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The basic helix-loop-helix (bHLH) transcription fac-
or mammalian achaete-scute homolog-1 (MASH-1 in
ouse and HASH-1 in human) is essential for proper

evelopment of olfactory and most peripheral auto-
omic neurons, and for the formation of distinct neu-
onal circuits within the central nervous system. We
ave previously shown that HASH-1 is expressed in
euroblastoma tumors and cell lines, and in this study
e have used the yeast two-hybrid system to isolate
ASH-1 interacting proteins from a human neuroblas-

oma cDNA library. Two of the isolated clones con-
ained cDNA from the E2-2 gene (also known as ITF2/
EF2-1). We show that E2-2 interacts with HASH-1 in
oth yeast and mammalian cells. The HASH-1/E2-2
omplex binds an E-box (CACCTG) in vitro, and trans-
ctivates an E-box containing reporter construct in
ivo. Furthermore, E2-2 seems to be one of the major
ASH-1 interacting proteins in extracts from neuro-
lastoma cells. In conclusion, E2-2 forms a functional
omplex with HASH-1, and might therefore be in-
olved in the development of specific parts of the cen-
ral and peripheral nervous systems. © 2000 Academic Press

Key Words: bHLH; E2-2; SEF2-1; HASH-1; neuroblas-
oma; sympathetic nervous system; differentiation;
east two-hybrid.

The basic helix-loop-helix (bHLH) family of tran-
cription factors are momentous for the proper devel-
pment of many tissues (1). These factors have been
mplicated in the development of malignancies due to
mproper regulation and/or structural alterations (2,
). The basic domain of the bHLH proteins binds to a
onsensus sequence, CANNTG, known as the E-box
4). The helix-loop-helix domain mediates protein-
rotein interactions and the formed complexes can
ind DNA either as homo- or heterodimers (5). The

1 To whom reprints requests should be addressed at Department of
aboratory Medicine, Division of Molecular Medicine, Lund Univer-
ity, University Hospital MAS, Entrance 78, S-205 02 Malmö, Swe-
en. Fax: 146-40337322. E-mail: hakan.axelson@molmed.mas.lu.se.
22006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
ern (the class A-type, also called E-proteins) or be
ore tissue-specifically expressed (the class B-type)

5). In addition, there is a third type of proteins, the Id
roteins, which contain the HLH domain but lack the
asic domain (6). They exert their function mainly by
inding to E-proteins, and thereby sequestering them
rom interaction with tissue-specific bHLH proteins
7). These different types of HLH proteins provide the
ramework for an intricate network of transcription
actors controlling tissue-specific gene expression, gov-
rned by the interaction affinities, expression levels
nd stabilities of the different protein complexes.
The mammalian achaete-scute homolog-1 (MASH-1)

ene was isolated on the basis of sequence homology to
he Drosophila proneuronal achaete-scute genes (8).
ASH-1 is expressed during embryogenesis in specific

egions of the developing central nervous system and
n sympathetic and enteric, but not in sensory precur-
or cells (8, 9). The pivotal role for MASH-1 in the
evelopment of the central and peripheral nervous sys-
ems has been demonstrated in gene targeting experi-
ents. MASH-1 null mice die at birth and show loss of
ost peripheral autonomic neuroblasts and olfactory

pithelial cells (10). Recent reports also indicate a role
or MASH-1 in the development of the telencephalon
11, 12).

Neuroblastoma is a childhood tumor derived from
he sympathetic nervous system (13, 14). We have pre-
iously shown that many neuroblastoma tumors and
ll neuroblastoma cell lines studied express HASH-1
the human homolog of MASH-1) (15), demonstrating
he embryonal features of this tumor. When cultured
euroblastoma cells are induced to differentiate with
everal different protocols, there is a rapid decrease in
ASH-1 expression (16).
In vitro studies have shown that MASH-1 can form a

unctional heterodimeric complex with the ubiqui-
ously expressed E2a gene products E12 and E47, and
hat this complex binds to a consensus E-box DNA
inding site (17). The E12 and E47 proteins belong to
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TF4) and E2-2 (also ITF2 or SEF2-1) (18–20). These
roteins show a high degree of homology, especially in
he bHLH domain (21). The E-proteins seem to be
unctionally equivalent to some extent, but gene tar-
eting experiments demonstrate some fundamental
ifferences in their biological functions (22). For exam-
le, the E12 and E47 proteins have been specifically
mplicated in the lymphogenesis, since mice lacking
he E2a gene show a severe perturbation in B-cell
evelopment (23). The HEB protein can functionally
eplace E12/E47 in B-cell development, exemplifying
hat the E-proteins to a certain extent are functionally
edundant (22).

Here we report the isolation of human E2-2 when
creening a yeast two-hybrid library derived from the
uman neuroblastoma cell line SH-SY5Y, using
ASH-1 as bait. A HASH-1/E2-2 DNA-binding com-
lex was further demonstrated in vitro and in vivo. We
onclude that HASH-1 can form a functional complex
ith E2-2, and that E2-2 is an important heterodimer-

zation partner of HASH-1 in neuronal cells.

