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The helix-loop-helix protein Id-1 regulates growth
and differentiation in many mammalian cells. In hu-
man fibroblasts, Id1 and Id1’, a putative splicing vari-
ant, are cell cycle regulated, essential for proliferation,
repressed by senescence, and overexpressed by some
tumor cells. To better understand 1d1, we determined
the complete sequence, transcriptional start, and lo-
calization of the human Id1 gene. Human Id1 has two
exons (426 bp and 42 bp), separated by an intron (239
bp). Id1’ results from failure to splice the intron, which
encodes 7 amino acids prior to a stop codon. Thus, Id-
1 and Id1’ proteins differ only at the extreme C-termi-
nus. Id1 transcription initiated 96 bp upstream of the
initiation AUG; 2 kb of upstream sequence stimulated
transcription of a reporter gene. Human Id1 maps to
chromosome 20 at ql1, very close to the centromere
but outside the amplicons frequently found in human

cancers. © 1997 Academic Press

Id-1 belongs to a small family of helix-loop-helix
(HLH) proteins that inhibit transcription factors of the
basic HLH (bHLH) family. bHLH transcription factors
bind DNA as homo- or heterodimers, and the HLH do-
main serves as the dimerization interface. Because the
basic regions of bHLH proteins comprise half a DNA
binding motif, dimerization is required for DNA bind-
ing and subsequent transactivation (see 1). In contrast
to bHLH proteins, Id proteins contain only a HLH do-
main and lack a basic region. Thus, heterodimers be-
tween bHLH and Id proteins cannot bind DNA or trans-
activate transcription (2-5).
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bHLH proteins belong to a large multi-gene family.
Some bHLH genes are widely expressed, whereas
others are restricted to only one or a few cell types.
By contrast, Id genes are generally expressed in mul-
tiple tissues, albeit with some tissue-specific differ-
ences in levels. Moreover, only four Id genes (ld1,
1d2, 1d3 and 1d4) have been identified in humans and
rodents. One of these, Id1, has two forms that have
been proposed to derive from alternative splicing.
Thus, there may be five Id proteins that regulate the
activity of bHLH transcription factors in diverse mam-
malian tissues (2-10).

Id1 was first identified in myoblasts, where it pre-
vented the E12/E47 bHLH proteins from dimerizing
with MyoD, a muscle-specific bHLH transcription fac-
tor (2). Signals that induce myoblasts to differentiate
repress Id1 expression, and constitutive 1d1 expression
prevents myoblast differentiation (11). 1d1 is widely
expressed among mammalian tissues. Consistent with
the findings in muscle, 1d1 expression declines when
many cell types differentiate, and constitutive 1d1 ex-
pression blocks differentiation in myeloid and B cell
precursors and mammary epithelial cells (12-14). 1d1
is mitogen-inducible in human fibroblasts, and this in-
duction is essential for cells to enter the S phase of
the cell cycle (8,15). In addition, Id1 is repressed in
senescent cells, and overexpressed by some tumor cells
(8). In most cell types, the bHLH proteins targeted by
Id1 are not yet known.

Because Id1 appears to be so important for the
growth, differentiation and senescence of mammalian
cells, we characterized a genomic clone containing the
human Id1 gene and several kb of 5’ and 3’ flanking
sequence. We report here the organization and se-
guence of the gene, its transcription start site and chro-
mosomal localization, and the activity of 2 kb of pro-
moter sequence human fibroblasts.

MATERIALS AND METHODS

Genomic library screening and sequencing. A genomic library was
made by digesting DNA from human placenta with Sau3Al and sub-
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cloning the fragments into the BamHI site in the A\EMBLIII vector.
The library (1.5 X 10° phage) was screened with the human 1d1
cDNA (8). A phage clone containing an 18 kb insert was isolated,
digested with Sacl, and analyzed by Southern hybridization. A 7.5
kb fragment containing Id1 sequence was subcloned into the Sacl
site of pBluescriptll SK (Stratagene, La Jolla) in both orientations
generating plasmids pBS-1dP-1 (3’ to 5’) and pBS-1dP-15 (5’ to 3’).
The latter plasmid was cut with BamHI, generating pBS-1dP15B,
and Pstl, generating pBS-1dP15P. T3 and T7 primers were used to
sequence areas near the polylinkers in pBS-1dP15B and pBS-1dP15P.
Further sequence was obtained by subcloning fragments into
pUC118. The open reading frame and untranslated regions were
sequenced in both orientations. Where necessary, overlapping se-
quences were obtained using appropriate primers.

