural
fate acquisition, reduction of Gem activity can also re-
sult in premature neuronal differentiation during Xeno-
pus primary neurogenesis.

To determine whether reduction of Gem activity also
stimulated precocious or increased neuronal differentia-
tion in mammalian cells, we used RNAI to reduce Gem
levels in P19 cells. Short hairpin RNAs were transcribed
from the mouse U6 promoter (Vojtek et al. 2003).
XASH3, a Xenopus gene, was used as a negative control
(Vojtek et al. 2003). Transfection of U6-Gem#1 and U6-
Gem#6 specifically reduced Gem levels (Fig. 6I). We ana-
lyzed effects of these shRNAs on neurogenesis in the
presence of a low NeuroD2 level (50 ng) that was sub-
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threshold for efficient induction of TuJl-positive neu-
rons. Transfection of U6-XASH3, U6-Gem#1, or U6-
Gem#6 alone did not induce TuJ1-positive neurons (data
not shown). Cotransfection of 50 ng of CS2-NeuroD2
with either U6 empty vector (U6pro) or U6-XASH3 in-
duced TuJl-positive cells only at very low frequencies
(2.34% =+ 0.27% and 4.90% + 0.09%, respectively) (Fig.
6]). However, cotransfection of 50 ng of NeuroD2 with
either U6-Gem#1 or U6-Gem#6 significantly increased
the number of TuJl-positive cells (21.8% +5.3% and
25.6% +3.5%, respectively) (Fig. 6]J). Together, these
data indicate that reduction of Gem activity potentiates
the ability of NeuroD2 to induce neurogenesis and that
this Gem activity is, at least to some extent, evolution-
arily conserved.

Geminin blocks the association of Brgl and proneural
bHLH proteins and prevents the proneural gene
target activation

Previously, we found that the Ngn and NeuroD proteins
interacted directly with Brgl and required Brgl activity
to activate target gene transcription (Seo et al. 2005). As
we found that Gem interacts with Brgl, we examined
whether Gem could form a higher-order complex with
Brgl and bHLH proteins or could compete with bHLH
proteins for Brgl binding. In transfection and co-IP ex-
periments, we did not detect bPHLH-Gem interactions,
while association of Brgl and Ngn/NeuroD was observed
as before (Supplementary Fig. 2; Seo et al. 2005). There-
fore, it is unlikely that Gem forms a complex together
with bHLH factors and Brgl. Instead, we found that over-
expression of wild-type Gem could inhibit the associa-
tion of Ngn and NeuroD with Brgl. The ability of Gem
to block Ngn/NeuroD and Brgl interaction was strongly

U6-Gem#6

Gelm ———

Sverlay Figure 6. Loss of Gem activity results in

premature neurogenesis. (A-H) Xenopus
embryos were injected with 2.5 ng (A-D) or
1.5 ng (E,F) of GemMO or 20 ng of control
MO (G,H) and probed as indicated (white).
Red arrowheads in E and F mark the pos-
terior end of N-tubulin expression in the
medial stripe on each side of the embryo.
(I) Reduction of Gem protein level in P19
cells by RNAI. (]) Reduction of Gem sensi-
tized P19 cells to differentiate into neurons
at a subthreshold level (50 ng) of NeuroD2.
P19 cells were transfected as indicated and
probed with TuJl antibody to detect neu-
rons. GFP expression plasmid was cotrans-
fected to trace transfected cells.
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reduced for GemA(BD), indicating that this activity re-
quires an intact Brgl-binding motif (Fig. 7A). In addition,
while wild-type Gem could suppress the ability of Ngn3 to
activate target gene transcription (the multimerized E-box
reporter E1X3-TATA-luc) to 50.4% + 6.6% (averaged fold-
change values for three experiments), GemA(BD) could not
(97.3% +13.5%) (Fig. 7B). These data suggest that Gem
could suppress neuronal differentiation, at least partly, by
blocking association of proneural bHLHs and Brgl, and
thus preventing transcriptional activation of target genes.

