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Previous work had identified a corepressor, NAB1, which represses transcriptional activation mediated by
NGFI-A (also known as Egr-1, zif268, and Krox24) and Krox20. These zinc finger transcription factors are
encoded by immediate-early genes and have been implicated in a wide variety of proliferative and differentiative
processes. We have isolated and characterized another corepressor, NAB2, which is highly related to NAB1
within two discrete domains. The first conserved domain of NAB2 mediates an interaction with the R1 domain
of NGFI-A. NAB2 represses the activity of both NGFI-A and Krox20, and its expression is regulated by some
of the same stimuli that induce NGFI-A expression, including serum stimulation of fibroblasts and nerve
growth factor stimulation of PC12 cells. The human NAB2 gene has been localized to chromosome 12q13.3-
14.1, a region that is rearranged in several solid tumors, lipomas, uterine leiomyomata, and liposarcomas.
Sequencing of the Caenorhabditis elegans genome has identified a gene that bears high homology to both NAB1
and NAB2, suggesting that NAB molecules fulfill an evolutionarily conserved role.

Transcriptional control plays a vital role in regulating fun-
damental cellular processes such as proliferation, differentia-
tion, and cell death. Changes in gene expression are often
effected by altering the expression level, activity, and/or nu-
clear localization of transcription factors that bind to promoter
and enhancer regions. In addition, many transcription factors
are regulated by direct interactions with other proteins which
modulate the level of transcriptional activation.

A subclass of these cofactors, called corepressors, repress
the activity of transactivators with which they interact, or even
turn an activator into a transcriptional repressor. For example,
the recruitment of Rb to a promoter by E2F disrupts interac-
tions of nearby transcription factors with the basal transcrip-
tion initiation complex (52). In this manner, the Rb-E2F com-
plex represses transcription of several genes involved in DNA
replication (51). Similarly, two recently discovered corepres-
sors, N-CoR and SMRT, interact with the hinge regions of the
thyroid and retinoic acid receptors and mediate repression by
the unliganded forms of these receptors (7, 16). One of the
best-characterized examples of corepression is the Ssn6/Tupl
complex in the yeast Saccharomyces cerevisiae. These two pro-
teins are involved in transcriptional repression of a variety of
genes, including genes regulated by glucose, DNA damage,
mating type, and other signals. The Ssn6/Tupl complex is re-
cruited to glucose-repressible promoters by an interaction be-
tween Ssn6 and Migl, a zinc finger DNA-binding protein. The
repression function has been shown to reside in the Tupl
protein, because it will repress transcription in the absence of
Ssn6 if tethered to a promoter by fusion to a DNA-binding
domain (46). The Migl protein acts as a potent activator in an
ssn6 mutant strain, suggesting that Migl is a transactivator
which is converted to a repressor by association with the Ssn6/
Tupl complex (45).
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Recent work from our laboratory has identified a novel
corepressor, NAB1 (34), which represses transactivation by
NGFI-A (24), a zinc finger transcription factor (also known as
Egr-1, Krox24, and zif268) that is rapidly induced by a variety
of extracellular stimuli (reviewed in reference 14). Mitogenic
stimuli such as serum, platelet-derived growth factor, epider-
mal growth factor, and fibroblast growth factor result in
sharply increased NGFI-A expression (5, 8, 20). In addition,
NGFI-A is induced in response to agents which trigger differ-
entiation pathways. NGFI-A expression is activated in nerve
growth factor (NGF)-stimulated differentiation of PC12 cells
(5, 6, 24), during differentiation of preosteoblastic cells (43),
and also during B-cell maturation (39, 40, 48). NGFI-A has
been implicated in macrophage differentiation (17) and regu-
lation of growth arrest and apoptotic pathways in melanoma
cell lines (26, 38) and has been shown to be required for
regulation of pituitary gonadotropin production (19). Krox20,
a closely related zinc finger protein, is also repressed by NABI1.
Krox20 has been shown to play a critical role in both hindbrain
segmentation and myelination of peripheral neurons (36, 44).

The existence of a corepressor of NGFI-A was first sug-
gested by the finding that deletion of a segment of NGFI-A
(termed the R1 domain) increases its activity more than 10-
fold (15, 33). Subsequently, a screen of a yeast two-hybrid
library by using the R1 domain identified NABI1, which was
found to repress transactivation by NGFI-A and Krox20 in
cotransfection experiments (34). In this study, we have identi-
fied a clone which codes for a protein, named NAB2, that bears
sequence similarity to NAB1. We show that a NAB2 domain
that is highly homologous to the corresponding region of NAB1
mediates an interaction between NAB2 and the NGFI-A R1
domain and that NAB2 also represses transactivation by
NGFI-A. In contrast to NABI1, which is constitutively ex-
pressed, the expression level of NAB2 is increased by some of
the same stimuli which rapidly induce NGFI-A, such as serum
stimulation of fibroblasts and NGF stimulation of PC12 cells.
These results suggest that NAB2 may play a role in downregu-



lating the burst of NGFI-A activity which accompanies prolif-
erative and differentiative signals.