Primer extension. The Id1l transcription start site was deter-
mined by primer extension using a commercial kit (Promega; Madi-
son WI1). Briefly, 10 pmol each of control (kanamycin) or 1d1 (3'TGA-
TTCTTGGCGACTGGCTG) primers were labeled with 30 uCi y**P-
ATP (3000 Ci/mmol). The primers were annealed to 2 ng control
(kanamycin) RNA or 10 ug total RNA from proliferating WI-38 hu-
man fibroblasts, respectively, at 58°C in 40 ul, extended by AMV
reverse transcriptase, and analyzed on 8% denaturing polyacryl-
amide gels, as recommended by the supplier. Labeled Hinf I-digested
$X174 DNA was run on the same gel and served as size markers.

PAC library screening. Filters containing an arrayed human PAC
library (Genome Systems, Inc., GSlI, St. Louis, Missouri) were prehy-
bridized and hybridized with the human 1d1 open reading frame
(BspHI - EcoNI fragment) labeled with *P-dCTP by random priming
(Rediprime; Amersham Corp.) (16). Briefly, each filter was hybridized
at 68°C for 16 h in 10 ml hybridization solution containing 5 x 10°
cpm of probe. The filters were washed in 2Xx SSPE, 0.5% SDS for 5
min at room temperature (RT), 2X SSPE, 0.1% SDS for 15 min at
RT, 0.1X SSPE, 0.5% SDS for 30 min at 37°C, 0.1x SSPE, 0.5% SDS
for 1 h at °68 C and 0.1x SSPE for 5 min at RT. While still damp,
the filters were wrapped in Saran wrap and exposed to film for 3
days. One positive clone was identified, and bacteria containing the
corresponding PAC was obtained from GSI (PAC-145-117, control
number 7337). PAC DNA was isolated by alkaline/lysis (Protocol 1,
GSI) for Southern analysis and FISH.

Southern analysis. DNA from PAC clone 145-117 (20 ng) or plas-
mid pBS-1dP-1 (1 pg) was digested with the indicated enzymes, pre-
cipitated and dissolved in water. Digested DNA was separated by
electrophoresis, transferred to a membrane, and hybridized over-
night at 68° C to a *?P-labeled BspHI - EcoNI Id1 cDNA fragment
(16). The membrane was washed as described for screening the PAC
library.

Fluorescence in situ hybridization (FISH). PAC clone 145-117 was
localized on human chromosomes by FISH, as described (17). Briefly,
PAC DNA was labeled with digoxigenin-dUTP (Boehringer-Mann-
heim) by nick translation (BRL Life Sciences Technology) to yield
300-800 bp fragments. The probe was hybridized to slides of normal
human metaphase spreads, and was detected by FITC-labeled anti-
digoxigenin antibody (Boehringer-Mannheim). The FITC signal was
localized by DAPI-banding and fractional length measurements, us-
ing an imaging system.

Promoter activity. Human fetal lung fibroblasts (WI-38 cells)
were transfected with pGL3, a promoter-less luciferase reporter vec-
tor (Promega, Inc.), or pld1SBs-luc, containing the I1d1 5’ region
(Sacl - BspHI fragment) (Fig. 1) upstream of the luciferase gene in
pGL3, by electroporation using positive (CMV-luc) and normalization
(CMV-Bgal) control vectors, as previously described (18). Transfected
cells were allowed to attach to 60 mm dishes for 9-12 h in 10% serum,
then were washed and shifted to fresh medium containing 10%
(growing cells) or 0.2% (quiescent cells) serum. Lysates were pre-
pared 60-94 h later. Some quiescent cells were stimulated with serum
for 2 h before lysis. Lysates were assayed for luciferase and g-galac-
tosidase and normalized for transfection efficiency as described (18).
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FIG.1. Organization of the human 1d1/1d1’ gene. The map shows
the 7.5 kb Sacl fragment cloned into pBS-1dP-15, indicating positions
of the TATA box, polyadenylation sites, and restriction enzyme cut-
ting sites for Sacl (S), Sphl (Sp), EcoRI (E), Pstl (P), BspHI (Bs),
Eagl (Eg), Kpnl (K), Spel (Se), and BamHI (B). Shown below the
map are the exons (small solid bars) and the intron, the 1d1/1d1’ pre-
mRNA, and the Id1 and Id1’ proteins (large solid bars) which differ
at the C-terminus due to differential splicing of the intron. The Sacl-
BspHI fragment used to drive luciferase expression (Table 1) is indi-
cated above the map.