Discussion

Gem, Brgl, and bHLH interactions regulate the timing
of neurogenesis

Molecular mechanisms that regulate the transition be-
tween cellular proliferation and differentiation are still
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HA-GemABD) — - + - - + g _
CS2HA + - - + = - Fe 20
IP: a-Myc - 3 =
Bi G rl I - 2 X 15
@ IB: o-Myc e S i —— —— 2 6
b ©
8| 1B: o-FL D — - ——— E ‘
o o
BrorHA | Wy | S = §
E1X3 + + + + +
Ngn3 + -+ I + -
N
- P 8
Oo‘(\ 0$
c Progenitor cells/
Committed precursors Differentiating neurons
N - By
[=)
°
e i
2 g
5| 2
5/~ - 4
=z 5 \
c
L=
I}E = |—>
E-bi ifi
L—‘L, Neuron-specific E-box Neuron-specific
targetgene target gene
B L )

Figure 7. Gem blocks the association of Brgl with proneural
bHLH proteins and prevents transcriptional activation of their
target genes. (A) Wild-type Gem can block the association of
Brgl and Ngnrl/NeuroD. HEK293 cells were transfected as in-
dicated. Lysates were applied for co-IP assays with anti-Myc
antibody. Brgl binding-defective Gem lost the activity to block
the Brgl-bHLH interaction. (B) Overexpression of Gem de-
creases reporter gene expression driven by Ngn3. E1X3-lucifer-
ase reporter plasmid contains triple E-boxes, which is a consen-
sus binding site for Ngn3/bHLH class proteins. (C) Model for
Gem'’s activity on neural progenitor cells and during neuronal
differentiation. Currently, it is unknown whether proneural
bHLH proteins or the SWI/SNF complex is initially recruited to
E-box target sites. In progenitor cells or committed neural pre-
cursor cells, Gem is highly expressed and blocks the association
of the SWI/SNF complex with proneural bHLH proteins, result-
ing in suppression of neuron-specific gene expression. In differ-
entiating neurons, Gem levels diminish and SWI/SNF com-
plexes and proneural bHLH proteins can associate to activate
the transcription of neuron-specific target genes.
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poorly understood. Gem has been characterized as a
regulator of cell fate and differentiation (Kroll et al. 1998;
Del Bene et al. 2004; Luo et al. 2004), but the molecular
mechanism by which Gem regulates differentiation was
largely unknown. Here, we demonstrate that Gem binds
to Brgl, the catalytic subunit of the SWI/SNF chromatin-
remodeling complex, antagonizing its ability to promote
neurogenesis. Gem is highly expressed in undifferenti-
ated neural precursor cells and negatively regulates neu-
ronal differentiation. Gem blocks the ability of proneural
bHLH proteins to promote differentiation and inhibits
proneural bHLH proteins from activating their transcrip-
tional targets. All of these Gem activities are dependent
on an intact Brgl-binding site. However, in differentiat-
ing neurons, Gem levels diminish. We suggest that this
Gem down-regulation normally enables differentiation
to occur during neurogenesis. In keeping with this, we
found that reducing Gem levels in neuronal precursors
stimulated additional or precocious differentiation. Fi-
nally, we found that Gem can block Brgl-bHLH inter-
actions previously shown to be essential to enable neu-
ronal differentiation to occur, providing at least one
mechanism by which Gem may inhibit neurogenesis
through interaction with Brgl.

Together, our data are most consistent with a model
whereby neuronal precursor cells, which express high
levels of Gem, are blocked from differentiation through
Gem’s antagonism of Brgl-bHLH-dependent transcrip-
tion of target genes (Fig. 7C). Reduction of Gem levels
occurs prior to or during the time of cell cycle with-
drawal. As Gem levels are lowered, Gem-mediated inhi-
bition of differentiation is relieved, enabling Brgl-bHLH
complexes to transactivate bHLH-dependent target
genes. Thus, interactions between proneural bHLH pro-
teins, Brgl, and Gem can critically regulate the transi-
tion from the neural progenitor to the differentiated neu-
ronal state, with Gem activity contributing to the timing
of this transition. It remains to be determined whether
Gem'’s ability to block Brgl-bHLH interaction, which
we observed in vitro, represents the major means by
which Gem negatively regulates expression of bBHLH tar-
gets. Alternatively, or in addition to this, Gem may re-
cruit additional cofactors or HDACs to the regulatory
region of bHLH target genes to negatively regulate their
expression. Likewise, the order of recruitment of SWI/
SNF and the bHLH proteins to target genes remains to be
determined.