MATERIALS AND METHODS

Isolation and sequence analysis of NAB2. Genomic P1 clones for mouse
NABI were isolated by Genome Systems Inc. Sequencing of one these isolates
showed that it was not NAB1 but rather a related gene which we called NAB2.
The sequence was found to be almost identical to that of a human expressed
sequence tag (Drop9) which had previously been deposited in GenBank (acces-
sion number X70991). We then isolated and sequenced NAB2 ¢cDNA clones
from mouse and human brain cDNA libraries. To determine the 5’ ends of the
mouse and human mRNA sequences, we employed Marathon RACE (rapid
amplification of cDNA ends) (Clontech) from mouse brain and human placental
c¢DNA:s, using two nested primers. The following primers were used according to
the manufacturer’s protocol for the initial PCR from mouse brain and human
placental cDNA, respectively: CTTGAAAAGTGGGATGCTGGAGACGGGC
and GAACTGGGCAGCAGCCTCGTTGATGGTG. A second PCR using nest-
ed primers, GCCAGCCTCACACAGCTGCTGTACATC (mouse) and CTTCT
CTCCAAGTTCAAGGGGGC (human), on the products of the first reaction
was used to obtain DNA fragments which were subcloned and sequenced. The
addition of 5% dimethyl sulfoxide to both reactions increased the yield and size
of the RACE PCR products, presumably because the 5’ untranslated region of
NAB?2 is relatively GC rich. All sequencing was performed with an Applied
Biosystems model 373 automated DNA sequencer. Sequence comparisons were
performed with BLAST (1), using the default parameters, to search the National
Center for Biotechnology Information nonredundant protein and DNA data-
bases. A search for protein motifs was performed with PROSITE (2). Sequence
alignments were produced by using the DNASTAR program. Data on the
genomic structure of mouse NAB2 will be published elsewhere (43a).

In the analysis of alternatively spliced NAB2 [NAB2 (A.S.)] (Fig. 7), the NAB2
ORF (open reading frame) was amplified from the indicated mouse cDNA
samples by using the following primers: GGGCAGTGCTCGAAGCTTTAGCC
and TCACTGCCGGCTGGCTTCTGCCTCCAC. The amplification produced
two PCR products, corresponding to the full-length and alternatively spliced
forms of NAB2, and both were subcloned and sequenced.

To create an expression vector for NAB2, the coding region of human NAB2
was amplified from human placental cDNA by PCR using primers derived from
the Drop9 sequence (GCCAACCTCCTTTCCTACTATG and GGCGAAGCT
TCTGCCGGCTGGCCTCAGCCTC). The resulting fragments (either full length
or alternatively spliced) were combined with the 5’ end of the human cDNA
obtained by RACE and cloned into the cytomegalovirus (CMV)-driven expres-
sion vector pCB6 (4) to make pPCMVNAB2 and pPCMVNAB?2 (A.S.).

Yeast two-hybrid analysis. Fusions of the R1 domain of NGFI-A (or a version
containing the Ile-293—Phe [I293F] mutation) with the Gal4 DNA-binding
domain (DBD) have been described elsewhere (34). Fragments encompassing
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1 IMHRAPSPTAEQPPGRGDNTRRTPQPRFKASAPAMALPRTLGELQLYRVLQ‘mouse
1 MHRAPSPTAEQPPGIGIGDISAIRRTILIQPR|LIKIPISAJRIAMALPRTLGELQLYRVLQ human
S1 ‘RANLLSYYETFIQQGGDDVQQLCEAGEEEFLEIMALVGMATKPLHVRRLQmouse
51 RANLLSYYETFIOQQGGDDVQOQLCEAGEEEFLETIMALVGMATKPLHVRRLQ|human
101’KALREWATNPGLFSQPVPAVPVSSIPLFKISETAGTRKGSMSNGHGSPGEmouse
101 KALREWATNPGLFSQPVPAVPVSSTIPILFKISETAGTRKGSMSNGHGSPGE]| human
151|KAGSARSFSPKSPLELGEKLSPLPGGPGAGDPRIWPG STPESDVGAGGE| mouse
151 KAGSARSFSPKSPLELGEKLSPLPGGPGAGDPRIWPGIRISTPESDVYVGAGGE| human
201 EEAGSPPFSPPAGGGVSEGPGVGGVAAGGAGGCPDRLEPEMVRMVYVESVE|mouse
201 EEAGSPPFSPPAGGGVIPEGITIGIAIGGILIAAGGIT|IGGIGIPDRLEPEMVRMVYVESVE|human
251|RIFRSFPRGDTGEIASLLKLNKKLARSVGHIFEMDDHDAQKEEEIRKYS’ﬂmouse
251 RIFRSFPRGDIA[GEIVT|ISLLKLNKKLARSVGHIFEMDDINIDISIQKEEETIRKYS|I human
301 IYGRLDSKRREGKQLSLHELTINEAAAQFCMRDNTULLLRRVELFSLSRQV|mouse
301 IYGR/FIDSKRREGKQLSLHELTINEAAAQFCMRDNTLLLRRVELFSLSRQV| human
351}ARESTYLSSLKGSRLHSEELGGPPLKKLKQEVGEQSHNEIQQPPPGPESY]mouse
351 ARESTYLSSLKGSRLHPIEELGGPPILKKLKQEVGEQSHPIEIQQPPPGPES Y]|human
401|AIPPYRPSLEEDSASLSGESLDGHLQAVGSCPRLTPPPADLPLALPAHGLW'mouse
401 VIPPYRPSLEEDSASLSGESLDGHLQAVGSCPRLTPPPADLPLALPAHGLW human
451[SRHILQQTLMDEGLWLARLVSHDRVGRLSPCVPAKPPLAEFEEGLLDRCP‘mouse
451 [SRHTLQQTLMDEGL/RILARLVSHDRVGRLSPCVPAKPPLAEFEEGLLDRCEP| human
Sﬁlli\PGPHPALVEGRRSSVKVEAEASRQ mouse
501 APGPHPAILVEGRRSSVKVEAEASRDOQ human

FIG. 1. Protein sequences of mouse and human NAB2. Residues which are identical are boxed.