RESULTS

Sequence and genomic organization of human Id-1.
The human Id1 cDNA (8) was used to isolate an 1d1-
hybridizing, 7.5 kb Sacl fragment from a human geno-
mic library. Cutting sites for several restriction en-
zymes were mapped on this fragment (Fig. 1), and
smaller fragments were subcloned for sequencing. The
sequence of the entire 7.5 kb Sacl fragment was deter-
mined by double stranded sequencing of overlapping,
smaller fragments (Fig. 2).

The Sacl fragment contained the complete open read-
ing frames of the Id1 and Id1’ ¢cDNAs isolated from
human fibroblasts (8) (Figs. 1 and 2). It also contained
2.3 kb of DNA upstream of the translation initiation
codon, and 4.5 kb of DNA downstream of the transla-
tion stop codon. Thus, the 7.5 kb Sac | fragment con-
tained the complete human Id1 gene plus several kb
of 5’ and 3’ untranslated sequence.

The sequence analysis showed that there is a classic
TATA box located 130 bp upstream of the translation
initiation codon, and a consensus transcription initia-
tor sequence (19) located about 20 bp downstream of
this TATA box (Fig. 2). Primer extension analysis using
mMRNA from normal human fibroblasts showed that the
transcriptional start site is located 96 bp upstream of
the initiation AUG (Fig. 3). About 50 bp downstream of
this transcription start site, the partial 5’ untranslated
sequence reported in the human Id1 cDNA (8) is pres-
ent. Taken together, these data suggest that the hu-
man Id1l gene initiates transcription from a classic
TATA-containing promoter, generating a 96 bp 5’ un-
translated region in the mRNA.