ATERIALS AND METHODS

Cell culture. The neuroblastoma cell lines SH-SY5Y and SK-N-
E(2) (kindly provided by Dr. J. Biedler, Sloan Kettering Institute,
ew York) were grown at 37°C in 5% CO2 in Eagle’s Minimum
ssential Medium (MEM, Life Technologies) supplemented with
0% fetal calf serum (FCS, Life Technologies), penicillin (100 U/ml)
nd streptomycin (100 mg/ml). The SH-SY5Y cells were differenti-
ted for 0, 2, 4, 8, 24 and 96 h with 16 nM 12-O-tetradecanoyl-
horbol-13-acetate (TPA) in MEM containing 10% FCS. HeLa cells
ere grown in Dulbecco’s modified Eagle’s medium (DMEM, Life
echnologies) with 10% FCS and the antibiotics described above.

Construction of GAL4-HASH-1 chimeras and the SH-SY5Y two-
ybrid cDNA library. The bait plasmids containing the GAL4-DNA
inding domain used in the two-hybrid system were based on the
AS2-1 vector (Clontech). Plasmids encoding the full-length HASH-1
rotein, pAS-HASH-1 (amino acids 1–238) or partial HASH-1 se-
uences, pAS-HASHDC (amino acids 1–180), pAS-HASHDN (amino
cids 120–238) and pAS-HASH-HLH (amino acids 120–180) were
onstructed by inserting PCR-generated fragments, using cDNA
rom SH-SY5Y as template, into NdeI/BamHI digested pAS2-1 ex-
ression vectors. The constructs were verified by automated DNA
equencing and Western blot analyses of yeast expression of GAL4-
ASH-1 fusion proteins were made according to the manufacturer’s
rotocol (Clontech). Immunodetection was performed with an anti-
AL4-DNA binding domain antibody (Santa Cruz) diluted 1:1000,

ollowed by incubation with a sheep anti-mouse polyclonal antiserum
oupled to horseradish peroxidase (Amersham Pharmacia Biotech)
iluted 1:5000. Immunoreactivity was detected using the enhanced
hemiluminescence (ECL) method (Pierce). The yeast two-hybrid
DNA library was made from RNA prepared from SH-SY5Y cells
sing Stratagene RNA-isolation and poly(A)1 kits according to the
anufacturer’s instructions. A directional cDNA library was pre-

ared using the Stratagene cDNA synthesis kit starting from 5 mg
oly(A)1RNA. The cDNA was ligated into EcoRI/XhoI digested Hy-
riZAP DNA (Stratagene) and packaged using a Gigapack II in vitro
ackaging extract (Stratagene). The library, which had a complexity
f 2.5 3 106 cfu, was amplified and the pAD-GAL4 phagemid vector
as excised according to the manufacturer’s protocol (Stratagene).
23
ere introduced into the yeast strain CG1945 by lithium-acetate
ransformation, and interactions were tested by growth on the ap-
ropriate SD medium. The ability of different GAL4-HASH-1 fusion
roteins to transactivate the lacZ reporter in CG1945 was tested
y filter lift assays (Clontech). Semiquantitative analyses of
ransactivation/interaction in yeast were performed using chlorophe-
ol red-B-D-galactopyranoside (CPRG, Roche), as described in the
anufacturer’s protocol (Clontech). To screen for HASH-1 interact-

ng clones the SH-SY5Y cDNA library was cotransformed with pAS-
ASHDC plasmid according to the lithium-acetate protocol. The

ransformed yeast was plated on SD medium lacking tryptophan,
eucine and histidine. The plates were incubated at 30°C for seven
ays and filter lift assays were performed as described above. Posi-
ive clones were isolated, purified, and propagated in E. coli for
lasmid isolation. The inserts were sequenced by automated DNA
equencing and compared with sequences in genome databases using
he NCBI database (NIH, USA). To test for specificity of interactions,
ositive clones were retransformed with a series of heterologous bait
lasmids, including pAS-laminin and the empty pAS2-1 vector as
escribed by the manufacturer (Clontech).

Mammalian two-hybrid analyses. Mammalian two-hybrid anal-
ses were performed using the Checkmate system (Promega). GAL4-
NA binding (pBIND) and VP16 transactivating (pACT) fusion pro-

eins were constructed using PCR-generated fragments cloned into
he BamHI/SalI digested vectors. The following fragments were
sed: HASHDC, as described above, E47 (amino acids 508–654,
hich includes the basic helix-loop-helix domain) and E2-2 (amino
cids 1–668). The reporter plasmid pG5luc contains a GAL4 binding
ite upstream of the coding sequence of firefly luciferase. The anal-
ses were made in HeLa cells (2.5 3 105) grown in 60 mm dishes. The
ells were transfected with appropriate expression plasmids and the
eporter plasmid (5 mg of each plasmid per dish) using Lipofectin
Life Technologies). The cells were harvested two days after trans-
ection. The luciferase activity was measured using the Dual Lucif-
rase Assay kit (Promega) according to the manufacturer’s instruc-
ions. The transfection efficiency was calculated based on the level of
enilla luciferase activity constitutively expressed by the pBIND
ector.