NAB conserved domain 1 (NCD1) of mouse NABI (residues 7 to 133) and
NCD1 of Caenorhabditis elegans NAB (residues 1 to 100) were fused to the Gal4
DBD by subcloning them into EcoRI-BamHI-digested pAS-1 (10). Fragments
encompassing NCD1 of mouse NAB2 (residues 33 to 156), NCD1 of mouse
NABI (residues 7 to 105), and the R1 domain of NGFI-A (residues 269 to 304)
were fused to the Gal4 activation domain by subcloning them into NotI-Xhol-
digested pBM2462 (21). These constructs were transformed into yeast strain
YM2632 (MATa ura3-52 his3-200 ade2-101 lys2-801 leu2-3,112 trp1-901 met2
gal4-542 gal80-538 Can', LEU2::GALI-lacZ) provided by Mark Johnston, Wash-
ington University. The resulting strains were grown in selective medium, and
lacZ expression from the GALI-driven reporter gene was measured as previously
described (32). Measurements are the averages of duplicate assays.

Transfections. Expression vectors for wild-type and mutant NGFI-A (I1293F),
Krox20, and the luciferase reporter construct containing two NGFI-A binding
sites have been described previously (33). All transfections were performed in
CV-1 cells essentially as described previously (33), using 20 ng of the NGFI-A or
Krox20 expression plasmid, 500 ng of the luciferase reporter, 100 ng of a CMV-
driven lacZ reporter, and the indicated amounts of the NAB2 expression plas-
mid. Bluescript plasmid (Stratagene) was added as required to make a total of 2
wg of DNA per transfection. Transfections were performed in six-well plates
(Corning), using 6 X 10* cells per well. The luciferase activity of each sample was
normalized to the B-galactosidase activity from the transfected lacZ reporter.
The background activity from a transfection with the reporter gene alone was
subtracted from the activities obtained in the presence of cotransfected NGFI-A.

Cell culture and RNA analysis. African green monkey CV-1 cells were cul-
tured as previously described (27). Culture and stimulation of rat pheochromo-
cytoma PC12 cells with NGF (a gift from Eugene Johnson, Washington Univer-
sity) were carried out as previously described (23, 24). Serum stimulation of
murine fibroblast NIH 3T3 cells was performed by plating 7 X 10° cells onto
10-cm-diameter plates, culturing them for 72 h in Dulbecco modified Eagle
medium containing 0.5% fetal calf serum, and stimulating them with medium
containing 20% fetal calf serum. Plates were washed three times in phosphate-
buffered saline (PBS) prior to harvest. RNA and protein were purified by using
the Tri reagent (Molecular Research Center, Inc.) according to the manufactur-
er’s instructions. RNA blot analysis was performed with 15 pg of total RNA per
lane, using an MscI fragment (1,000 bp) from the mouse NAB2 gene as a probe.
The NGFI-A probe was a 1,400-bp Ncol-Mscl fragment. The hybridized blots
were analyzed with a Molecular Dynamics PhosphorImager.

Antibody production and immunoblot analysis. Antibodies against NAB2
were prepared by immunizing rabbits with a peptide containing a cysteine fol-
lowed by NAB2 residues 147 to 161 [NAB2 (147-161)] and coupled to keyhole
limpet hemocyanin (Calbiochem). Affinity purification of NAB2 antibodies was
carried out with the same peptide coupled to Sulfolink resin (Pierce). Protein
samples were extracted from Tri reagent protein pellets with Laemmli buffer,
boiled for 5 min prior to electrophoresis through a sodium dodecyl sulfate-10%
polyacrylamide gel, and then transferred to nitrocellulose membranes (Midwest
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NCD1 NCD2
7
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NAB1 | Y |
%
c.elegnae [N %z
NAB Conserved Domain 1
mouse NAB2 ALPRTLGELQLYRVLOQ NLLSYYHREFIQQGGDDVQQL CE
mouse NAB1 ALPRTLGELQLYRHMLOQ NLLSYEoI¥FIQoGcGDDVQQL CE Y
C. eleg NAB P TLAT RliMS v [N ANENS NLEIREY vy of8F 180 ¢ ¢ p oo RN
mouse NAB2 AGEEEFLEIMALVGMA PLHVRRLQKALR REWES 113
mouse NAB1 AGEEEFLEIMALVGMA PLHVRRLQKALRDIWM 82
C. eleg NAB  C E (IR [N IINERS | pLHVRREOEAA L I IR 80
NAB Conserved Domain 2
mouse NAB2 LL KN KKLALES DIOGNO MYk e e £ TRK YSNAI Y G R[HD ELD
mouse NAB1 LLKNNKKLA KN I F0PPIKEEETRKYSAIYGREFD [EE]
C. eleg NAB v QIUK[ErR vSEdeMrec Lk cHP A THIS MIH A FINSENSEKIEIY 331
mouse NAB2 R E Y e cThve aan ol dc YD Vil C MR e L F L EES
mouse NAB1 D M TeHELTYNEAAAQLCNMED NIYL L TRRDE L FIYL EEE
C. eleg NAB T WA T HERTvNEAAAQL CIMIICES: L TRR DEL F[J [V
mouse NAB2 s B3~ 3 s 356
mouse NAB1 ARQVMNREM 309
C. eleg NAB IMEII VKDAG 431