The 1d1 coding sequence comprises two exons: a 426
bp 5’ exon, which contains the HLH region, and a 42
bp 3’ exon. These exons are separated by a single 239
bp intron (Fig. 2). From the sequence of the intron, it
appears that 1d1’ is generated by skipping the 5’ splice
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***GAGCTCCTTTCTTTAGAGTTGTGAAAAAGATACAGAAGTTGATCAAGCCGGGTGACAGAGTAAGACCCTGTATCAT -2134
TATTATTTTATTTTGAAACAGAGTCCCACTCTGTCGCCCAGGCTGGAGTGCAGTGGCATAATCTCGGCTCACTACAACC -2055
TCCGCCTCCTGGGTTCCAGCGAGTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGGTATTACAGGTGCGCGCCACCACACC -1976
TGGCTAATTTTTCATTTTTAGTAGAGACGGGATTTCACCATGT TGGTCAGGCTGGTCTCGARCTCCTGACCTCGTGATC -1897
TGCCCACCACGGCCTCCCAAAGTGCTGGGATTACAGGCGTGAGCCACTGCGCCCGGCCCCCTGTATCCTTITTTTTTTTT -1818
TTTTTTTTGGAGACGAGTCTCACTCTGTCGCCAGGCTTGAGTGCAGTGGTGCGATCTCGGCTCACTGCAACCTCCGCCT -1739
CCCAGGTTCAAGCAATTCTCCTGTCTCAGCCTCCCGAGTAGCTGGGATTACAGGCGAACGCTACCATGCCCGGCTAATT -1660
TTTGTATTTTTAGTAGAGATGGGGTTTCACCATATTGGTCAGGCTGGTCTCGAACTCCTGACCTCAGGCAATCCACCCG -1581
CCTCGGCCTTCCAAATTGTTGGGATTACAGGCGTGAGCCACCGCGCAGCCCTTCATTTTTTAAAATAAGAAATARAATGA  -1502
AAAAAGATGATCAAGACAAACTCTTCATACAGTGCCCGCTGTACAAAGTAAGAAATTAATAATGGTCACGTTTGTGATT -1423
ATTATTTAAACACCAAGCAGATATTAAATATTAGGGCTCAGAGAGGGCATGCGACCCGCCTGAATTCACTCAGCTGCAG -1344
AGCTGGAAAGAGAACTCAGGCCTTTTTCCCCACGCTGGAAGGGGTAGCTGGGGCGGAGAGGTGGGGGGAGCGGTGARGA  —-1265
AACCCCAAGCGGCCCAAGCTGTGGGTCTGGGT TGGGAGACTCGCAGGTGTGGGGCGGGGAGGTAAGGTGACCCTTGCTC -1186
AGCGACCGCGCCCGCAAGAAACGCATTCCCAGGCCTCCCGCCCGGGGTCTGCAGGTGACGGGCTGGGGGGAGCACGGGA  -1107
ACTACCTAGACCAGTTTGTCGTCTCCATGGCGACCGCCCGCGCGGCGCCAGCCTGACAGTCCGTCCGGGTTTTATGRAT -1028
GGGTGACGTCACAGGCCTGGCGTCTAACGGTCTGAGCCGCTGGTTCAGACGCTGACACAGACCGGCCCGGGAAGGGAGG -949
GGGGAGACTGTATCTCGCAGCTGCCGCGCCGTGGGAGGGAGACCCTGCTCTGAGGTCTTTGAGAAGAAAATTTAARAAAG -870
CAGCCAAAAATGGGAAAAAACATTAAAAAATCACGARCTGTTGCAGGTTCAGGAAATTTTTGCAAGGAGCTGCAAATTC =791
AAGGTGGAATCGAATGCAGCCTCACTCCACTGCGCTCTATCTAGTTCACTTCCCAGCCACCCAGCCCCARACTTACTAG =712
ACTTTCCCGAATTAATTGCTCCCACCCGGGAGGGATCTGGGTAGGCCCTCCGGGTCTCAGGARCACGAACAGCAACATT -633
ATTTAGGAATTGAGAAAGCCCAGGGGAGCAGATGTAAAGGAGCGCCCGCTTTAAATTTCGGTCCTGATATTTGTAGATC -554
AGGGTCCGAGAAGCATCTTCCAAGAGGGTCCGGAARACCCAGGCTCTCTGGGCTATCCAGAGCCAGCCGCTTCTCCGTTC -475
GGGCCTCAATTTCTCTCATCTGTGAAATGGAGCTGGAGAAGTGAGAAAGTGAATATGGGAAAAACTGATTCCTGAGGTC -396
TTTTCATTATAAGGCAATGCCTGCTTAGCTTCCTTGCCTCCTTCCAGAGGAGCCCAGTGCGGCCCTCGCCTCTACCCGC -317
TGCCCTGCCCGGTGCCCTGCCACCGACCCACCCTTGCTGTTCTGAAACCCGGGTCGTCTTTCCACACTGCGAGCAGGCA 238
CTAGACGAGCAGGAGGCTGGACCTAGGAGCGCGGGTCACGCCCCCATGCCGCCCATTGGCTGCTTTTGAACGTTCTGAG -159
CCCGCCCCTCCGGGGGCCGTGGCGTGTTTATAAAAGACAAGCTGTGGCTCCGCACTCTCATTCCACGTTCTTAACTGTT  -80
CCATTTTCCGTATCTGCTTCGGGCTTCCACCTCATTTTTTTCGCTTTGCCCATTCTGTTTCAGCCAGTCGCCAAGAATC -1
ATG AAA GTC GCC AGT GGC AGC ACC GCC ACC GCC GCC GCG GGC CCC AGC TGC GCG CTG AAG 60
GCC GGC AAG ACA GCG AGC GGT GCG GGC GAG GTG GTG CGC TGT CTG TCT GAG CAG AGC GTG 120
GCC ATC TCG CGC TGC GCC GGG GGC GCC GGG GCG CGC CIG CCT GCC CTG CTG GAC GAG CAG 180
CAG GTA AAC GTG CTG CTC TAC GAC ATG AAC GGC TGT TAC TCA CGC CTC AAG GAG CTIG GTIG 240
CCC ACC CTG CCC CAG AAC CGC AAG GTG AGC AAG GTG GAG ATT CTC CAG CAC GTC ATC GAC 300
TAC ATC AGG GAC CTT CAG TTIG GAG CTG AAC TCG GAA TCC GAA GTT GGA ACC CCC GGG GGC 360
CGA GGG CTG CCG GTC CGG GCT CCG CTC AGC ACC CIC AAC GGC GAG ATC AGC GCC CTIG ACG 420
GCC GAG GTG AGA TCC AGA TCC GAC CAC TAG 450
ATCATCCTTATACCGACGGGGARACGGAGGCCAGAGAGGGCGTGGGCGCTTGCACCACTTCCGTCCCATCCTTGCGGGT 529
ACCTGGCTATGCGGGGGTGCCTAAGGAGCCTGGARAAAGCGCTCCCCCGTCGTGCTTCCTGGGGAAGGGGGCGTTCGCT 608
GCGCTCGGAGCGGCGTCCCTTCCAACCCGCCGGTCTCATTTCTTCTCGTTTTCACAG 665
GCG GCA TGC GTT CCT GCG GAC GAT CGC ATC TTG TGT CGC IGA 707
AGCGCCTCCCCCAGGGACCGGCGGACCCCAGCCATCCAGGGGGCAAGAGGAATTACGTGCTCTGTGGGTCTCCCCCARC 786
GCGCCTCGCCGGATCTGAGGGAGAACAAGACCGATCGGCGGCCACTGCGCCCTTAACTGCATCCAGCCTGGGGCTGAGG 865
CTGAGGCACTGGCGAGGAGAGGGCGCTCCTCTCTGCACACCTACTAGTCACCAGAGACTTTAGGGGGTGGGATTCCACT 944
CGTGTGTTTCTATTTTTTGAAAAGCAGACATTTTARAAAATGGTCACGTTTGGTGCTTCTCAGATTTCTGAGGAAATTG 1023
CTTTGTATTGTATATTACAATGATCACCGACTGARAATATTGTTTTACAATAGTTCTGTGGGGCTGTTTTTTTGTTATT 1102
AAACABATAATTTAGATGGTGGTAAAGTTGTAGTGACTTCTTGGGTTGAGGGGAGGGGCCTGGGCTGGGGGTTGACCCC 1181
TGACCCTCTTCACAGCTGGTTCTGGGAGGAGAATTGGAGGGCTACATCTGGATTGTTGCTCTTACCGGCCTGAATGAGT 1260
GTTTCCGGTGTCTTTAAAGTCTATTCTTCCCCCACCATCCCTGCCCATTTCCCTGCTCCCCAGTGTTATAAAACTARAT 1339
ACTCCAGACCTCTGGGGTTTCTCACAGTGATCATTGGGCCATCTAGATCACCTGGGGAGGTTGTTAARATGCAGATGAR 1418
CCTGCCAGGGCCCCCTCTGTATTGGGAGTAT TGAGCAAGCCATTTAAGTTGGAGAACCTGGCCGCTGGACCACCCACTT 1497
CCTTGCCAAGATGTGGATARAGTGAGACCCAGTGGAAAGGGACTTGCTTAGGGCCATAGCTTGTGAGAGGCAGTGATTC 1576
TATCACCCCATTCCCCAGTTGGAGGTGCCTCCCCCAACAGCCTACCTCTGGGTTCCAGCAGGCAGCCCTGGGGCTCCTG 1655
GCTCATCCAAGTGGGTGAGCAAGTTGGCAGGGCCAGGCTGGGCACAGCTGCCGAGACACCTGCTCTGGGTCCAGACTCG 1734
GCCTCCTCACTCTGGCCTGGCTCTGTCGGCAGTTCAAACAAATCTCCCCCACCAACCCCGGGGGTTCTTGGGTTAGGAA 1813
TTTGGAGGAGTGGAACGGATTTTCATTAACCCAGTTCCTGAGCAGGAAAAATATGTCATTGGCAAGGGTCTAAGAATCT 1892
TTCCTGGACATGTATGTGGATTTCTACTCAGGGGAGCATGTATGAGTGTCTACGCCTGTGTATGTAACAGGAGTAAGCT 1971
GATCTTCCCCCACTACTCCCACAGTGGGGATGGGCCAACTGTTCACATATAGGCTTGGGGGAGGGGGTGTAAGTAGGAG 2050
TATGCTTGGGGGTGTGTGCAGAAGGGCARATGAGAGCACATGTGT TCTGCAGATAAGTGTGGAACCTCCAGCTGTTTGG 2129
GCTTGTGTGTTCTGCCTAAATGCATTGTAGGCATCTCTGCATGGGTCTGGCATGATGGATGGGTTTGTGTGICTGGGGG 2208
CCACAGAACCACACTGTGGGTTTCTGTGTGTATAACTGTTCTATAGATTGGTTGGCATTCCTGGGCCTCTGCGGGTICTG 2287
GAGTGAAGGTGGGGACAGCTGTGTTTGGGCAAACCCTTCCTCAAAAGTTCACGTGGCAACTCCCTGGGCTATCGTTAGG 2366
TCCTGGGGGCACCAACCCTCAAGGATTGCTGCCAGGTAAACCCCCCTGTATTACATATGGAGAAACTGAGTCCCAGGAA 2445
TGACAAAGAACTTGTCCCAGACAGGTAAGGGCTATTAATATATTTTGTCAATAAACAATAGAATARAATCARTAGCCCT 2524
TAGCACCAGAAGCCTGGCTCTGCTCAACTGAACCCTTTACAAAAACGATTTCATGGATCC 2584

