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ABSTRACT Overlapping recombinant clones that encom-
pass the insulin-like growth factor (IGF) I and II genes have
been isolated from a human genomic DNA library. Each gene
is present once per haploid genome; the IGF-I gene spans >35
kilobase pairs (kbp) and the IFG-II gene is at least 15 kbp. The
exon-intron organization of these genes is similar, each having
four exons, which is one more than the related insulin gene.
Comparison of the restriction endonuclease cleavage maps of
the IGF-ll and insulin genes, including their flanking regions
and hybridization with an IGF-II cDNA probe, revealed that
they are adjacent to one another. The IGF-II and insulin genes
have the same polarity and are separated by 12.6 kbp of
intergenic DNA that includes a dispersed middle repetitive Alu
sequence. The order of the genes is 5'-insulin-IGF-II-3'.

The insulin-like growth factors (IGFs) and insulin are related
polypeptides that have a high degree of sequence homology
and exhibit a similar spectrum of biological activities (1-4).
They produce rapid metabolic changes and have long-term
growth promoting effects as well. However, the relative
concentrations required to elicit these responses are differ-
ent. In general, insulin is more potent in producing short-term
metabolic effects, while the IGFs are more potent in pro-
moting growth. Complementary DNAs encoding the precur-
sors to human insulin, IGF-I and IGF-II, have been isolated
and sequenced (5-8). The chromosomal location of the
human insulin (INS), IGF-I (IGFI), and IGF-II (IGF2) genes
has also been determined (refs. 9-15; unpublished data). The
human IGFJ gene has been mapped to the region of bands
q22-q24.1 of chromosome 12. The INS and IGF2 genes have
both been localized to band p15 of chromosome 11, a region
of -20 cM (20 x 106 base pairs), which also includes the
genes for the 8-globin complex, parathyroid hormone, and
the oncogene c-Harvey-rasl (15). In this report, we describe
the isolation and partial characterization of the human IGFJ
and IGF2 genes and demonstrate that the IGF2 and INS
genes are contiguous. The gene order is 5'-INS-IGF2-3' and
they have the same polarity. The 5' end of the IGF2 gene is
within 12.6 kilobase pairs (kbp) of the 3' end of the INS gene
and the genes are separated by an Alu sequence.

METHODS

Isolation of Human INS, IGFI, and IGF2 Genes and
Flanking Regions. Bacteriophage X containing DNA seg-
ments encoding the INS, IGFJ, and IGF2 genes were isolated
from the partial Hae III/Alu I fetal human liver DNA library
in XCH4A of Lawn et al. (16), which was provided by T.
Maniatis. The isolation and characterization of the human

INS gene and flanking regions has been described (17-21).
The X phage, XhINS-2, was isolated by hybridization with
nick-translated (22) human insulin cDNA, pchil (5). Phage
XhINS-5 and -3 were isolated using the 2.2- and 1.8-kbp
EcoRI fragments, respectively, of XhINS-2 as probes. The
IGFI gene-containing phage were isolated by hybridization
(21) with the human IGF-I cDNA, phigfl (7). XhIGF1-4 was
isolated from a XEMBL4 (23) library of partial Sau3A
fragments ofDNA from the lymphoblastoid cell line GM1416,
which has the karyotype 48,XXXX. The IGF2 gene-contain-
ing phage were isolated by hybridization with the human
IGF-II cDNA, phigf2 (7). Phage were plaque-purified and
DNA was isolated by standard procedures (24). The order of
the EcoRI fragments in the human DNA inserts was deter-
mined by single and double digests of the phage DNA as well
as by digests of restriction fragments eluted from low-
melting-point agarose gels (24). The locations of the exons
and repeated sequences were determined by restriction
mapping, blotting, and hybridization with nick-translated
cDNA and human DNA probes, respectively. As phigfl
lacked sequences corresponding to the 5' untranslated re-
gion, an oligonucleotide (5' TAATTGGGTTGGAAGA-
CTGC 3') derived from the sequence ofa longer IGF-I cDNA
reported by Jansen et al. (6) was chemically synthesized for
use as a probe to locate this region of the IGFI gene.
DNA Sequencing. The sequence of the exons and adjacent

