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a b s t r a c t

During neural development, members of MTG family of transcriptional repressors are induced by proneu-
ral basic helix-loop-helix (bHLH) transcription factors and in turn inhibit the activity of the bHLH proteins,
forming a negative feedback loop that regulates the normal progression of neurogenesis. Three MTG genes,
MTG8, MTG16 and MTGR1, are expressed in distinct patterns in the developing nervous system. Various
bHLH proteins are also expressed in distinct patterns. We asked whether there is a functional relation-
ship between specific MTG and bHLH proteins in developing chick spinal cord. First, we examined if each
MTG gene is induced by specific bHLH proteins. Although expression of NEUROG2, ASCL1 and MTG genes
overlapped, the boundaries of gene expression did not match. Ectopic expression analysis showed that
MTGR1 and NEUROD4, which show similar expression patterns, are regulated differently by NEUROG2
ranscriptional repressor and ASCL1. Thus, our results show that expression of MTG genes is not regulated by a single upstream
bHLH protein, but represents an integration of the activity of multiple regulators. Next, we asked if each
MTG protein inhibits specific bHLH proteins. Transcription assay showed that NEUROG2 and ASCL1 are
inhibited by MTGR1 and MTG16, and less efficiently by MTG8. Deletion mapping of MTGR1 showed that
MTGR1 binds NEUROG2 and ASCL1 using multiple interaction surfaces, and all conserved domains are
required for its repressor activity. These results support the model that MTG proteins form a higher-order

odula
repressor complex and m

TG8 (RUNXT1, ETO, CBFA2T1), MTG16 (CBFA2T3) and MTGR1
CBFA2T2) are members of the MTG/ETO/CBFA2T protein family, a
mall group of transcriptional repressors (Fig. 1) [7,9]. They function
s “protein scaffolds” that bridge various transcription factors. MTG
roteins are strongly induced during neurogenesis by proneural
asic helix-loop-helix (bHLH) proteins including Xngnr-1, Neuro-
enin2, Xash3, Xath3 (XNeuroD4), Xath5 (XAtoh7) and XNeuroD
5,8,12,13,17]. We previously showed that MTGR1 inhibits the
ctivity of NEUROG2, and that this feedback inhibition is required
or normal progression of neurogenesis [1]. Expression analysis in

ice showed that the regions of MTGR1 expression generally coin-

ided with that of Neruog2, whereas expression of MTG8 and MTG16
as largely confined to the lineage of progenitor cells express-

ng Ascl1 [2]. These differences in expression patterns suggest that
1) each bHLH protein regulates the expression of specific MTG
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genes, and (2) each MTG protein preferentially inhibits specific
bHLH proteins [1,2,12]. Alternatively, MTG proteins may have inter-
changeable roles in inhibiting bHLH activity, and their different
expression patterns may not be relevant in terms of generating
cell-type specificity. To resolve this issue, we carried out four exper-
iments. First, the expression patterns of genes encoding proneural
bHLH proteins were compared directly to those of MTG proteins
using multi-probe in situ hybridization. Next, we examined which
MTG genes are induced or repressed by NEUROG2 and ASCL1 in a
misexpression study. Third, the relative inhibitory activity of MTG
proteins on NEUROG2 and ASCL1 was evaluated in a transcription
assay. Finally, we identified the domains of MTGR1 that are required
for the interaction with proneural bHLH proteins. Our results show
that each MTG gene can be regulated by multiple bHLH proteins.
We also show that some targets genes are induced by both NEU-
ROG2 and ASCL1, but others are oppositely regulated, indicating

that function of bHLH proteins is context dependent. We show that
each MTG protein can inhibit the activity of multiple proneural
bHLH proteins, but to varying degrees. This suggests that MTG pro-
teins may generate local variations in the proneural bHLH protein
activity during neurogenesis.