FIG. 2. Sequence of the human 1d1/1d1’ gene. The untranslated sequence is given with no spaces; translated sequence is organized into
triplets. Position 1 indicates the first base of the translation initiation codon (underlined). In the 5’ noncoding region, the EGR1 consensus
binding site is double underlined, the putative TATA box is underlined, and the transcription start site at position —96 is underlined and
in bold. In the coding sequence, the HLH domains are underlined, and the 8 triplets in the intron that encode the C-terminal 7 amino acids
and translation stop codon of 1d1’ are double underlined. The translation stop codon of 1d1 is also underlined. In the 3’ noncoding region,
the two putative polyadenylation signals are underlined, as is the last base (G) before the poly-A tail in the 1d1 mRNA.
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FIG. 3. Primer extension mapping of the 1d1/Id1’ transcription
start site. The appropriate primers were annealed to total RNA from
WI-38 cells or control RNA, extended, and the extension product
analyzed, as described in Materials and Methods. Lane 1: RNA from
W1-38 cells and 1d1 primer. The 5’ nucleotide of the primer is comple-
mentary to the A of the initiation codon. Thus, an extension product
of 97 b corresponds to a transcription start site 96 bp upstream of
the initiation codon. Lane 2: no RNA and 1d1 primer. Lane 3: control
RNA and control primer. The extended product is 87 b. Lane 4: no
RNA and control primer. M = size markers.