introns of the IGFI and IGF2 genes was determined by using
the dideoxy method (25) after subcloning appropriate restric-
tion fragments into the vectors M13 mplO and mpll (26). The
positions of the exon-intron junctions were assigned by
comparing the cDNA and gene sequences and using the
"GT-AG" rule (27).
Southern Blot Analysis. One microgram of recombinant

phage DNA was digested with EcoRI and the fragments were
separated by electrophoresis in a horizontal 1% agarose gel.
The denatured DNA fragments were transferred to a nitro-
cellulose filter (28) and hybridized with a 32P-labeled (22)
833-bp Pst I fragment of phigf2 that contains the 5' untrans-
lated and protein coding regions and 21 bp of 3' untranslated
sequence. The filter was preannealed and hybridized at 42°C
in a solution of 5x NaCl/Cit (lx NaCl/Cit is 0.15 M
NaCl/0.015 M sodium citrate)/50% (vol/vol) formamide/50
mM sodium phosphate, pH 6.8/5 x Denhardt's solution (lx
Denhardt's solution is 0.02% bovine serum albumin/0.02%
Ficoll/0.02% polyvinylpyrrolidone)/250 ,ug of sonicated and
denatured salmon testes DNA per ml/0.1% NaDodSO4. The
32P-labeled probe (specific activity, 2 x 108 cpm/,tg) was
present at 2.5 x 105 cpm/ml. Before autoradiography, the
filter was washed at room temperature for 30 min in 0.1 x
NaCI/Cit/0.1% NaDodSO4 and then at 50°C for 60 min.

Abbreviations: kbp, kilobase pair(s); IGF, insulin-like growth factor.
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Isolation ofRNA and RNA Blot Analysis. RNA was isolated
from adult human liver and kidney by using the guanidinium
thiocyanate/LiCl procedure (29). Poly(A)+ RNA was pre-
pared by chromatography on an oligo(dT) cellulose column
(30). Ten micrograms of poly(A)+ RNA was denatured with
glyoxal (31, 32) and, after electrophoresis through a 1%
agarose gel, was transferred to a nitrocellulose membrane
(32). 32P-labeled fragments of a HindIll digest of X DNA were
included in an adjacent lane to serve as size markers. The
nitrocellulose filter was hybridized (21) with 32P-labeled
cDNA inserts from the plasmids phigfl and phigf2.

RESULTS

Isolation and Exon-Intron Organization of the Human IGF1
and IGF2 Genes. The IGFJ and IGF2 genes were isolated as
overlapping DNA fragments (Figs. 1 and 2). The locations of
the exons in each gene were determined by restriction
mapping, and then each exon was sequenced. The IGFJ gene
encompasses >35 kbp and there is a gap of unknown size
between exons 2 and 3. Two different X phage libraries and
one cosmid library were screened with the IGF-I cDNA
probe and none contained a DNA segment that overlapped
the inserts in XhIGF1-3 and -4. The IGF2 gene, which is at
least 15 kbp, is smaller than the IGFE gene. As the transcrip-
tional start and polyadenylylation sites have not been rigor-
ously determined for either gene, the extent of exons 1 and/or
4 in both cases is probably greater than indicated (Figs. 1 and
2). All the EcoRI fragments observed in a Southern blot of
human genomic DNA that hybridize with IGF-I or -II cDNA
probes are accounted for in the linkage map of these genes
(data not shown). Thus, IGFJ and IGF2 are single-copy genes
in humans.
The exon-intron organization of the IGF1 and IGF2 genes