http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:Koyano@umn.edu
dx.doi.org/10.1016/j.neulet.2010.03.004
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Fig. 1. Expression pattern of chicken MTGR1, MTG8 and MTG16 relative to NEUROG2 and ASCL1. Chromogenic (A and B) and fluorescent double (C–E) in situ hybridization.
Cross sections of the spinal cord at embryonic (E) days 3–7 at the brachial level are shown. The probes used are indicated according to color in the figures. Insets are
enlargements of the boxed areas in the same figure. Bar: 100 �m.
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Fig. 2. Induction of MTG genes by NEUROG2 and ASCL1. E2 chick spinal cords were
electroporated with expression vectors of NERUOG2 (A–E) or ASCL1 (F–J) along with
the GFP expression vector and analyzed 24 h later. Adjacent sections were stained by
in situ hybridization using MTGR1 (A and F), MTG8 (B and G), MTG16 (C and H) or NEU-
ROD4 (D and I) probes. Electorporated areas were visualized by staining the sections
8 J.D. Aaker et al. / Neurosc

In situ hybridization, in ovo electroporation, immunohisto-
hemistry, P19 transfection assay, Western blotting, GST pull-down
ssay and quantification were done as previously described [1]. Q-
CR was done according to the protocol from Applied Biosystems.
xpression levels were normalized using mRNA from fetal mouse
rain. Differentiation of P19 cells was induced by treatment with
�M all-trans retinoic acid in suspension culture [10,11]. After 4
ays of induction, cells were dissociated, re-plated and allowed to
ifferentiate.

Deletion constructs were made by PCR amplification of frag-
ents of chicken MTGR1 cDNA and subcloning into the EcoR1-XhoI

ragments of pCS2(+) or pCS2(+)myc vectors. Chicken ASCL1 probe
nd an expression plasmid are from Samuel Pfaff (Salk Institute).

We previously reported the expression patterns of MTG genes
n developing chick and mouse nervous system [1,2,12]. Our anal-
sis in embryonic day (E) 4 chick spinal cord suggested cell-type
pecific expression of different MTG genes, whereas our observa-
ion in mouse showed an overlapping pattern of expression of MTG
enes, especially at later stages of development. To clarify if these
ifferent gene expression patterns reflect the difference between
pecies or the difference in the developmental stages examined,
atterns of expression of MTG8 and MTG16 were examined in E3
o E7 chick spinal cord by in situ hybridization (Fig. 1A and B). At
4, MTG8 was expressed strongly in the differentiating motorneu-
ons, and weakly in the position of d3 interneurons. MTG16 was
xpressed in the layer of postmitotic cells excluding the motorneu-
ons, consistent with our previous report [12]. Interestingly, both
TG8 and MTG16 showed a dramatic change in expression from

5 to E7. MTG8 expression expanded dorsally to cover most post-
itotic neurons at E5. After E6, however, the ventral expression
as down-regulated, and by E7, expression was localized dorsally.
TG16 was not expressed in motorneurons at all stages, but on

6 and E7, it was expressed in dorsal cell populations overlapping
hose expressing MTG8. This dynamic shift in expression domains
s similar to what we observed in the mouse spinal cord [2]. Thus,
ur results show that, similar to the mouse spinal cord, expression
omains of MTG8 or MTG16 in the chick spinal cord do not corre-

ate with specific cell types throughout development, but show a
ynamic ventral to dorsal shift according to progression of devel-
pment.

Next, we compared expression of MTG genes with those encod-
ng proneural bHLH proteins. Our analysis in mouse showed that,
enerally, Mtgr1 was induced in areas in which Neurog2 was
xpressed, while Mtg16 expression seemed to correlate with that
f Ascl1. We examined the spinal cord at different developmen-
al stages by double in situ hybridization (Fig. 1C–E). Expression
f MTGR1 followed that of NEUROG2 at all stages examined, par-
icularly in the ventral spinal cord (Fig. 1C, note the yellow area
ndicating co-expression). In dorsal domains, however, there was
ess overlap of the two signals, even though MTGR1 and NEU-
OG2 were expressed generally in the same area (compare inset