This study also describes a novel mechanism for tran-
scriptional regulation by Gem. Gem was recently shown
to bind Hox and Six transcription factors and appeared to
modulate their activities in the chick embryo and
medaka retina, respectively (Del Bene et al. 2004; Luo et
al. 2004). In addition, Gem was found to associate with
some of the Polycomb complex members and to have a
Polycomb-like activity (Luo et al. 2004). However, the
mechanistic basis of Gem’s ability to impact Six- and
Hox-dependent transcription and to exert a Polycomb-
like activity remains incompletely understood. We
found that Gem binds to Brgl and antagonizes its tran-
scriptional activities. We also found that Gem can block



the association of Brgl with Ngn/NeuroD, indicating
that Gem could act by regulating interactions between
the SWI/SNF complex and transcription factors. Finally,
the Polycomb complex is known to antagonize the SWI/
SNF complex in several contexts (Gebuhr et al. 2000;
Francis et al. 2001). Therefore, the Polycomb-like activ-
ity of Gem on Hox gene expression that was previously
observed could potentially be due to the direct Gem and
Brgl interactions that we have observed here. Based on
these data, we propose that Gem is not only an inhibitor
of DNA rereplication but also a transcriptional regula-
tor that acts by modulating the activities of SWI/SNF
chromatin-remodeling enzymes.

Gem maintains the undifferentiated state of neural
progenitor cells

Since Brgl is required for neuronal differentiation (Seo et
al. 2005), we initially found the antagonistic relationship
between Gem and Brgl that we observed surprising be-
cause it did not fit with the previous hypothesis that
Gem is a prodifferentiation factor and a potential tumor
suppressor (Luo and Kessel 2004). This hypothesis is
largely based on Gem'’s ability to inhibit DNA replica-
tion. However, this hypothesis has been challenged by
several observations. For example, Gem is highly ex-
pressed in proliferating cells and down-regulated in dif-
ferentiated cells in a variety of different contexts (Quinn
et al. 2001; Wohlschlegel et al. 2002). Misexpression of
Gem stimulates the growth of some tumor cells (Balla-
beni et al. 2004, Montanari et al. 2005), and increased
Gem expression correlates with malignancy of tumors
(Gonzalez et al. 2004; Montanari et al. 2005). In addition,
Gem transcription is suppressed by Rb proteins and ac-
tivated by E2F family members (Markey et al. 2004,
Yoshida and Inoue 2004). These observations indicate
that under physiological conditions high Gem activity
normally correlates with and is compatible with the pro-
liferative cell state rather than stimulating cell cycle
exit.

Our data suggest that Gem is involved in the mainte-
nance of the undifferentiated state of neural progenitor
cells. Overexpression of wild-type Gem can result in cell
cycle arrest in some contexts, primarily due to Gem’s
ability to inhibit Cdtl function, which is necessary for
initiation of DNA replication (Wohlschlegel et al. 2000;
Tada et al. 2001). However, this type of cell cycle arrest
following Gem overexpression is likely to involve non-
physiologically high levels of Gem. As described above,
at physiological levels, the presence of Gem may not
typically stimulate cell cycle exit. In fact, loss of Gem
activity has also been found to result in cell cycle arrest
through a different mechanism: check-point activation
following partial chromosomal overreplication (Mc-
Garry 2002; Mihaylov et al. 2002; Melixetian et al. 2004).
In many of our experiments, we used the coiled-coil do-
main deletion mutant form of Gem, which does not in-
teract with Cdtl. Without affecting DNA replication,
GemaA(coil) overexpression prevented neuronal differen-
tiation, while reduction of Gem activity caused prema-
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ture neurogenesis. These observations suggest Gem is
necessary for the maintenance of the undifferentiated
state of neural precursor cells. Interestingly, the Poly-
comb complex protein Bmi-1 was previously found to be
required for maintenance of both neural stem cells and
hematopoietic stem cells (Molofsky et al. 2003; Park et
al. 2003). Thus, our finding that Gem is required for the
maintenance of the undifferentiated state is also consis-
tent with the Polycomb-like activity of Gem in the avian
embryo (Luo et al. 2004).