is similar (Figs. 1 and 2; Table 1) and each has four exons,
which is one more than the related INS gene (17) whose exons
correspond to 1-3 of the IGF genes. Although the introns in
the IGF genes are in similar positions, those in the IGFI gene
are much larger. The first and second introns of the IGFJ and
IGF2 genes are located in the 5' untranslated region and near
the end of the B domain, respectively, and when the se-
quences are aligned for maximum homology they are in
identical positions. The third intron, which is in the COOH-
terminal E domain of each precursor is displaced by 15 bp in
the two genes. The introns in the human INS gene (17) are in
similar but not identical positions to the first two of the IGF
genes; the first is in the 5' untranslated region 17 bp before the
start of translation and the second is in the region of the C
peptide and thus has shifted slightly during the evolution of
the INS and IGF genes. All of the published IGF-I and -II
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cDNA sequence (6-8) is present in exons 1-4 of these genes.
In addition, with one exception, the cDNA and gene se-
quences are identical. There is a silent change in the codon
for glycine-42 of IGF-I, which is GGC in the gene and GGT
in the cDNA sequence. Dull et al. (33) deduced the organi-
zation of the human IGF2 gene based on its nucleotide
sequence homology with a rat IGF-II cDNA. The positions
of exons 2-4 are the same in their study and in this report.
However, their location for exon 1 does not agree with our
assignment, which is based on the comparison of the se-
quence of the gene with that of the 5' untranslated region of
a human IGF-II cDNA. Ullrich et al. (34) have also isolated
a segment of the human IGF-I gene that encodes exon 2.

Heterogeneity of IGF-I and IGF-II mRNA. Hybridization of
human liver IGF-I and -II cDNAs to RNA blots of poly(A)+
RNA from adult human liver and kidney revealed multiple
forms for each mRNA and also indicated that there is
tissue-specific processing of IGF-II mRNA (Fig. 3). The
insert from the IGF-I cDNA, phigfl, which is 607 bp
exclusive of a poly(dA) tract of 18 bp, hybridized to liver
mRNAs of 900, 5300, and 7700 bases and to kidney mRNAs
of 5300 and 7700 bases (the 900-base transcript may also be
in the kidney RNA preparations; however, because of its low
abundance, more sensitive hybridization procedures would
be required to detect it). The insert from the IGF-II cDNA,
phigf2, which is 1046 bp and lacks a poly(dA) tract, hybrid-
ized to a liver mRNA of 5300 bases and to kidney mRNAs of
4900 and 6000 bases. The large size of the major IGF-I and -II
transcripts is surprising because preproIGF-I and -II are
encoded by 390 and 540 bases, respectively. It is unknown if
the additional sequence present in these large mRNAs is 5' or
3' untranslated. Consequently, exons 1 and/or 4 of the IGF1
and IGF2 genes are most likely larger than indicated in Figs.
1 and 2.
Linkage of the Human IGF2 and INS Genes. Linkage of the

IGF2 and INS genes was first suggested because of hybrid-
ization of XhIGF2-1 DNA and the 8.6-kbp EcoRI fragment of
XhINS-3 to restriction fragments of similar size when they
were used as probes in a search for polymorphic restriction
sites. Inspection of the inserts in XhIGF2-1 and XhINS-3
revealed the presence of three EcoRI fragments of similar
size and order (Fig. 2). The linkage ofthe IGF2 and INS genes
was confirmed by hybridization of 32P-labeled phigf2 insert to
EcoRI fragments from each of the XhIGF2 clones as well as
from XhINS-3 (Fig. 4). The map of the INS and IGF2 genes
spans =60 kbp (Fig. 2) and the INS and IGF2 genes have the
same polarity. Although the boundaries of the INS gene have
been determined (17), those of the IGF2 gene are unknown
and the 5' end of the IGF2 gene may be nearer the INS gene
than indicated. The data show, however, that the 5'-end of
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FIG. 1. Map of the human IGFI gene. The structures of six X phage containing overlapping segments of DNA are indicated. The natural
EcoRI sites are indicated by vertical lines. The sizes (in kbp) of the EcoRI fragments in each cloned DNA segment are given and those that
hybridize with 32P-labeled human DNA are underlined. The positions of the exons are noted by the filled boxes. The left-hand 3.5-kbp EcoRI
fragment of XhIGF1-4 hybridizes to a genomic 4.2-kbp EcoRI fragment.
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FIG. 2. Map of the human IGF-II and insulin gene region. The structures of six X phage containing overlapping DNA segments are indicated.
The natural EcoRI sites are indicated by vertical lines. The sizes (in kbp) of the EcoRI fragments in each cloned DNA segment are given. The
positions of the exons are noted by the filled boxes, and the hypervariable region (HVR) flanking the insulin gene is shown by an open box.
The positions and polarity ofthe two Alu sequences, which are the only repetitive sequences in this region, are indicated. The size of the -22-kbp
left-hand EcoRI fragment in the map was determined by hybridization of the 2.2-kbp fragment of XhINS-2 to an EcoRI digest ofhuman genomic
DNA. The order of the 2.7- and 1.3-kbp fragments of XhINS-3 were inverted in a previous report (20).