FIG. 2. NAB family members contain two evolutionarily conserved domains. The positions of NCD1 and NCD2 in NAB1, NAB2, and C. elegans (C. eleg) NAB
are shown in the diagram. The sequences of NCD1 and NCD?2 are shown below; amino acids that are identical in at least two of the three sequences are shaded. The

C. elegans NAB sequence was derived from GenBank accession number Z50795.

Scientific). Membranes were blocked in Tris-buffered saline-Triton (TBST; 25
mM Tris-HCI [pH 7.4], 145 mM NaCl, 5 mM KCl, 1% Triton X-100) containing
5% milk prior to incubation with TBST containing 3% milk and 1 pg of affinity-
purified NAB2 antiserum per ml. The protein blots were washed five times in
TBST, incubated with horseradish peroxidase conjugated anti-rabbit immuno-
globulin G (Jackson ImmunoResearch Laboratories, Inc., West Grove, Pa.),
washed five times in TBST, and visualized by chemiluminescence detection
(Amersham). An identical blot was incubated with the primary antibody in the
presence of an excess of the NAB2 (147-161) peptide, and this competition assay
confirmed the identity of the band as NAB2.

Immunofluorescence staining. NIH 3T3 cells were plated onto glass coverslips
and starved of serum as described above. Medium containing serum was then
added to the cells for 1 h. Both serum-starved and serum-stimulated cells were
washed with PBS and then fixed for 20 min in PBS containing 1% paraformal-
dehyde, 100 mM L-lysine, 10 mM sodium meta-periodate, and 1% saponin. After
being rinsed with PBS, cells were permeabilized for 10 min in 1% Triton X-100
in PBS, washed three times in PBS, and stored overnight in 10% fetal calf serum
in PBS. Coverslips were inverted (cell side down) onto 50-pl drops of primary
antibody and incubated for 2 h at 25°C. Primary antibodies were diluted 1:500
(NAB2 antibody) and 1:1,000 (NGFI-A antibody [9]) in PBS containing 10%
fetal calf serum. Coverslips were washed three times with PBS, inverted onto
50-pl drops of donkey anti-rabbit secondary antibody Cys3 (Jackson ImmunoRe-
search Laboratories), diluted 1:4,000 in PBS with 10% fetal calf serum, and
incubated for 1 h at 25°C. After three washes in PBS, coverslips were rinsed
briefly in distilled water and mounted for fluorescence microscopy onto an
antifading mountant. Parallel coverslips incubated with the secondary antibody
alone showed negligible staining.

FISH localization. Chromosomes were obtained from peripheral lymphocyte
cultures after methotrexate-thymidine release treatments and used for fluores-
cence in situ hybridization (FISH) as described previously (29, 54). The probes
were labeled by nick translation with biotin-dUTP or digoxigen-11-dUTP. The
slides were pretreated with RNase, denatured in 2X SSC (1X SSC is 0.15 M
NaCl plus 0.015 M sodium citrate)-70% formamide for 2 min at 70°C, and
hybridized with the DNA probe (200 ng) in 2X SSC-50% formamide-10%
dextran sulfate-2X Denhardt’s solution-1% Tween 20 for 18 h at 37°C. Biotin-

and digoxigenin-labeled DNAs were detected by fluorescein isothiocyanate-con-
jugated avidin DCS (Vector Laboratories) and rhodamine-conjugated anti-
digoxigenin (Boehringer Mannheim, Inc.), respectively. Chromosomes were
counterstained with propidium iodide or diaminophenylindole (DAPI) and ex-
amined with an Olympus BH2 epifluorescence microscope. For each chromo-
somal spread, two consecutive 8-bit grayscale images (fluorescein isothiocyanate
and propidium iodide, rhodamine, and DAPI) were recorded by an intensified
charge-coupled device camera. To identify the labeled chromosomes, prepara-
tions were rehybridized with specific chromosome-painting probes (53), and
previously observed labeled metaphases were rerecorded. Selected sets of cor-
responding raw images were then digitally enhanced for sharpness and contrast
and merged (GeneJoin MaxPix). To precisely assign the location of fluorescent
signals to specific chromosome bands, a recently reported method for direct
visualization (55) was used. Final composite digital images were printed on a
Tektronix Phase IISDX dye sublimation printer.

Nucleotide sequence accession numbers. The nucleotide sequences of mouse
NAB?2 (U47543), human NAB2 (U48361), mouse NAB1 (U47008), and human
NABL1 (U47007) have been deposited in GenBank.

RESULTS

NAB1 and NAB2 are highly homologous within two do-
mains. The NAB1 gene was previously identified through a
yeast two-hybrid screen for proteins that interact with the R1
domain of NGFI-A (34). While isolating genomic clones of
mouse NABI1, we obtained a clone that encodes a highly re-
lated protein. Using the sequence of the genomic clone, mouse
and human brain cDNA libraries were screened, and the re-
sulting cDNA clones were used, along with RACE PCR prod-
ucts (13), to determine the sequence of this protein, which we
have named NAB2 (NGFI-A-binding protein 2). The mouse
NAB2 ORF codes for a protein of 525 amino acids with a
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TABLE 1. Interaction of NCD1 of NAB family members with the
NGFI-A R1 domain in the yeast two-hybrid system

Gal4 DBD Activation domain B-Galactosidase
fusion® fusion® activity (U)
NGFI-A NAB1 150.5
NGFI-A (1293F) NAB1 <0.5
NGFI-A NAB2 83.5
NGFI-A (1293F) NAB2 <0.5
NAB1 NGFI-A 61.2
C. elegans NAB NGFI-A 16.0
No insert NGFI-A <0.5

“ Residues included are described in Materials and Methods.

predicted molecular weight of 56,000 (Fig. 1). The amino acid
sequence of NAB2 contains many charged residues (24%), and
there is a high proportion of proline (10%), glycine (10%), and
serine (9%) residues as well. Analysis of the protein sequence
revealed a number of potential phosphorylation sites for cyclic
AMP-dependent protein kinase, protein kinase C, casein ki-
nase II, and proline-directed protein kinases. A partial cDNA
of human NAB?2 is present as an expressed sequence tag called
Drop9 in the GenBank database.