GST-HASHDC pulldown experiments on in vitro translated pro-
eins. A pGEX-HASHDC plasmid was made by inserting a PCR-
enerated DNA fragment, using pAS-HASH-1 as template, into an
coRI/XhoI-digested pGEX-5X-1 plasmid (Amersham Pharmacia
iotech). Glutathione S-transferase (GST)-HASHDC or GST alone
ere expressed in BL21 (DE3) E. coli. The bacteria were induced and

ysed according to the manufacturer’s protocol (Amersham Pharma-
ia Biotech). The lysates were incubated with Glutathione Sepharose
B (Amersham Pharmacia Biotech) for 30 min at room temperature.
he beads were washed three times in PBS and thereafter incubated
ith blocking buffer (20 mM Hepes pH 7.4, 100 mM NaCl, 10%
lycerol, 0.1% NP40 and 1% BSA) for 1 h at 14°C. The GST-
ASHDC or GST sepharose beads were thereafter incubated with 8
l in vitro translated, 35S-methionine labeled E2-2 (see below) in
inding buffer (20 mM Hepes pH 7.4, 100 mM NaCl, 10% glycerol,
.1% NP40 and 0.15% BSA) for 1 h at 4°C. The beads were washed
our times with binding buffer and once with pulldown buffer (20 mM
epes pH 7.4, 100 mM NaCl, 10% glycerol, 0.1% NP40). The bound
roteins were released from the beads by boiling and were subjected
o 10% SDS–PAGE followed by autoradiography.

Electrophoretic mobility shift assay (EMSA). The oligonucleo-
ides were labeled by a kinase reaction using g32P-ATP (5000 Ci)
Current Protocols). Unincorporated nucleotides were removed using
harmacia G25 columns (Amersham Pharmacia Biotech). In vitro
ranscription and translation of HASHDC, E47 and E2-2 were car-
ied out using the TNT coupled reticulocyte lysate kit (Promega),
sing the plasmids pBIND-HASHDC, pBIND-E47 (see above) and
cDNA-E2-2. The E2-2 insert was generated by PCR using pAD-E2-2
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Invitrogen). Three ml of the respective in vitro translated products
ere mixed and incubated at 37°C for 20 min. A DNA-binding mix

20 mM HEPES pH 7.4, 50 mM NaCl, 1 mM dithiothreitol, 1 mM
DTA, 5% glycerol, 1 mg of double-stranded poly(dI-dC) (Amersham
harmacia Biotech)) with labeled wt or E-box mutated oligonucleo-
ides (25 000 cpm/reaction) was added to the in vitro translated
roducts. Binding reactions were performed at room temperature for
5 min, and then immediately loaded on a 4% polyacrylamide (30:1
crylamide:bis-acrylamide) gel in 0.5 3 TBE and run for approxi-
ately 4 hours. Gels were dried and autoradiographed. Sequences of

ligonucleotides used in EMSAs with the E-box underlined; muscle
reatine kinase (MCK) enhancer wt top strand: 59-GATCCC-
CCAACACCTGCTGCCTGA-39, MCK enhancer mutated top
trand: 59-GATCCCCCCAAATGAGGCTGCCCTGA-39.

Transient transfections and luciferase assays. Syrian hamster
47 and E12 (24) cloned in frame with the myc tag BamHI site of the
D3 vector were provided by Dr. M. Sigvardsson, Dept. of Cell and
olecular Biology, Lund University, Sweden. The MD3 vector con-

ains six copies of the myc epitope, cloned into a BamHI/EcoRI
igested cDNA3 vector (Invitrogen). The His tagged pcDNA-E2-2
lasmid is described above. The pHA-HASH-1 plasmid was made by
nserting a PCR-generated DNA fragment, using pAS-HASH-1 as
emplate, into a BglII/XhoI digested pHA vector (Clontech). The
-box reporter plasmid was based on the pGL3-fos vector, which
ontains a basal fos promoter inserted into the pGL3 luciferase
ector (25). The E-box reporter contains two copies of the E1E2
ontaining region of the MCK enhancer (kindly provided by Dr. M.
igvardsson, Dept. of Cell and Molecular Biology, Lund University,
weden). HeLa cells (2 3 105) were seeded in 35 mm dishes and
rown over night. The cells were transfected with 300 ng of appro-
riate expression plasmids and 500 ng of the reporter plasmid using
ipofectin (Life Technologies). 500 ng of a pCMV-gal plasmid (kindly
rovided by Dr. L.-G. Larsson, Uppsala University, Sweden) was
otransfected as a control of transfection efficiency. The total amount
f DNA used in each transfection was adjusted by adding pBluescript
I plasmid (Stratagene). The cells were harvested 40 hours after
ransfection and protein extracts were prepared in lysis buffer (Dual
ight, Tropix). To assay cells for luciferase activity, the Dual Light
it (Tropix) was used according to the manufacturer’s recommenda-
ions. The transfection efficiency was calculated based on the level of
-galactosidase activity expressed by the pCMV-gal plasmid.

RNA preparation and Northern blotting. Twenty million cells
ere washed in PBS, and then lysed in 0.4 ml lysis buffer (0.15 M
aCl, 10 mM Tris pH 7.4, 1 mM MgCl2, 0.5% NP40). The lysate was

entrifuged at 12,500g for 5 min and 50 ml 10% SDS was added to the
upernatant and the RNA was extracted twice with phenol. After
recipitation the RNA was dissolved in water. Fifteen mg total RNA
as separated on a formaldehyde agarose gel and blotted onto
ybond-N nylon membrane (Amersham Pharmacia Biotech). The

ollowing probes were used: E2-2; a 2 kb EcoRI/XhoI fragment from
he human E2-2 clone isolated in the yeast two-hybrid screen,
ASH-1; nucleotides 1350–1635 (16), E47; nucleotides 1555–1995

ncompassing the bHLH region of E47. The E47 cDNA was gener-
ted by RT-PCR using SH-SY5Y cDNA as template. cDNA probes for
rowth associated protein 43 (GAP-43) and glyceraldehyde-3-
hosphate dehydrogenase (GAPDH) were generated as previously
escribed (26).