the IGF2 gene is within 12.6 kbp ofthe 3' end ofthe INS gene.
The only other genetic elements that we have detected in this
60-kbp segment are two dispersed middle repetitive Alu
sequences (ref. 18; unpublished observations) that have the
same polarity [the poly(dA) tract is at the 3' end (35)] as the
INS and IGF2 genes. Although in this instance these Alu
sequences could represent gene boundaries, this is not the
only function of Alu sequences, as in other genes they are
present within introns as well as in the 3' untranslated portion
of the mRNA (35-37).

DISCUSSION

The insulin family includes the insulin, relaxin, and IGF
genes (38, 39). Relaxin is synthesized by the ovary and
promotes the remodeling ofthe female reproductive tract that
occurs prior to birth (40). Whereas the IGFs have to date only
been described from mammals, insulin is probably present in

all vertebrates (41) and relaxin has been isolated from both
fish and mammals (40, 42). In humans, INS, IGFl, and IGF2
are single-copy genes, whereas there are two nonallelic
relaxin (REL) genes (43). Interestingly, in mice, rats, and
some fish, there are two nonallelic insulin genes (41). Fur-
thermore, in humans the INS and IGF2 genes are closely
linked on chromosome 11 (9-11, 13-15), but the IGFI and
REL genes are on different chromosomes (12 and 9, respec-

tively) (10-12, 43). Comparison of the amino acid sequence

homology between members of the insulin family indicates
that the lines that gave rise to insulin and relaxin diverged
first, and then the IGFs diverged from the insulin line (38).
The ancestral gene was probably like the insulin gene and had
three exons: exon 1, encoding the 5' untranslated region;
exon 2, the signal peptide, a B chain-like-peptide and part of
a C peptide-like peptide; and exon 3, the remainder of the C
peptide-like peptide and an A chain-like peptide and 3'

Table 1. Exon-intron organization of the human IGF genes

Exon Intron
Exon size, bp 5' splice donor 3' splice acceptor size, kbp

IGF-I
-25

5' -UT Met
1 >72 CTTGAAGgtaaat.tttcttgggoagGTGAAG ATG 6

25 27
Tyr Phe A sn Lys Pro

2 157 TAT TTC A gtaagt....... ttgattgtgcag AC AAG CCC >10
86 87

Thr Gln Lys Glu Val His
3 182 ACC CAG AAG gtaagc ..... ctttatttatag GAA GTA CAT 17
4 307

IGF-II
-24

5'-UT Met
1 >240 CAGAGAGgtgagt .......... tcccgcccccagACACCA ATG 11

28 30
Tyr Phe S er Arg Pro

2 163 TAC TTC A gtaagt....... tgggacttccag GC AGG CCC 1.7
78 79

Val Leu Pro Asp Asn Phe
3 149 GTG CTT CCG gtgagg..... atcccctcccag GAC AAC TTC 0.3
4 >490