NAB?2 has significant homology to NAB1 within two blocks
of approximately 100 amino acids each. In Fig. 2, the se-
quences of these domains are aligned with the corresponding
domains of NAB1. In NCD1, 90% of the residues in a 79-
amino-acid segment are identical in both NAB1 and NAB2.
The sequence conservation of NCD1 is also apparent from the
interspecies variation of NAB2 (Fig. 1). Although there are 25
amino acid changes between the mouse and human sequences
of NAB2, none of these changes occur within NCD1. A second
conserved domain of 90 amino acids (NCD2) which is 72%
identical in NAB1 and NAB?2 lies C terminal to a noncon-
served spacer region. Apart from these two blocks of homol-
ogy, the sequences of NAB1 and NAB2 have diverged consid-
erably.
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Recent sequencing of the C. elegans genome has uncovered
a predicted ORF (accession number Z50795) which has high
homology to NAB1 and NAB2 within the two conserved do-
mains. As shown in Fig. 2, more than 40% of the residues in
both NCD1 and NCD2 are identical in all three proteins, and
those residues within the C. elegans protein that differ from the
mouse counterparts tend to be conservative substitutions.
Overall, the C. elegans NAB sequence is equally related to both
NABI1 or NAB2, although the NCD2 domain seems to be
more similar to that of NAB1. The fact that such high homol-
ogy has been retained throughout evolution suggests that
NAB-like proteins fulfill an important regulatory role and that
interacting partners of NAB may also be conserved.

NAB2 interacts specifically with NGFI-A. The original
NABI clone isolated from the yeast two-hybrid screen con-
tained NCD1 (34), and subsequent experiments revealed that
this domain interacts with the R1 domain of NGFI-A. Because
the sequence of the NAB2 NCDI1 closely resembles that of
NABI, we tested whether NAB2 would also interact with
NGFI-A in the yeast two-hybrid interaction assay (11, 12).
Plasmids expressing a fusion of the NAB2 NCD1 with the
activation domain of Gal4, and a fusion of the NGFI-A R1
domain with the Gal4 DBD, were constructed. Both plasmids
were transformed into a yeast strain containing an integrated
reporter gene (lacZ) with four binding sites for Gal4 in its
promoter. Coexpression of both plasmids resulted in activation
of the lacZ reporter gene well above background levels (Table
1). Quantification of the lacZ expression showed that it was
comparable to that resulting from the two-hybrid interaction
between the NCD1 of NABI and the NGFI-A R1 domain.

Previous work had identified a point mutation (I293F) in the
R1 domain which increases the activity of NGFI-A approxi-
mately 10-fold relative to the wild-type sequence in transient-
transfection experiments (33). Moreover, a full-length NGFI-
A construct incorporating this point mutation is resistant to
repression by cotransfected NAB1 (34). Incorporation of this
mutation into the NGFI-A R1/Gal4 DBD fusion disrupts its
interaction in the yeast two-hybrid system with NCD1 of both
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FIG. 3. NAB2 represses transactivation by NGFI-A and Krox20. CV-1 cells were transfected with plasmids expressing either wild-type NGFI-A, mutant NGFI-A
(I293F) (A), or Krox20 (B), a luciferase reporter containing two upstream NGFI-A binding sites, and the indicated amounts of a plasmid expressing NAB2. Normalized
luciferase activity is defined as the activity relative to NGFI-A [or NGFI-A (1293F) [A] or Krox20, [B]) in the absence of NAB2, which is set at 100%; activity of reporter
alone is set at 0%. Means and standard deviations of two independent experiments are shown. Transfection assays using two independent plasmid preparations gave
essentially identical results. Consistent with previous results (33, 34), the absolute activity of NGFI-A (I293F) in the absence of cotransfected NAB2 was more than
10-fold higher than that of wild-type NGFI-A. Transfection of higher amounts of NAB2 (100 ng) also failed to repress NGFI-A (I293F) activity (data not shown).
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FIG. 4. Tissue specificity and regulation of NAB2 expression by NGF in
PC12 cells. (A) An RNA blot of samples isolated from adult mouse brain (B),
spleen (S), testes (Te), kidney (K), thymus (Th), heart (H), and liver (L) was
hybridized with a 3?P-labeled DNA fragment derived from the mouse NAB2
cDNA. (B) PC12 cells were stimulated to differentiate by the addition of NGF
(50 ng/ml), and RNA was isolated from nonstimulated cells (0 time point) and
from cells exposed to NGF for the indicated times. An RNA blot of these
samples was probed as described for panel A. The same blot was subsequently
probed with cyclophilin, and normalization of the NAB2 signal to the amount of
cyclophilin mRNA showed that NAB2 message increased ninefold 2 h after NGF
addition.

NABI1 and NAB2 (Table 1). Disruption of NAB2 binding by
the I293F point mutation in NGFI-A provides further evidence
that the interaction between NAB2 and NGFI-A is specific.