a’ from the dorsal part and inset ‘b’ from the ventral part). This was
articularly evident at E5-6. Next, we examined the extent of co-
xpression of MTGR1 with NEUROD4, a known target of Neurog2 in
ouse and frogs [8,13,17]. Interestingly, expression of MTGR1 and
EUROD4 heavily overlapped in ventral domains, and to a lesser
egree in dorsal domains (Fig. 1E, compare insets a and b), sug-
esting that MTGR1 and NEUROD4 may be regulated by similar
echanisms in the ventral spinal cord, and by different mecha-

isms in the dorsal spinal cord. MTG16 was expressed in areas
ith ASCL1 expression in the ventricular zone. However, the dorso-
entral boundaries of gene expression did not match, suggesting
hat ASCL1 is not the sole regulator of MTG16 expression (Fig. 1D).

To determine if the proneural bHLH proteins can promote
xpression of specific MTG genes, we examined MTG gene expres-
ion following over-expression of NEUROG2 or ASCL1 (Fig. 2). When
with anti-GFP immunohistochemistry. (D and E) and (G and J) are from the same
sections. Large arrowheads indicate ectopic expression of the markers and small
arrowheads point to areas where markers are down-regulated. Unelectroporated
sides (left side) serve as controls. Bar: 100 �m.

NEUROG2 was over-expressed in E2 chick spinal cord, expression
of all three MTG genes were induced after 24 h, as was NERUOD4
(Fig. 2A–D). In contrast, over-expression of ASCL1 led to strong
induction of MTGR1 and MTG16 expression, but MTG8 and NEUROD4
were strongly repressed (Fig. 2F–I). Control experiments overex-
pressing the myc epitope, the GFP protein or the luciferase protein
showed no change in the expression of MTG genes (data not shown).
Therefore, MTG genes respond differently to ectopically expressed
proneural bHLH proteins. This differential response may under-
lie the different patterns of MTG expression observed in normal
development. It is interesting to note that although MTGR1 and
NEUROD4 are expressed in highly overlapping patterns (Fig. 1E),
their response to NEUROG2 and ASCL1 is different (Fig. 2A, D, F and
I). This result suggests that activities of multiple bHLH factors con-
verge on promoters of their target genes, and that genes expressed
in similar patterns are not necessarily regulated by the same set of
transcription factors.

We previously reported that MTGR1 can inhibit NEUROG2 activ-
ity [1]. Based on structural similarity, it is likely that other MTG
proteins also can inhibit the activity of NEUROG2 and other bHLH
proteins. To test if the different MTG proteins have different effects
on the function of bHLH proteins, we examined the inhibitory activ-
ity of MTG proteins in a transient transfection assay in P19 cells
(Fig. 3). The transcription activity of NEUROG2 and ASCL1 was
assessed using a reporter construct containing E box sequences
in its promoter, the known DNA binding site for proneural bHLH
transcription factors. NEUROG2 alone did not activate the reporter
gene, but did activate the reporter gene in combination with E47.
This activity was inhibited dose-dependently by all MTG proteins.
MTG16 was the most efficient, followed by MTGR1 and MTG8
(Fig. 3A). Similarly, the transcription activity of ASCL1, in combi-
nation with E47 (Fig. 3B) or ASCL1 alone (Fig. 3C), was inhibited
by all MTG proteins. MTG16 was the most efficient, followed by
MTGR1. Inhibitory activity of MTG8 was significantly weaker than
that of MTGR1 and MTG16 in all experiments. The transcription
activity of NEUROG2 and ASCL1 was inhibited only 2–3-fold at the
highest dose of MTG8 tested. We did not observe further inhibition
when a larger amount of MTG8 expression vector was transfected

(data not shown). These results show that all MTG proteins inhibit
the activity of both NEUROG2 and ASCL1, however the extent of
inhibition is different.