Targets of bHLH, SWI/SNF complex, and Gem

Our current understanding of molecular events that oc-
cur within committed neural precursor cells is still lim-
ited. For example, while the activities of proneural
bHLH proteins in regulating neuronal cell fate determi-
nation and differentiation are well known, only a few
direct transcriptional targets of these proteins have been
identified. Thus the identity of direct effectors, through
which Ngn and NeuroD regulate various aspects of neu-
rogenesis, including cell cycle withdrawal and acquisi-
tion of the terminally differentiated state, remains to be
determined. During the transition from neuronal precur-
sor to differentiated neuron, extensive modulation and
reorganization would be expected to occur at the chro-
matin level, reflecting changes in gene expression or in
the “transcriptome” between the two cell states. There-
fore, demonstration of a requirement for the SWI/SNF
chromatin-remodeling complex for Ngn/NeuroD-driven
neurogenesis and regulation of these activities by Gem
represents an attractive model for analyzing transcrip-
tional events governing neurogenesis at the chromatin
level.

In many respects, molecular regulation of neurogenei-
sis parallels that of myogenesis. During myogenesis, the
myogenic bHLH protein MyoD associates with Brgl (Si-
mone et al. 2004) and requires SWI/SNF-dependent chro-
matin remodeling for transactivation of some, but not
other, groups of downstream target genes involved in
regulating cell cycle exit and terminal differentiation (de
la Serna et al. 2001a,b, 2005; Roy et al. 2002; Berkes et al.
2004). In addition, recruitment of SWI/SNF activity to
some MyoD targets is also regulated by p38 kinase (Si-
mone et al. 2004). During neurogenesis, it is currently
unknown whether there are, likewise, differential SWI/
SNF requirements for proneural bHLH activation at par-
ticular target gene subsets. It will also be of interest to
determine whether Gem affects all Brgl-bHLH-depen-
dent target gene expression or only a subset of bHLH
target genes.

In summary, we have identified a transcriptional regu-
latory relationship between the proneural bHLH factors,
Brgl and Gem, and have determined that these interac-
tions are essential for regulating the timing of neuronal
differentiation. Gem’s ability to affect bHLH-dependent
transcriptional activation may be due in part to its abil-
ity to directly block Brgl-bHLH interactions, contingent
on the presence of a functional Brgl-binding site. Our
data reveal a new mechanism by which Gem can affect
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transcription, by modulating chromatin-remodeling ac-
tivity to impact bHLH-dependent transcription.

Materials and methods

Plasmids

CS2FL and CS2HA vectors were derived from CS2MT, by re-
placement of 6xMyc with 3xFlag and HA tags, respectively (Seo
et al. 2005). All Gem, Brgl, Ngn, and NeuroD constructs were
subcloned into pCS2 with indicated tags at the N terminus.
Deletion and point mutations for Gem and Brgl were generated
by PCR using primers at the indicated positions, Pfu turbo poly-
merase (Stratagene), and the QuickChange mutagenesis proto-
col (Stratagene). Primer sequences for deletion and site-directed
mutagenesis are available upon request. Gem expression plas-
mids used for TuJ1-immunostaining and luciferase assay in P19
cells contained a D-box deletion (amino acids 23-31). U6pro and
U6-XASH3 were obtained from David Turner (University of
Michigan, Ann Arbor, MI). U6-Gem#1 and U6-GEM#6 have the
following target sequences, respectively: CTGAGCATTGC
TGTCTGTGA and CTGAGCATTGCTGTCTCTGA.