Since NCD1 is well conserved in C. elegans NAB, we tested
whether this domain was also capable of interacting with the
NGFI-A R1 domain. As shown in Table 1, NCD1 of C. elegans
NAB interacts with the NGFI-A R1 domain in the yeast two-
hybrid system. Therefore, interactions between NAB homo-
logs and proteins bearing R1-like domains are functionally
conserved, presumably as a result of selective pressure to main-
tain such interactions throughout evolution.

NAB2 represses NGFI-A and Krox20. Because NAB2 was
capable of interacting with NGFI-A, we proceeded to examine
whether NAB2 could also repress NGFI-A transcriptional ac-
tivity. The human NAB2 coding region was placed under the
control of the CMV promoter and cotransfected with a plas-
mid expressing NGFI-A. NGFI-A activity, as measured using a
luciferase reporter plasmid containing two NGFI-A binding
sites fused to a minimal promoter, was repressed by NAB2 in
a dose-dependent manner (Fig. 3A). This repression was not a
global effect on transcription, because transcription of a lacZ
reporter gene driven by either the Rous sarcoma virus or CMV
promoter was unaffected by similar levels of NAB2 (data not
shown). Like NAB1 (34), NAB2 failed to repress NGFI-A
(I293F), demonstrating that repression of NGFI-A activity de-
pends on an interaction between NAB2 and NGFI-A. To fur-
ther compare NAB2 with NABI1, we tested the ability of NAB2
to repress transactivation by Krox20, a zinc finger protein that
is closely related to NGFI-A. Similar to the results for NAB1
(34), NAB?2 repressed transactivation by Krox20 (Fig. 3B).

Regulation of NAB2 expression. A low level of NABI1
mRNA expression is found in most tissues of the adult mouse
(34). To determine whether NAB2 expression is similarly wide-
spread, a blot of RNA samples isolated from various adult
mouse tissues was hybridized with a probe for NAB2 (Fig. 4A).
NAB2 mRNA is most highly expressed in the brain and thy-
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mus, with significant expression also in the spleen, kidney,
heart, and testes. In contrast to NABI, there appears to be
little expression of NAB2 in the liver. The high levels of NAB2
mRNA in the brain and thymus are similar to the expression
pattern of NGFI-A (50), indicating that NAB2 and NGFI-A
are coexpressed in these tissues.

NGFI-A was originally identified as an immediate-early
gene that is induced when PC12 cells are induced to differen-
tiate by the addition of NGF (24). To test whether NAB2
expression is regulated by the same stimuli which activate
NGFI-A expression, RNA was isolated from PC12 cells at
several time points after NGF addition and an RNA blot was
hybridized with a probe for NAB2 (Fig. 4B). The level of
NAB2 mRNA increased approximately ninefold within 2 h
after NGF addition. In contrast, probing the same blot for
NGFI-A mRNA showed that it increased rapidly and peaked
within 30 min after addition of NGF (data not shown) (5, 24,
42), demonstrating that the increase in NAB2 mRNA levels
was delayed relative to the peak of NGFI-A expression. NAB1
mRNA was detected in PC12 cells, but its expression level did
not appear to be regulated by NGF (data not shown).

Because mitogenic stimuli also rapidly increase NGFI-A
levels (14), we tested whether NAB2 expression is similarly
regulated by depriving NIH 3T3 fibroblasts of serum for 72 h
and then inducing proliferation by the addition of 20% serum.
As demonstrated previously (5, 18, 20), NGFI-A mRNA in-
creased from virtually undetectable levels to very high levels of
expression within 30 min after serum addition (Fig. SA). NAB2
mRNA exhibited a threefold increase after 1 to 2 h of serum
stimulation, and again the peak of expression was slightly de-
layed relative to that of NGFI-A mRNA. The level of NAB2
mRNA reproducibly decreased 4 h after serum stimulation and
then eventually reached the steady-state level observed in cy-
cling cells.

..-... NAB2

NGFI-A
B.

S 05 1 2 4 6 8

B a8 NAB2

FIG. 5. NAB2 expression is stimulated by serum stimulation of NIH 3T3
fibroblasts. NIH 3T3 cells were starved of serum for 72 h and then stimulated by
addition of 20% serum. Both RNA and protein were isolated from cycling,
nonstarved cells (C), from serum-starved cells (S), and from serum-stimulated
cells at the indicated time points. (A) An RNA blot of these samples was serially
hybridized with probes for mouse NAB2 and for NGFI-A. The same blot was
subsequently probed with cyclophilin, and normalization of the NAB2 signal to
the amount of cyclophilin mRNA showed that NAB2 message increased three-
fold after serum stimulation. (B) A protein blot of these samples was probed with
an affinity-purified rabbit anti-NAB2 antibody.
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stimulated

starved

NAB2

NGFI-A

FIG. 6. Nuclear localization of NAB2. Serum-starved and serum-stimulated NIH 3T3 cells were fixed, permeabilized, and stained for endogenous NAB2 or NGFI-A
as indicated. Protein levels of both NAB2 and NGFI-A are dramatically increased in the nucleus following serum stimulation. NGFI-A staining in starved cells is largely
perinuclear, whereas the staining in stimulated cells appears to be both perinuclear and nuclear. Magnification is X320.