The position at which the intron interrupts the IGF-I and -II mRNA (6, 7) is indicated. Exon
sequences are in capital letters; intron sequences are in lowercase letters. Each exon was sequenced
in its entirety. The sizes of the introns were estimated from restriction mapping. UT, untranslated
region.
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FIG. 3. Hybridization of 32P-labeled human IGF-I and -II cDNAs
to human liver and kidney poly(A)+ RNA. The sizes of the hybrid-
izing transcripts are indicated. Each lane contained 10 ,ug of liver or

kidney poly(A)+ RNA.

untranslated region. The IGF genes acquired exon 4, which
encodes the COOH-terminal or E domain of the precursor,
after they diverged from the insulin line. Moreover, because
of the absence of homology between exon 4 of the IGFJ and
IGF2 genes, this exon was probably acquired independently
by these genes. Since both IGF-I and -II possess 47% identity
with insulin (38), it is possible that the primordial IGF genes
arose at the same time. In the case of the IGF-I gene, there
was a duplication and simultaneous translocation to another
chromosome, whereas the IGF-II gene remained closely
linked with the gene from which it arose. Subsequently, the
IGF genes acquired a fourth exon.

IGF-I and -II mRNA is synthesized by many, if not all
tissues, including the liver, heart, lung, kidney, pancreas,
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FIG. 4. The human IGF-II and insulin genes are contiguous. (A)
Hybridization of the Pst I insert of the human IGF-II cDNA, phigf2,
to EcoRI digests of X clones containing the 3' flanking region of the
insulin gene and the IGF2 gene. The sizes of the hybridizing
fragments are indicated. (B) Photograph of the ethidium bromide-
stained gel that was analyzed in A, showing the pattern of EcoRI
fragments present in each phage. The standards are HindIII and Hae
III fragments of X and 4X174 DNA, respectively.

spleen, small intestine, colon, brain, and pituitary, although
its abundance in each tissue varies (unpublished results). In
contrast, insulin mRNA is only synthesized by the beta cells
of the endocrine pancreas. Thus, even though they are
contiguous and within 12.6 kbp of one another, the changes
in chromatin structure that must occur to facilitate transcrip-
tion of the IGF-II gene do not result in activation of the
adjacent insulin gene. Indeed, transcription of the insulin
gene may require factors that are present only in the beta cell
(44). It is unknown whether expression of the IGF-II gene is
constitutive or if it also requires specific transcriptional
factors.
The 5' flanking region of the human insulin gene contains

a hypervariable region (18-21) (Fig. 2) that is composed of
variable numbers of a tandemly repeating 14- to 15-bp
sequence (19). The high polymorphic content of this region
makes it a useful genetic marker for closely linked genes. As
the hypervariable region is within 15 kbp of the IGF2 gene,
it may be useful in genetic studies of fetal growth disorders,
which may be a consequence of abnormal expression of the
IGF2 gene. For example, Beckwith-Wiedemann or Exomph-
alos-Macroglossia-Gigantism syndrome has been associated
with trisomy of the p15 region of chromosome 11 (45, 46) and
thus may be due to increased levels of IGF-II in fetal tissues.
Various alleles of the insulin gene hypervariable region have
been found to occur more frequently in Caucasians affected
with insulin-dependent diabetes mellitus (20), atherosclerosis
(47), or diabetic hypertriglyceridemia (48), than in appropri-
ate control groups. Its association with non-insulin-dep-
endent diabetes mellitus has also been reported (49) but has
not been confirmed when larger groups of racially separated
individuals were examined (20, 50, 51). The association of
various features of this polymorphism with three different
disorders suggests that the hypervariable region is in linkage
disequilibrium with an unidentified predisposing gene(s). The
IGF2 gene is not known to be involved in the etiology of
insulin-dependent diabetes mellitus, atherosclerosis, or dia-
betic hypertriglyceridemia. However, given the apparent
importance of IGF-II for the growth and maintenance of cells
(3, 4), and the occurrence of variant IGF-II polypeptides (8)
to which cells may respond in an abnormal fashion, the role
of the IGF2 gene in the etiology of each of these disorders
should be examined.
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