Previously, we showed that MTGR1 physically interacts with
NEUROG2, and less efficiently with E47 in vitro [1]. To gain insight
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xpression vectors transfected. Data represent average of triplicate transfections and bar

ig. 4. Deletion assay of MTGR1. (A) Truncation mutants used in this experiment. (B and C
olecule, but any other deletion constructs had weaker inhibitory activity to NEUROG2

nd expression levels in P19 cells were examined by Western blotting against the myc epi
E) Q-PCR was carried out to examine the endogenous expression level of Mtg genes in P1
ranslation and tested for binding to GST fusion molecules of NEUROG2 (F), ASCL1 (G) o
f the input in bar graphs. Numbers in (F)–(H) correspond to the numbers of deletion co
rotein associated factor; DD: dimerization domain; NHR3: nervy homology region 3; Zn
dicated vectors and analyzed 24 h later. Numbers indicate the �g amount of MTG
s show standard deviation.

) Reporter gene assay. Del1 showed inhibitory activity comparable to the wild-type
+ E47 (B) or ASCL1 + E47 (C). (D) All constructs were tagged with the myc epitope
tope tag. Western blot using anti-�-tubulin antibody is shown as a loading control.
9 cells. (F–H) GST pull-down assay. Deletion mutants were radiolabeled by in vitro
r E47 (H). Recovered radioactivity was quantified and shown as percent recovery
nstructs and asterisks indicate the positions of the bands. TAF: TATA box binding
f: zinc finger-like motif.
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nto the mechanism of inhibition of bHLH activity by MTGR1,
e evaluated the functional domains of MTGR1 and its interac-

ion surfaces with bHLH proteins. We made eight amino- and
arboxy-terminal truncation mutants of MTGR1 and tested their
bilities to inhibit NEUROG2- and ASCL1-dependent transcription
Fig. 4A–C). For both bHLH proteins, Deletion construct 1 (Del 1)
howed activity equivalent to the full length MTGR1, but further
runcation either from amino- or carboxy-terminal ends abolished
he inhibitory activity. To confirm the expression level of trun-
ated proteins, the myc epitope was inserted at the N-terminus
nd expression in P19 cells was examined by Western blot (Fig. 4D).
he results showed that all constructs were expressed at equiva-
ent levels. These constructs showed similar transcriptional activity
s non-tagged proteins. To address if endogenous Mtg proteins
ffected the transcription activity, expression levels of endogenous
tg genes were examined by quantitative PCR (Q-PCR; Fig. 4E). In

ndifferentiated P19 cells, expression levels were undetectable. In
ontrast, in cells induced for neuronal differentiation by aggrega-
ion and retinoic acid treatment, all Mtg genes were significantly
nduced along with a neuronal marker, NF200. Upregulation of Mtg
ene expression is consistent with the endogenous expression pat-
ern of Mtg genes in the spinal cord (Fig. 1) [1,2,12]. Thus, in our
ransient transfection experiment using undifferentiated P19 cells,
t is unlikely that endogenous Mtg proteins affected the reporter
ene activity. To address how the truncation of MTGR1 affected
he interaction with NEUROG2 or ASCL1, deletion mutants were
adioactively labeled by in vitro translation and pulled down with
ST tagged NEUROG2, ASCL1 or E47 proteins (Fig. 4F–H). The results
howed that all deletion constructs bound to NERUOG2 and ASCL1,
uggesting that MTGR1 has multiple interaction surfaces with these
HLH proteins. In contrast, recovery of Del 1–4 was much weaker
han Del 5–8 with E47, indicating that the amino-terminal half
f the molecule including the TAF110 homology domain is neces-
ary for interaction between MTGR1 and E47. Interaction between
TGR1 constructs and E47 was weaker than that between MTGR1

onstructs and NEUROG2 or ASCL1 in all mutants tested. No pro-
eins bound to GST protein alone (data not shown).