To determine whether the modest increase in NAB2 mRNA
observed in serum-stimulated NIH 3T3 cells was accompanied
by a similar increase in NAB2 protein levels, we monitored
NAB2 protein expression by using a polyclonal antibody raised

against the NAB2 (147-161) peptide. A protein blot containing
lysates isolated from NIH 3T3 cells at various times after
serum stimulation demonstrated that the level of NAB2 pro-
tein increased dramatically after serum stimulation (Fig. 5B).
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FIG. 7. NAB2 (A.S.) does not repress NGFI-A. (A) The exon structure contained within full-length and alternatively spliced NAB2 (A.S.) is shown at the top. NAB2
(A.S.) lacks a short 134-bp exon (exon 3) which lies just 3’ to the major exon that codes for the first 291 amino acids of full-length NAB2. Coding regions are shown
by open boxes, and nontranslated regions are shaded. The alternative splice shifts the reading frame and results in a truncated protein product with the following
C-terminal sequence: . . . RREGKQLSLHEASPstop. The ethidium bromide-stained agarose gel shows the PCR products obtained from cDNA isolated from mouse
testes (Te), kidney (K), and thymus (Th), using the primers depicted in the diagram. The lane marked M contains molecular weight markers (HindIII-EcoRI-digested
lambda DNA). (B) NAB2 (A.S.) was subcloned into the CMV-driven expression vector and was tested for its ability to repress transactivation by cotransfected NGFI-A.
CV-1 cells were transfected with a plasmid expressing NGFI-A and the indicated amounts of plasmids expressing either NAB2 or NAB2 (A.S.). Normalized luciferase
activity is defined as the activity relative to NGFI-A in the absence of NAB2, which is set at 100%; activity of reporter alone is set at 0%. Means and standard deviations
of two independent experiments are shown. Transfection of higher amounts of NAB2 A.S. (100 ng) also failed to repress NGFI-A activity (data not shown).
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In fact, the induction of NAB2 protein was higher than would
be predicted from the observed increase in NAB2 mRNA.
Furthermore, the increase in NAB2 protein appeared to
slightly precede the observed increase in the steady-state levels
of NAB2 mRNA. Therefore, posttranscriptional regulation,
such as increased protein stability or enhanced translation ef-
ficiency, may also be involved in the increase in NAB2 protein
levels. NAB2 protein appears as a doublet on the gel, which
could reflect phosphorylation of some of the potential kinase
sites in the NAB2 sequence. Immunohistochemical analysis of
serum-stimulated NIH 3T3 cells with the same antibody (Fig.
6) revealed an increased intensity of NAB2 staining after 1 h of
serum stimulation, confirming the strong induction of NAB2
protein. These experiments also demonstrate that NAB2, like
NGFI-A and NABI1 (22, 34), is principally localized in the
nucleus.

NAB2 (A.S.) is unable to repress NGFI-A. Amplification of
a DNA fragment containing the NAB2 ORF from mouse
cDNA samples yielded PCR products of two different sizes
(Fig. 7A). Aside from the expected fragment of 1,125 bp, a
shorter PCR product of 990 bp was also present. Subcloning
and sequencing of the shorter PCR fragment showed that it
was derived from the NAB2 ORF but that it contained an
internal deletion of 134 nucleotides. Analysis of the mouse
NAB?2 genomic sequence revealed that the deleted sequence
constitutes an exon starting at amino acid 320 which is absent
in the shorter NAB2 (A.S.) mRNA. Splicing out of this exon
produces a frameshift that causes a premature termination of
translation, resulting in the loss of approximately one-third of
the NAB2 protein. A PCR survey of cDNA samples obtained
from mouse tissues in which NAB2 is highly expressed shows
that although both forms can be detected in every tissue ex-
amined, the ratio between them varies. For instance, the full-
length form appears to predominate in the testis, whereas the
shorter form is more abundant in the thymus (Fig. 7A). Similar
analysis of human placental cDNA showed that a similar al-
ternatively spliced form of human NAB2 mRNA exists in an
approximately 1:1 ratio with the full-length product (data not
shown).

Because the NAB2 (A.S.) mRNA has been detected in sev-
eral tissues, we investigated the properties of its C-terminally
truncated protein product. First, we tested its ability to repress
in cotransfection experiments (Fig. 7B) and found that coex-
pression of increasing amounts of NAB2 (A.S.) failed to re-
press NGFI-A activity. Therefore, the removal of the exon
results in production of a truncated protein which appears to
be functionally distinct from full-length NAB2. Some prelimi-
nary evidence suggests that the C-terminal truncation may
affect the subcellular localization of NAB2. Immunocytochem-
ical staining of QT6 cells (quail fibroblast cell line) transfected
with a construct expressing NAB2 (A.S.) resulted in produc-
tion of protein which was no longer localized to the nucleus but
rather appeared to be located in vesicular structures in the

FIG. 8. FISH localization of the NAB2 gene to human chromosomes. (a)
Digital image of a metaphase chromosome spread derived from methotrexate-
synchronized thymidine-released normal human peripheral leukocytes after
FISH with a digoxigenin-labeled NAB2 probe and DAPI counterstaining. The
symmetrical rhodamine signals on sister chromatids of chromosomes 12 are
indicated by arrowheads. (b) The same metaphase showing a G-like banding
pattern after the digital image of the DAPI-counterstained chromosomes was
contrast enhanced and look-up-table inverted. The distinct banding pattern of
individual chromosomes permits direct localization of the hybridization signal to
band 12q13.3-14.1. (c) Rehybridization of the same spread with chromosome
12-painting probe confirms the identity of the labeled chromosomes (marked by
arrowheads).
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cytoplasm (1a). In contrast, a similar transfection of full-length
NAB?2 in QT6 cells showed nuclear staining of NAB2, consis-
tent with the nuclear localization of NAB2 in NIH 3T3 cells
(Fig. 6). Therefore, it seems that the C-terminal truncation of
the protein produced by NAB2 (A.S.) mRNA adversely affects
its nuclear localization and/or stability.