donor signal that follows the first exon. This skipping
adds 24 bp of translatable sequence from the intron to
the first exon. These 24 bp encode the 7 C-terminal
amino acids that are unique to 1d1’, followed by a stop
codon. Thus, the 1d1 and Id1’ proteins are identical
over the amino acids coded by the first exon, which
includes the HLH domain. Id1 and Id1’ differ only at
the extreme C-terminus: splicing generates Id1, which
contains 13 C-terminal amino acids encoded by the sec-
ond exon, whereas failure to splice generates 1d1’,
which contains 7 different C-terminal amino acids de-
rived from the intron (Figs. 1 and 2).

Approximately 400 bp downstream of the translation
stop codon in the second exon, there are two consensus
poly-adenylation sequences that are separated by a sin-
gle base. Thus, the 1d1 and I1d1’ mRNAs have approxi-
mately 400 bp and 700 bp, respectively, of 3’ untrans-
lated sequences.

Activity of human Id-1 5’ upstream sequences in hu-
man fibroblasts. 1d1 mRNA is undetectable in quies-
cent human fibroblasts, but is induced about 20-fold
within 2 h of serum stimulation; it then declines as
cells progress through G1, rising again before S phase
(8). The 1d1 5’ region contains several potential tran-
scription factor binding sites, some of which are listed
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in Table 1. To determine whether this region contained
a functional promoter, and whether 1d1 was transcrip-
tionally regulated, we linked 2.2 kb of the 5’ region
(Sacl - BspHI fragment; see Fig. 1) to a luciferase re-
porter gene. The resulting plasmid, pld-1SB-luc, was
transiently transfected into human fibroblasts and lu-
ciferase activity was determined (Table 2).

In proliferating cells, normalized luciferase activity
driven by pld-1SB-luc was 20- to 40-fold higher than
activity driven by the promoter-less control vector
(pGL3). This suggests that 2.2 kb of the Id1 5’ region
contains elements sufficient to direct transcription.
However, pld-1SB-luc was only slightly less active
(about 2-fold) in quiescent cells, compared to proliferat-
ing cells; in addition, activity was similar in proliferat-
ing and serum-stimulated cells (Table 1). Thus, 2.2 kb
of the Id1 5’ region did not confer regulated reporter
activity that quantitatively resembled the growth-de-
pendent changes in mMRNA (8). These data raise several
possibilities about the control of 1d1 gene expression.

Id-1 is on the long arm of human chromosome 20,
near the centromere. To determine the chromosomal
localization of the human Id1 gene, we isolated a P1
artificial chromosome (PAC) clone suitable for fluores-
cence in situ hybridization (FISH). An arrayed PAC
library of human DNA was screened using the 1d1 cod-
ing sequence as a probe, and one PAC clone (145-117)
hybridized strongly. Digestion with four restriction en-
zyme combinations and Southern analysis showed that
the Id1-hybridizing fragments in clone 145-117 were
identical to those from a similarly digested plasmid
containing the 7.5 kb Sacl fragment (Fig. 4). We con-
clude that PAC clone 145-117 contains the human 1d1
gene, and therefore is suitable for FISH.