Co-IP and Western analysis

HEK293 and HeLa cells were grown in 10% FBS/DMEM. To
detect interaction between endogenous Brgl and Gem, whole-
cell lysate from a 100-mm dish was used for co-IP. For compe-
tition by Brgl Domll, 10 pug of pCS2 + BrglDomll was trans-
fected using PolyFect transfection reagent (Qiagen). Lysate
preparation was described elsewhere (Seo et al. 2005). Anti-Brgl
antibody (Upstate), raised against hBrgl amino acids 214-279,
was cross-linked to Protein-A beads with ImmunoPure Protein
A IgG Orientation Kit (Pierce) and used for co-IP. IP was per-
formed for 6 h or overnight at 4°C, and beads were collected and
washed four times with lysis buffer. For interaction domain
mapping, HEK293 cells were transfected with 2 pg of each in-
dicated construct in 60-mm dishes and harvested 30-48 h after
transfection. For competition assays, cells were transfected
with 2 pg of CS2MT-Brgl, 1 ng of CS2FL-Ngnrl or CS2FL-Neu-
roD, and 4 ng of CS2HA-Gem, CS2HA-GemA(BD), or CS2HA in
60-mm dishes and used for co-IP as above. Antibodies used were
Gem (FL-209 and N-18; Santa Cruz), E-cadherin (BD Biosci-
ences), p27%! (BD Biosciences), and actin (H-300; Santa Cruz).

Fly strains and scanning electron microscope analysis

Drosophila strains were described previously (Elfring et al.
1998; Quinn et al. 2001; Brumby et al. 2002). Overexpression of
Brm®8%¥R in the eye was driven by the glass multimer reporter
(GMR)-Gal4 driver. Flies were prepared for scanning electron
microscopy by dehydration in acetone, followed by air-drying.
Eyes were viewed without coating using a field emission scan-
ning electron microscope. Sectioning and staining was carried
out as previously described (Lockett et al. 1993). The C96-GAL4
driver was used to overexpress UAS-Brm*8%#R and UAS-Gem in
the wing pouch of third instar larvae.

Embryos, RNA/morpholino oligonucleotides injection,
and whole-mount in situ hybridization

Acquisition of embryos, RNA/MO injection, and whole-mount
in situ hybridization were described previously (Kroll et al.
1998; Seo et al. 2005). RNAs for Ngnrl (25 pg), NeuroD (50 pg),
GemA(coil), GemA(coil)5EQ, GemA(coil)A(BD) (800 pg), or
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GemCT, GemCT(3EA) (1 ng) were injected with 30 pg of LacZ
RNA as a lineage tracer in a volume of 8 nL into a single blas-
tomere of two-cell stage embryos. Specificity and effectiveness
of BrgIMO (5-TCACTGCTAACCTGTCCCCGAATCC-3'),
GemMO (5'-ATCTCTGCTTCTTGTTGGTATTCAT-3'), and
the standard control MO (5'-CCTCTTACCTCAGTTACAAT
TTATA-3') (GeneTools LLC) were described previously (Mc-
Garry 2002; Seo et al. 2005).

P19 cell culture, transfection, immunofluorescence, luciferase
assay, and RA induction

Maintenance of P19 cells, transfection, TuJl-immunostaining,
and luciferase assay were performed as previously described
(Farah et al. 2000; Seo et al. 2005). RA induction was performed
as described (Jones-Villeneuve et al. 1982), and an aliquot of
cells was harvested every 24 h. Protein concentrations were
determined using Protein Assay (Bio-Rad), and lysates were ap-
plied for Western blotting to analyze gene expression profiles.
For Gem loss-of-function study, P19 cells were transfected with
2.4 ng of indicated U6 vectors and harvested at 44 h post-trans-
fection for Western or with 50 ng of NeuroD2, 500 ng of eGFP,
and 2.4 pg of indicated U6 vector and processed as above for
TuJ1l-immunostaining.
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