Chromosomal localization of the NAB2 gene. To obtain fur-
ther clues regarding the function of NAB2, the chromosomal
localization of human NAB2 was determined. Biotinylated or
digoxigenin-labeled NAB2 genomic probes were hybridized to
normal human chromosomes. Virtually all the metaphases had
two homologous chromosomes, identified by banding and
whole chromosome painting as chromosomes 12, with symmet-
rical fluorescent signal on the long arm at region q13-14 (Fig.
8). In both metaphases and prometaphases, the NAB2 gene
was localized at region 12q13.3-14.1. This region is frequently
rearranged in several solid tumors, lipomas, uterine leiomyo-
mata, liposarcomas, gliomas, and phleomorphic adenomas of
salivary glands (30, 37, 41, 47). In addition, region 12q13-15 is
a preferential site for human papillomavirus integration in
cervical carcinomas (28, 35). Microcell fusion-mediated trans-
fer of this portion of chromosome 12 into a prostate cancer cell
line has been shown to suppress its tumorigenicity (3).

DISCUSSION

The discovery of a second NAB molecule underscores the
significance of these transcriptional corepressors and provides
valuable clues to the functions of both proteins. Sequence
conservation between NAB1 and NAB2 is concentrated within
two discrete domains, whereas the remainder of the proteins
have diverged considerably. Furthermore, NCD1 of either
NABI1 or NAB2 is sufficient for interaction with NGFI-A.
Since both NAB1 and NAB?2 repress transcriptional activation
mediated by NGFI-A and Krox20, NCD?2 is a likely candidate
for mediating transcriptional repression. A detailed structure-
function analysis of NAB1 will be published elsewhere (43b).

Although NAB2 and NABI function similarly in cotransfec-
tion assays, some evidence suggests that NAB2 and NAB1 may
play distinct physiological roles. Comparison of the expression
patterns of NAB1 and NAB?2 suggests that NAB2 activity is
more closely linked to NGFI-A in vivo. Both NAB2 and
NGFI-A are highly expressed in the thymus and brain, after
NGF stimulation of PC12 cells, and after serum stimulation of
fibroblasts. The massive induction and the subsequent rapid
downregulation of NGFI-A after serum or NGF stimulation
suggest that the transient nature of its expression is a critical
aspect of its activity. Both NGFI-A mRNA and protein have
very short half-lives, and their levels decrease rapidly after the
initial burst of expression (14). The appearance of NAB2 could
be yet another mechanism by which the initial burst of NGFI-A
activity is quickly downregulated. The steady-state level of
NAB?2 protein decreases to basal levels after 4 h of serum
stimulation, suggesting that it might also have a relatively short
half-life. PEST domains have been implicated in decreasing
protein stability (31), and the C terminus of NAB2 contains
one such domain (residues 405 to 423).

A number of criteria have been used to characterize the
activities of recently discovered corepressors, and the repres-
sion of NGFI-A by NAB1 and NAB2 exhibits a number of
these properties. First, cotransfection of the corepressor leads
to the specific neutralization of the transactivator with which it
interacts (Fig. 3; references 16 and 34). Second, repression can
be relieved by overexpression of the protein domain with which
the corepressor interacts, presumably by titrating a limiting
amount of endogenous corepressor. In this case, repression
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can again be restored if the level of the corepressor is aug-
mented by transfection. This has been shown for the NGFI-
A-NABI interaction (33) as well as for the repression of the
retinoic acid and thyroid receptors by SMRT (7). Third, a
point mutation in the transactivator which abrogates interac-
tion with the corepressor (assayed either in vitro or in the yeast
two-hybrid system) also renders the thyroid receptor or
NGFI-A resistant to repression by N-CoR or NAB, respec-
tively, in cotransfection experiments, (Fig. 3; references 16 and
34). Finally, recruitment of a corepressor to a minimal pro-
moter exerts a repressive effect on basal transcription of that
promoter. For example, fusion of the N-CoR and SMRT pro-
teins with the Gal4 DBD represses activity of a basal promoter
when Gal4 sites are placed upstream (7, 16). Similarly, fusion
of the minimal R1 domain of NGFI-A to the Gal4 DBD
represses basal transcription of a similar promoter construct,
presumably through its recruitment of NAB1 and/or NAB2
(15).

In light of our results, analysis of the effects of NGFI-A and
Krox20 in various contexts must take into account the potential
contribution of NAB1 and NAB2. For example, it has previ-
ously been reported that NGFI-A activation of the thymidine
kinase promoter is observed only if the cells are serum starved
(25). One interpretation of this experiment is that endogenous
levels of NGFI-A must be depleted (in this case, by serum
starvation) before activation of the thymidine kinase promoter
by exogenous NGFI-A can be observed. However, our exper-
iments suggest another explanation, i.e., that reduction of en-
dogenous NAB levels by serum starvation may be necessary to
observe activation by cotransfected NGFI-A.

Sequencing of the C. elegans genome has identified a gene
that is highly homologous to NAB1 and NAB2 within the two
conserved domains. Interestingly, NCD1 of C. elegans NAB
can mediate an interaction with the NGFI-A R1 domain in the
yeast two-hybrid system. The rapid progress in sequencing the
C. elegans genome (49) promises to facilitate the identification
of NGFI-A homologs and other proteins which bear R1-like
domains. The conservation of both sequence and function in C.
elegans NAB strongly suggests that NAB proteins play a vital
role in controlling fundamental processes such as cell division,
differentiation, and/or apoptosis.
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