TABLE 1

Potential Transcription Factor Binding Sites
in the 5’ Region of Human Id1

Transcription

factor Position(s)
C/EBP —249; —613; —782; —802; —1906; —2033; —2284
CREB —1017; —1594
E47 -1213
ELK/ETS —515; —-762
EGR —1064
MYB —472; —998
OCT1 —383; —1418; —2224
SP1 —146; —151; —723; —1206; —1286; —1937

The human Id1 sequence upstream of the TATA box (position —130
in Fig. 2) was analyzed using TFSEARCH and the TRANSFAC MA-
TRIX TABLE database. The search was limited to vertebrate tran-
scription factor binding sites and scores of 85 or better. Position(s)
refers to those indicated in Fig. 2. The Table lists only a subset of
potential binding sites, those that are relatively common and/or are
likely to be important mediators of growth-regulated expression in
fibroblasts.
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PAC clone 145-117 hybridized to chromosome 20g11,
determined by FISH analysis of normal human meta-
phase chromosomes (Figs. 5). The fractional length of
the hybridization signal from the p-terminus (FLpter)
of chromosome 20 was 0.500 + 0.008 (mean * SE),
based on measurements from 10 independent chromo-
somes. Thus, Id1l localizes to human chromosome
20911, very near the centromere (Fig. 6). Our measure-
ments place 1d1 centromeric to Bcl-X and E2F1 (Fig.
6), which are located at FLpter 0.539 and 0.541, respec-
tively (17). 1d1 maps outside the region of chromosome
20q13 that is amplified in 9.6% of human breast tumors
(20), and outside the region at 20g11 that is amplified
in 6.2% of human tumors (21). Interphase FISH
showed that Id-1 was not amplified in BT474 cells (data
not shown), which harbor the amplicon at 20q13 (20).

DISCUSSION

Id1 is a negative regulator of bHLH transcription
factors, the first of four such genes to be cloned (2).
Id1 was first identified as a negative regulator of myo-

TABLE 2

Promoter Activity of 2.2 kb of 5" Upstream Sequence
of Human Id1

Cell condition Vector Relative normalized activity
Growing? pGL-3 1
Growing® pCMV-luc 2920 [940-6280]
Growing® pld1SB-luc 41 [31-52]
Quiescent® pld1SBs-luc 22 [9-40]
Stimulated, 2 h® pld1SBs-luc 39 [20-63]

Proliferating cells were electroporated with 1 ug of reporter vector
and 0.5 pg of normalization vector (CMV-Bgal) as described (18).
pGL3 is a negative control (no promoter); pCMV-luc, is a positive
control (human cytomegalovirus early promoter); pld1SBs-luc con-
tains the human Id1 promoter and 2 kb of 5’ sequence (Fig. 1).
Electroporated cells were allowed to attach for 9-12 h in 10% serum,
with several medium changes to remove cell debris, and then were
given 10% (Growing) or 0.2% (Quiescent) serum for 60-94 h. Quies-
cent cells were given 10% or 20% serum for 2 h (Stimulated). Lysates
were prepared and assayed for luciferase and S-galactosidase as de-
scribed (18). For each sample, luciferase activity was normalized
for pg-galactosidase activity. The normalized values for CMV-luc and
1d1SBs-luc were divided by the normalized value for pGL-3 to obtain
a Relative Normalized Activity. Within an experiment, each transfec-
tion was done in duplicate. The range of values obtained for multiple
experiments are in brackets.

2 Average of 4 experiments; lysates were prepared 85-94 h after
electroporation.

® Average of 3 experiments; lysates were prepared 90-94 h after
electroporation.

¢ Average of 5 experiments; cells recovered from electroporation
for 9-12 h, then were shifted to 0.2% serum for 60-90 h before lysates
were prepared.

9 Average of 3 experiments; cells recovered from for 9-10 h, were
shifted to 0.2% serum for 85-90 h, and were stimulated with 10% or
20% serum for 2 h.
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FIG. 4. Southern analysis of plasmid pBS-1dP-1 and PAC clone
145-117 for 1d1 coding sequences. DNA was digested with the follow-
ing restriction enzymes: Pstl and BspHI (lanes 1); Sacl (lanes 2);
Sacl and BspHI (lanes 3); Pstl (lanes 4). The left-hand set of lanes
1-4 is plasmid pBS-1dP-1 (1 ug); the right-hand set of lanes 1-4 is
PAC clone 145-117 (20 png); lanes marked M are DNA markers. The
digested DNA was separated, transferred to a membrane, and the
membrane was probed with the human 1d1 coding sequence, as de-
scribed in Materials and Methods.

genic bHLH transcription factors. Subsequently, it
was shown to be widely expressed among embryonic
and adult mammalian tissues, and to control the
growth and/or differentiation of several cell types
(8,9,13,18,22).