Western blot analyses. Total cell homogenates from SH-SY5Y or
K-N-BE(2) cells were prepared by lysing cells in NP40 lysis buffer

1% NP40, 10% glycerol, 20 mM TrisHCl pH 8.0, 137 mM NaCl and
% complete protease inhibitor cocktail mix (Roche)). Twenty mg of
rotein per lane was subjected to 10% SDS–PAGE, followed by
lotting to nitrocellulose filters. The filters were probed with either a
onoclonal anti-E2-2 antibody (Pharmingen) or a polyclonal anti-
12/E47 antiserum (Santa Cruz) diluted 1:1000. The blots were then

ncubated with either a sheep anti-mouse polyclonal antiserum cou-
24
onkey anti-rabbit polyclonal antiserum coupled to horseradish per-
xidase (Amersham Pharmacia Biotech) diluted 1:1000. For immu-
odetection of HASH-1, the filters were incubated with a monoclonal
nti-MASH-1 antibody (kindly provided by Dr. D. J. Anderson,
oward Hughes Medical Institute, CA) (9) diluted 1:100, followed by

ncubation with a sheep anti-mouse polyclonal antiserum coupled to
orseradish peroxidase (Amersham Pharmacia Biotech) diluted
:2000. Immunoreactivity was detected by using the ECL method.

GST-HASHDC pulldown experiments on SK-N-BE(2) extracts.
K-N-BE(2) cells (8 3 106) in 100 mm dishes were lysed in NP40

ysis buffer and the lysates were incubated with GST-HASHDC or
ST glutathione-sepharose beads for 1 h at 4°C. The beads were
ashed four times with lysis buffer and bound proteins were sub-

ected to 7.5% SDS–PAGE and transferred to nitrocellulose mem-
ranes. Twenty mg of crude cell extract from SK-N-BE(2) cells was
un on the same gel for subsequent Western blot analysis. The blots
ere incubated with either a monoclonal anti-E2-2 antibody (Pharm-

ngen) diluted 1:1000 or a monoclonal anti-E12/E47 antibody
Pharmingen) diluted 1:250, followed by incubation with a goat anti-
ouse polyclonal antiserum (Jackson ImmunoResearch Laborato-

ies Inc.) diluted 1:5000. Immunoreactivity was detected using the
CL method. In 35S-methionine labeling experiments, SK-N-BE(2)
ells (2 3 106) were seeded in 100 mm dishes. After 24 h the cells
ere washed twice with MEM lacking L-methionine (Life Technolo-
ies). 8 ml of medium was added to the cells and they were incubated
or 30 min. The medium was removed and 2 ml of MEM supplied
ith L-methionine (0.75 mg/l) and 0.1 mCi/ml 35S-methionine was
dded to the cells. After a 4 h incubation at 37°C in 5% CO2 the cells
ere lysed in NP40 lysis buffer and after spinning down the cell
ebris, the supernatant was incubated with GST-HASHDC or GST
lutathione-sepharose beads for 1 h at 4°C. The beads were washed
our times with binding buffer and once with pulldown buffer. The
roteins were subjected to 7.5% SDS–PAGE and transferred to ni-
rocellulose membranes. Twenty mg of crude cell extract from SK-N-
E(2) cells was separated on the same gel for subsequent Western
lot analysis. The filter was exposed to X-ray film overnight. Immu-
odetection was performed using a monoclonal anti-E2-2 antibody
Pharmingen) diluted 1:1000, followed by incubation with a sheep
nti-mouse polyclonal antiserum coupled to horseradish peroxidase
Amersham Pharmacia Biotech) diluted 1:1000. Immunoreactivity
as detected using the ECL method.

ESULTS

ransactivation by GAL4-HASH-1 in Yeast

Our aim was to isolate HASH-1 interacting proteins
y using the yeast two-hybrid system. Initial data
howed that full-length GAL4-HASH-1 had transacti-
ating activity in the reporter yeast strain CG1945. We
herefore tested different deletion constructs of
ASH-1 (Fig. 1A). In filter lift assays both the full-

ength HASH-1 and the HASHDN containing con-
tructs activated the lacZ reporter gene, while
ASHDC and HASH-HLH did not. To verify these

esults a semi-quantitative liquid b-galactosidase as-
ay was performed, showing that the HASHDN con-
truct was approximately ten times more potent than
he full-length construct in transactivating the lacZ
eporter (Fig. 1A). Thus, the C-terminal domain of
ASH-1 (amino acids 180–238) has a transactivating
ctivity in yeast, which might be of importance for the
ormal function of HASH-1. We used the HASHDC



c
C
o
W
a

I

s
f
1
b
e
w
N
E
t
s
E

C
H
n
(
m
H

G

t

w
g
o
a
G
a
d
E

G
i
G
w
t
a
m

Vol. 274, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
onstruct as a bait, devoid of the transactivating
-terminal domain, for library screening. Expression
f appropriately sized fusion proteins was verified by
estern blot analysis, using an antibody directed

gainst the GAL4-DNA binding domain (Fig. 1B).