Since the first identification of MTG genes as targets of Xngnr-
, it has been questioned whether the difference in the expression
omains is related to regionalization or cell-type specification in
he nervous system [2,12]. Our analysis of expression patterns in
he developing chick spinal cord showed that MTG genes change
heir expression domains as development progresses and that
xpression of a particular MTG gene does not appear to corre-
ate with specific populations of neurons. Thus, MTG genes may
e utilized to promote neurogenesis in multiple cell types of the
eveloping nervous system. Alternatively, MTG gene expression
ay correspond to certain stages of neuronal maturation. Overall,
TGR1 is expressed in cells that have just finished their final mito-

is throughout the dorso-ventral axis, whereas MTG8 and MTG16
xpression advances from ventral to dorsal areas within postmi-
otic neurons. Since neurogenesis takes place in a ventral to dorsal
attern, the dynamic shift in the pattern of MTG gene expression,
specially for MTG8, may be related to the pattern of neurogene-
is.

An interesting observation came from the epistatic analysis.
TGR1 and MTG16 were induced by both NEUROG2 and ASCL1, but
TG8 and NEUROD4 were induced by NEUROG2 and repressed by
SCL1. This differential response, particularly repression of MTG8
xpression by ASCL1 may explain the initial ventral localization of
TG8 in the spinal cord. It is also interesting to note that although
xpression of MTGR1 and NEUROD4 show a high degree of overlap
nd both appear to be directly regulated by NEUROG2 [8,13,17],
hey are regulated differently by ASCL1. This shows that genes
ith similar expression patterns can be regulated differently by
pstream factors. It also shows that functions of proneural bHLH
etters 474 (2010) 46–51

factors are not interchangeable and structurally similar bHLH pro-
teins can exert different effects on the same promoter. Similar
observations have been reported in Xenopus embryos [18].

Null mice for Mtg genes have been reported [4,6,14]. Insertional
mutation of Mtg8 leads to deletion of midgut structure [4], whereas
null mice for Mtgr1 fail to maintain the secretory lineage in the small
intestine. It was further shown that Mtgr1 associates with TCF4
and modulates the Wnt signaling pathway, thereby affecting the
cell cycle of stem cells in the intestinal crypts [14]. Gene disruption
of Mtg16 showed defects in proliferation and lineage allocation of
hematopoietic stem cells [6]. Thus, it seems that MTG proteins are
employed in various cell types to regulate stem cell proliferation
and cell fate.

We observed that the ability of MTG proteins to repress NEU-
ROG2 and ASCL1 activity, as monitored by transient transfection
assays using P19 cells, was similar. However, the extent to which
each MTG protein inhibits the bHLH activity was different. Whether
this difference in the efficiency of inhibition is responsible for
regional differences in bHLH activity in vivo requires further inves-
tigation. It is possible that by differentially modulating the activity
of bHLH proteins, MTG proteins generate local differences in bHLH
activity and modulate cell fate determination or cell cycle progres-
sion. Our preliminary analysis of the nervous system of the Mtgr1
null mice did not show significant alteration in cell cycle or cell fate
(unpublished data). Analyzing null mice for other Mtg genes indi-
vidually and in combination will be necessary to further identify
the functional differences of individual MTG proteins.

Reported mechanisms of transcriptional inhibition by MTG pro-
teins include recruitment of the histone deacetylase complex [16],
competition for a binding partner [15,19], and inhibition of DNA
binding [1], which are not mutually exclusive. Our GST pull-down
assay suggested that MTGR1 interacts with NEUROG2 and ASCL1
through multiple domains, and with E47 through the TAF110
homology domain. Transcription assay, on the other hand, showed
the requirement of all conserved domains of MTGR1 to repress tran-
scriptional activity of bHLH proteins. Therefore, our data suggest
that binding of MTGR1 and NEUROG2 is not sufficient for tran-
scriptional repression, and may require interaction with additional
factors such as histone deacetylases through multiple conserved
domains. Given the fact that a number of proteins interact with MTG
proteins, it is likely that MTGR1 forms a multi-protein complex with
bHLH proteins that modulates transcription [3]. Further identifica-
tion of MTG-interacting proteins will be necessary to dissect the
nature of these proteins.
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