In human fibroblasts, two 1d1 cDNAs appeared to
derive from alternate splicing (8). Our sequence shows
how these cDNAs arise. 1d1 derives from standard join-
ing of the two exons, after intron removal by splicing.
Id1’, by contrast, derives from failure to splice the in-
tron, the first 24 bp of which specifies 7 amino acids
followed by a stop codon. Because the first exon, which
is shared by Id1 and Id1’, is much larger (426 bp) than
the second (42 bp), the Id1 and Id1’ proteins are identi-
cal except at the extreme C-terminus. The 13 C-termi-
nal amino acids of 1d1 derive from the second exon,
whereas the 7 C-terminal amino acids of 1d1’ derive
from the intron. The Id1 and I1d1’ mRNAs also differ
in size. This difference, and possible heterogeneity in
polyadenylation, may explain why Id1 transcripts fre-
quently appear as a diffuse band on northern blots.
The functional significance of the differential splicing
of human 1d1 is not yet known. In rat cardiac muscle,
alternative splicing inserts 214 bp into the 1d1 coding
region, which alters its dimerization properties (9). In
the human gene, however, Id1 and 1d1’ have identical
HLH regions. However, 1d1, but not 1d1’, comple-
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mented a defective viral oncogene (SV40 T antigen)
which cannot otherwise stimulate senescent fibroblasts
to initiate DNA synthesis (18). We presume this differ-
ence in biological activity resides in the C-terminus of
the 1d1 and Id1’ proteins.

The human Id1 5’ region contains sequences suffi-
cient to drive transcription of a reporter gene. This
region has many potential transcription factor binding
sites, but we do not yet know which are functional.
Because it did not confer strong growth-regulated ex-
pression on a transiently transfected reporter, 1d1 reg-
ulation may require additional 5’ sequences, or intronic
or 3" untranslated sequences. In the murine 1d1 gene,
an enhancer needed for expression in B cells resides in
the 3’ untranslated region (23). It is also possible that
the 1d1 5’ region contains elements that either oblate
repression or diminish induction in transient transfec-
tion assays. In the murine Id1 promoter, sequences
>1.5 kb upstream of the transcription start site re-
duced induction by serum in transient transfections,

FIG. 5. Localization of 1d1 to human chromosome 20q11. (A)
FISH of PAC clone 145-117 to human metaphase chromosomes. The
small arrowheads indicate the FISH signal on each of the two chro-
mosomes 20. (B) Higher magnification of four chromosomes 20 from
two additional metaphase spreads, showing the centromeric FISH
signal.
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FIG. 6. Position of 1d1 relative to other markers on human chro-
mosome 20. Id1 localizes to the q arm at FLpter 0.500 near the
centromeric marker D2021 at FLpter 0.443. Telomeric to I1d1 are the
genes Bcl-X (0.539), E2F1 (0.541), and GHRH (0.565).

and a site that binds the early growth response tran-
scription factor Egrl was critical for induction (24).
Human Id1 contains a similarly positioned Egrl bind-
ing site (Fig. 2; Table 1). In addition, integration or
association with a nuclear matrix may be critical for
growth-regulated expression. Finally, Id1 mRNA levels
may be posttranscriptionally regulated in human fi-
broblasts.

Localization of Id1 to human chromosome 20ql1
places it well outside the well-characterized amplicons
that are present in a significant proportion of human
breast cancers (20,21). This localization refines that
reported earlier (25). It was somewhat disappointing,
however, because we have shown that repression of 1d1
is critical for normal differentiation of breast epithelial
cells in culture, and ectopic Id1 expression induces an
invasive phenotype in these cells (13). However, our
recent data suggest that failure to repress Id in re-
sponse to growth arrest or differentiation signals,
rather than Id1 overexpression, correlates with the in-
vasive potential of human breast cancer cells (Lin, Neh-
lin, Campisi and Desprez, unpublished).

Repression of 1d1 expression is important for senes-
cence in normal human cells (18). Although 1d2 was
shown to bind and neutralize growth suppression by
the retinoblastoma tumor suppressor (pRb) in human
tumor cells (26), 1d1 -- but not 1d2 -- bypassed the re-
quirement for pRb inactivation when senescent human
fibroblasts were stimulated by the viral oncogene T
antigen (18). In this regard, amplification of chromo-
some 20q was recently implicated in the immortaliza-
tion of human uroepithelial cells that express the viral
E7 gene, which inactivates pRb (27). Thus, Id1 may
cooperate with cellular or viral genes to inactivate func-
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tions of pRb required for the finite replicative life span
of normal human cells (18).

In summary, we provide the complete sequence of
the human Id1 gene, including >2 kb of 5’ sequence
and >3 kb of 3’ sequence. The sequence explains the
origins of the 1d1 and Id1’ isoforms that have been
described. We also show that the human Id1 gene is
localized very near the centromere at 20g11. The clon-
ing of the human Id1 flanking sequences, including
those present in the 80—100 kb PAC clone, will facili-
tate understanding how Id1l expression is regulated
during normal and abnormal growth and differentia-
tion.
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