solation of E2-2 from a Neuroblastoma cDNA
Library Using HASHDC as a Bait

pAS-HASHDC was used as a bait plasmid when
creening a yeast two-hybrid cDNA library derived
rom the SH-SY5Y neuroblastoma cell line. Out of
.4 3 106 yeast clones screened, 31 scored positive
oth regarding growth on SD selection media and
xpression of b-galactosidase. Two of these clones
ere coding for the E2-2 bHLH transcription factor.
one of the other 29 clones coded for the other
-proteins, E12, E47 or HEB. One E2-2 clone con-

ained the full-length coding sequence and one
tarted in the basic domain at amino acid 567. The
2-2 containing plasmids were reintroduced into the

FIG. 1. The C-terminal domain of HASH-1 transactivates the
AL4-HASH-1 fusion proteins. Numbers indicate the amino acids of

s indicated by grey boxes and the basic helix-loop-helix domain of H
AL4-HASH-1 fusion proteins in yeast was analyzed in a liquid b-g
ith three individual transformants, the average values and standar

wo-hybrid fusion proteins. GAL4-HASH-1 fusion proteins expresse
ntibody. The low molecular weight protein generated from the GAL4
arkers (in kilodaltons) are shown.
25
G1945 yeast strain together with the pAS-
ASHDC plasmid, a bait plasmid expressing the
on-related protein laminin, or empty pAS2-1 vector
results not shown). These reintroduction experi-
ents showed that the interaction between E2-2 and
ASH-1 was specific in yeast cells.

ST-HASHDC Binds in Vitro Translated E2-2

The interaction between HASHDC and E2-2 was
ested in a GST pulldown assay. In vitro translated,

35S-labeled E2-2 protein of the expected size was mixed
ith GST-HASHDC or GST protein linked to
lutathione-sepharose beads. After extensive washing
f the beads, bound proteins were released by boiling
nd subjected to SDS–PAGE. No E2-2 was bound to
ST alone, while E2-2 protein was readily detected
fter incubation with GST-HASHDC, providing evi-
ence for an in vitro interaction between HASH-1 and
2-2 (Fig. 2).

cZ reporter gene in yeast. (A) A schematic representation of the
SH-1 included in the constructs. The GAL4-DNA binding fusion part
H-1 is indicated by black boxes. The transactivating capacity of the
tosidase assay using CPRG as substrate. The assay was performed

eviations are shown. (B) Western blot analysis of expression of yeast
n pAS2-1 were detected with an anti-GAL4-DNA binding domain
ASHDC construct most likely represents a degradation product. Size
la
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ASHDC and E2-2 Interact in Mammalian Cells

To verify the interaction between HASH-1 and E2-2
n mammalian cells we used the mammalian two-
ybrid system. Transfection with pBIND-HASHDC
lone gave a baseline luciferase activity, while cotrans-
ection with pACT-E2-2 resulted in a moderate trans-
ctivation (Fig. 3). In line with previous studies
howing that E12 and MASH-1 interact (17), cotrans-
ection of pBIND-HASHDC with pACT-E47 or pACT-
ASHDC with pBIND-E47 gave an activation of the

eporter gene (Fig. 3). When pBIND-E2-2 was intro-
uced alone, some activation of the reporter gene could
e seen, but when combined with pACT-HASHDC a
obust interaction was detected (Fig. 3). Furthermore,
hen pBIND-E2-2 and pACT-E2-2 were combined, a

trong interaction could also be demonstrated, in line
ith previous data showing that E2-2 efficiently forms
omodimers (27). HASHDC showed a limited capacity
o form homodimers, implicating that the function of
ASH-1 is dependent on heterodimerization with
-proteins. In conclusion, these data show that both
2-2 and E47 can form heterodimeric complexes with
ASH-1 in vivo in mammalian cells.

ASHDC Binds to an E-Box in Complex with E2-2

To establish whether HASH-1 can bind to an E-box
n complex with E2-2, EMSAs were performed. We
hose to use a MCK enhancer derived oligonucleotide,
ontaining a canonical E-box (CACCTG), since it pre-
iously was shown that in vitro translated MASH-1
nd E12 in complex can bind to this sequence (17).
hen adding in vitro translated E2-2 or E47 alone, one

FIG. 2. GST pulldown assays confirming the HASH-1/E2-2 in-
eraction in yeast. In vitro translated, 35S-labeled E2-2 protein was
ncubated with GST or GST-HASHDC linked to glutathione-
epharose beads. After washing, the bound proteins were released by
oiling and subjected to 10% SDS–PAGE. Ten percent of the in vitro
abeled product used in the pulldown experiments was run in paral-
el to indicate the amount of protein bound to HASHDC.
26
, lane 1 and 6, complex I and III). Most likely, these
omplexes represent E2-2 or E47 binding the E-box as
omodimers. When mixing E2-2 with in vitro trans-

ated HASHDC, an additional complex appeared (Fig.
, lane 2, complex II). Complex I and II were specifi-
ally competed by unlabeled wildtype oligonucleotide,
hile no competition of complexes I and II was de-

ected when unlabeled E-box mutated oligonucleotide
as added (Fig. 4, lane 3 and 4). No HASH-1 specific
inding complexes were detected when adding
ASHDC alone, in line with our mammalian two-
ybrid data showing that HASHDC do not readily form
omodimers (Fig. 3). This shows that a HASHDC/E2-2
omplex can bind an E-box and that HASHDC is un-
ble to form DNA-binding homodimers.

he HASH-1/E2-2 Complex Has Transactivating
Capacity

Having established the physical interaction between
ASH-1 and E2-2, and the capacity of this complex to
ind an E-box sequence, we next wanted to analyze the
ransactivating capacity of this complex. E2-2, E12 and
47 were examined for their abilities to transactivate
n E-box controlled reporter gene when transfected
ith or without HASH-1 into HeLa cells. HASH-1
lone transactivated the reporter gene approximately

FIG. 3. Mammalian two-hybrid analyses demonstrating the abil-
ty of HASHDC, E2-2 and E47 to form complexes in HeLa cells. The
ells were transfected with the indicated GAL4 and/or VP16 expres-
ion plasmids together with a firefly luciferase reporter plasmid.
rotein-protein interactions were reflected by the firefly luciferase
ctivity relative to the Renilla luciferase activity which serves as a
ontrol of transfection efficiency. Results are shown as the mean of at
east three independent experiments. Standard deviations are indi-
ated by error bars, and in numbers for the E2-2/E2-2 and E2-2/
ASHDC interactions.



fi
p
m
a
H
H
c
r
5
c
(
w
m
H
i

E

i
b

TPA, a well documented neuronal differentiation oc-
c
u
N
a
E
o
e
a
(
w
A
r
h
i
h
e

G

l
c
t
c
c

a
w
t
p
E
a
s
t

r
c
i
E
r
w
s
o

Vol. 274, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ve-fold compared to cells transfected with reporter
lasmid (Fig. 5). Since HASH-1 did not form ho-
odimers (Figs. 3 and 4), we assumed that this trans-

ctivating capacity was due to interaction between
ASH-1 and endogenous E-proteins expressed in
eLa cells (28). A 50-fold induction was seen when

ombining E12 or E47 with HASH-1, while E2-2 gave
ise to a 25-fold induction together with HASH-1 (Fig.
). As previously reported, we showed that E12/E47
an transactivate the MCK enhancer as homodimers
29). Interestingly, no transactivation was detected
ith E2-2 (Fig. 5), despite that E2-2 can form ho-
odimers (Figs. 3 and 4). These results show that
ASH-1 can bind and transactivate an E-box contain-

ng reporter gene together with E12, E47 or E2-2.

2-2 Expression Is Transiently Induced
in Differentiating SH-SY5Y Cells

The expression of E2-2 and HASH-1 in differentiat-
ng neuroblastoma cells was analyzed by Northern
lotting. When the SH-SY5Y cells are treated with

FIG. 4. EMSA of complex formation with a MCK enhancer de-
ived oligonucleotide. A 32P-labeled MCK enhancer derived oligonu-
leotide containing a CACCTG E-box sequence was incubated with
ndicated combinations of in vitro translated E2-2, HASHDC and
47. Roman numerals indicate specific complexes formed by the
espective proteins. For competition experiments, a 50-fold excess of
t or E-box mutated oligonucleotides were added. NS indicates non-

pecific complexes, as shown by competition with an E-box mutated
ligonucleotide.
27
urs as indicated by the extension of neurites and
pregulation of a number of neuronal markers such as
PY and GAP-43 (30). In unstimulated SH-SY5Y cells
moderate E2-2 expression was detected, while the

47 expression was hardly detectable. The expression
f E2-2 was transiently upregulated during the first
ight hours of TPA treatment, whereafter it declined to
n expression level similar to that of untreated cells
Fig. 6). A weak transient increase in E47 mRNA levels
as seen between 2 and 4 hours after TPA treatment.
s reported previously, the HASH-1 expression was
apidly downregulated upon TPA treatment and 2
ours after treatment most HASH-1 mRNA was elim-

nated (16). Thus, HASH-1 and E2-2 are coexpressed in
uman SH-SY5Y neuroblastoma cells, but are differ-
ntly regulated upon induced differentiation.

ST-HASHDC Binds E2-2 in Extracts
from SK-N-BE(2) Cells

In order to establish the expression at the protein
evel of E2-2, E12/E47 and HASH-1 in neuroblastoma
ell lines we performed Western blot analyses on ex-
racts from SH-SY5Y and SK-N-BE(2) neuroblastoma
ells. Both E2-2 and E12/E47 were expressed in these
ells, together with HASH-1 (Fig. 7A). Since the E12

FIG. 5. HASH-1 and E-proteins form complexes that can trans-
ctivate an E-box containing reporter. HeLa cells were transfected
ith an E-box reporter plasmid, with two copies of the E1E2 con-

aining region of the MCK enhancer, or a control luciferase reporter
lasmid together with CMV-driven vectors expressing HASH-1, E12,
47 or E2-2. Values are expressed as the fold induction of luciferase
ctivity over the activity of reporter vector cotransfected with pBlue-
cript II. The data shown are based on three independent transfec-
ion experiments. Standard deviation is indicated by error bars.
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nd E47 proteins have a similar molecular weight, only
ne band could be detected in the cell extracts. The
ultiple bands in the E2-2 blot can be due to different

reviously reported splice-variants of E2-2, premature
ermination of translation or downstream translation
nitiation codons (27). In order to identify the prefer-
ntial HASH-1 interacting proteins in neuroblastoma
ells co-immunoprecipitation experiments of endoge-
ous proteins were tested. We chose to use extracts
rom SK-N-BE(2) cells, as these cells express higher
evels of HASH-1 than SH-SY5Y cells. These attempts
ailed and we therefore performed GST pulldown as-
ays instead. SK-N-BE(2) cell extract was incubated
ith GST-HASHDC or GST coupled to glutathione-

epharose beads. Bound proteins were subjected to
DS–PAGE and transferred to nitrocellulose filters.
mmunodetection of the filters showed that both E2-2
nd E12/E47 bound to GST-HASHDC (Fig. 7B). Fur-
hermore, 35S-labeled SK-N-BE(2) cells were lysed and
ixed with GST-HASHDC or GST protein linked to

lutathione-sepharose beads. After washing, the bound
roteins were released by boiling, subjected to SDS–
AGE and transferred to a nitrocellulose filter, which
as exposed to an X-ray film. The bands appearing on

he film represent GST-HASHDC interacting proteins
n SK-N-BE(2) cells. A prominent band of approxi-

ately 90 kD, corresponding to the size of E2-2, was
etected only in the fraction of eluted proteins from the
ST-HASHDC glutathione-sepharose beads (Fig. 7C).

FIG. 6. Expression of E2-2, E47, HASH-1 and GAP-43 in SH-
Y5Y cells induced to differentiate with TPA. Northern blot analyses
f 15 mg total RNA isolated from SH-SY5Y cells treated with 16 nM
PA for the indicated length of time. The GAPDH mRNA levels serve
s loading controls.
28
ody of the same filter revealed an identically sized
and in crude cell extract from SK-N-BE(2) cells. In-
erestingly, only a small amount of proteins within the
ize-range of E12 or E47 (approximately 75 kD) were
ound to GST-HASHDC (Fig. 7C). These results indi-
ate that E2-2, and not E12 or E47, is the preferential
nteraction partner of GST-HASHDC in extracts from
uman neuroblastoma cells.

ISCUSSION

The importance of bHLH proteins for neuronal de-
ermination and differentiation is well established.
tudies in Drosophila show that proneuronal bHLH
enes control many aspects of neurogenesis, and a
umber of mammalian homologs of these genes have
een identified (31). One of these homologs, MASH-1,
s involved in the development of the neural crest-
erived peripheral nervous system. The precursor cells
f the childhood tumor neuroblastoma are of neural
rest origin, and several studies indicate that the tu-
or cells arise as a consequence of blocked differenti-

tion of sympathetic neuroblasts (13, 15). We have
ecently shown that HASH-1 is expressed in neuro-
lastoma cell lines, and that this expression is down-
egulated during induced differentiation (16). It is
herefore of interest to understand the role of HASH-1
n neuroblastoma cells and one strategy to do that
ould be to identify interaction partners that might

nfluence the transactivating capacity of HASH-1.
In order to form a functional DNA binding complex
ASH-1 has to heterodimerize with other bHLH tran-

cription factors. Additional factors, such as the MEF2
roteins, can modulate the transactivating capacity
hrough direct interaction with MASH-1, or by syner-
istic activation of target genes with neighboring
ASH-1 and MEF2 binding sites in their promoter

egion (32, 33). In an attempt to further explore this
etwork of cross-talk between different types of tran-
cription factors we screened a yeast two-hybrid cDNA
ibrary from neuroblastoma cells for proteins interact-
ng with HASH-1. Two of the isolated clones encoded
2-2, a bHLH transcription factor belonging to the
-protein family. The interaction was verified both in
itro using GST pulldown assays, and in vivo using the
ammalian two-hybrid system. We also showed that
2-2 and HASH-1 form a functional E-box binding
omplex with transactivating activity.
These results raise several questions regarding the

ormation of dimeric complexes between HASH-1 and
-proteins. Despite a low, but detectable expression of
47 in SH-SY5Y cells, from which the yeast two-hybrid

ibrary was derived, no E12/E47 encoding clones were
solated when screening with HASHDC as a bait. This
ould however partly be explained by our finding that a
ombination of HASH-1 and E47 in the yeast two-
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29
ctivation (data not shown). Since interaction between
ASH-1 and E47 was readily detected in the mamma-

ian two-hybrid system, in line with previously pub-
ished data (29), one might speculate that factors
resent in mammalian cells facilitating HASH-1/E47
omplexes are missing in yeast cells. In pulldown ex-
eriments using SK-N-BE(2) cell extracts we could
how that both E12/E47 and E2-2 bound to GST-
ASHDC. Since these experiments are made with dif-

erent antibodies, a quantitative estimation of the rel-
tive abundance of the different protein complexes is
ifficult to perform. In order to circumvent these prob-
ems we therefore analyzed GST-HASHDC interacting
roteins using 35S-labeled SK-N-BE(2) cell extracts.
he most prominent band obtained in these experi-
ents corresponded to the size of E2-2, suggesting that
2-2, and not E12 or E47, is the preferred interaction
artner of HASH-1 in neuroblastoma cells (Fig. 7C).
ore specific biochemical assays are however needed

or a quantitative assessment of the binding affinities
etween HASH-1, E2-2 and the E2a gene products.
There are several different splice-variants of E2-2,
ith or without an additional exon of 4 amino acids

RSRS) just upstream of the basic domain (20). These
plice-variants differ in their transactivating potential
s shown in previous reports (21, 27). The full-length
lone described in this paper represents a long splice-
ariant without RSRS, as described by Corneliussen et
l. (20), and the E-box reporter data presented here
how that this variant forms a transactivating complex
ogether with HASH-1 (Fig. 5). These experiments also
emonstrate that a homodimeric complex of E2-2 does
ot transactivate the E-box reporter construct, in line
ith previous studies on E2-2 using a B-cell-specific
-box containing reporter plasmid (34). Furthermore,
ecently published data show that homodimeric E2-2
ithout RSRS not only lacks transcriptional activity,
ut also inhibits transcription of MCK enhancer con-
rolled reporter genes (35). It is therefore possible to
nvisage a situation in neuronal cells where E2-2 lack-
ng RSRS, repress transcription of target genes by
orming a homodimeric complex. By increased expres-
ion of tissue-specific bHLH proteins, such as HASH-1,
HASH-1/E2-2 complex is formed which is capable of

ransactivating the same target genes. We are cur-
ently investigating which splice-variants of E2-2 that
re predominantly expressed in neuroblastoma cells,
nd whether they repress or transactivate reporter
ene activity.
To elucidate the biological function of E2-2, knock-

ut mice have been produced. These mice are born with

anel). The size of E2-2 using crude cell extract was determined by
mmunoblotting using a monoclonal anti-E2-2 antibody (right panel).
ize markers (in kilodaltons) are shown.
FIG. 7. GST pulldown assays confirming the HASH-1/E2-2 in-
eraction. (A) Western blot analyses of extracts from neuroblastoma
ell lines. Extracts were prepared from SH-SY5Y and SK-N-BE(2)
euroblastoma cells. After SDS–PAGE, the proteins were detected
sing antibodies directed towards E2-2, E12/E47 or MASH-1. (B)
K-N-BE(2) cell extract was incubated with GST or GST-HASHDC
lutathione-sepharose beads and the bound proteins were subjected
o 7.5% SDS–PAGE. Crude cell extract from SK-N-BE(2) cells was
un in a parallel lane. The proteins were transferred to a nitrocellu-
ose membrane and the immunodetection was performed using a

onoclonal anti-E2-2 antibody or a monoclonal anti-E12/E47 anti-
ody. Size markers (in kilodaltons) are shown. (C) 35S-methionine in
ivo labeled cell extract from SK-N-BE(2) was incubated with GST or
ST-HASHDC coupled to glutathione-sepharose beads. After exten-

ive washing, bound proteins were released by boiling and separated
n a 7.5% SDS–PAGE gel. Crude cell extract from unlabeled SK-N-
E(2) cells was run in a parallel lane. The proteins were transferred

o a nitrocellulose membrane and subjected to autoradiography (left
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heir first postnatal week (36). Since our data suggest
role for E2-2 as being a functional partner of

ASH-1, we investigated whether the E2-2 knock-out
ice showed any defects in the sympathetic nervous

ystem that could be attributed to a functional inter-
ction with HASH-1. We could however not detect any
pparent structural changes or loss of cells in sympa-
hetic ganglia, when serial sections were analyzed af-
er immunohistochemical staining using an anti-
yrosine hydroxylase antibody (data not shown).

Albeit expressed in many tissues, some evidences
ndicate that E2-2 might have a specific function in
euronal tissues. Firstly, E2-2 is expressed at rela-
ively high levels in the brain compared to the expres-
ion in most other tissues (27), and secondly, E2-2 has
een shown to bind and regulate some neuron- and
euroendocrine-specific promoters, including the ty-
osine hydroxylase enhancer and the somatostatin re-
eptor II promoter (37, 38). In a recent study, Liu et al.
1998) reported the binding of E2-2 to the fibroblast
rowth factor promoter FGF-1.B (27). This promoter is
pecifically active in defined regions of the brain, and
he FGF-1.B transcript has been found in the brain,
liomas and some glioblastoma cell lines (27). Interest-
ngly, when crude extracts from brain were used in
MSAs using an E-box from the FGF-1.B promoter, an
2-2 containing complex was detected, and the authors

onclude that E2-2 was associated with an unknown
euron-specific bHLH protein (27). In light of our data
egarding the avid interaction between HASH-1 and
2-2 in neuroblastoma cells and the significant expres-
ion levels of both genes in the developing brain, we
ypothesize that the unknown partner to E2-2 could be
ASH-1.
Taken together, our study shows that HASH-1 can

orm a functional complex together with E2-2 as well
s with E12 or E47, but in neuroblastoma cells E2-2
ight be the preferential interaction partner. Further-
ore, the splice-variant of E2-2 isolated from neuro-

lastoma cells does not activate an E-box reporter gene
s a homodimer, but in complex with HASH-1 a potent
ransactivating complex is formed. This leads to a
odel where the regulation of bHLH neuronal target

enes can be governed by several parameters, includ-
ng not only expression levels of tissue-specific bHLH
roteins, but also the expression levels and splice-
attern of the E-proteins.
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