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ABSTRACT The structural gene for human keratinocyte
growth factor (KGF), a member of the fibroblast growth factor
family, consists of three coding exons and two introns typical
of other fibroblast growth factor loci. A portion of the KGF
gene, located on chromosome 15, is amplified to ~16 copies in
the human genome, and these highly related copies (which
consist of exon 2, exon 3, the intron between them, and a 3’
noncoding segment of the KGF transcript) are dispersed to
multiple human chromosomes. The KGF-like sequences are
transcriptionally active, differentially regulated in various
tissues, and composed of three distinct classes of coding se-
quences that are 5% divergent from each other and from the
authentic KGF sequence. Multiple copies of KGF-like genes
were also discovered in the genomic DNAs of chimpanzee and
gorilla but were not found in lesser apes (gibbon), Old World
monkeys (African green monkey and macaques), mice, or
chickens. The pattern of evolutionary occurrence suggests that
a primordial KGF gene was amplified and chromosomally
dispersed subsequent to the divergence of orangutan from
African apes but before the trichotomous divergence of human,
chimpanzee, and gorilla 5-8 million years ago. The appearance
of a transcriptionally active and chromosomally dispersed
multigene KGF family may have implications in the evolution
of the great apes and humans.

The fibroblast growth factors (FGFs) are mitogens that have
been implicated in a variety of processes including embryo-
genesis, angiogenesis, and wound healing (1, 2). Seven dis-
tinct members of this growth factor family, in which protein
products differ by as much as 67% (3), have been identified
in mammalian species (2). This diversity and the presence of
multiple gene homologues of FGF in the genomes of species
as divergent as Xenopus and humans suggest that gene
duplications leading to the evolution of the present-day FGF
family occurred early in the radiation of vertebrates.

Keratinocyte growth factor (KGF) is the most recently
identified member of the FGF family (4)—hence, the alter-
native designation FGF-7 (5). Unlike other FGFs, which
exhibit a broad range of targets, KGF action appears tightly
restricted to epithelial cells. The normal expression of KGF
by stromal cells of epithelial tissues suggests its physiological
role as a major paracrine effector of epithelial cell prolifer-
ation (3). Our present studies were undertaken in an effort to
characterize the genomic structure of the KGF coding se-
quence and its chromosomal location, as well as to search for
additional FGF family members closely related to KGF. We
were able to identify a multigene family of dispersed KGF-
like sequences that was generated during the recent evolution
of higher primates.
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MATERIALS AND METHODS

Nucleic Acid Isolation and Oligonucleotides. Genomic
DNAs (6) and total cellular RNA (7) were isolated from cell
lines (described in ref. 8) or tissues. Chimpanzee, gorilla,
orangutan, and gibbon DNAs were from R. Callahan (Na-
tional Institutes of Health, Bethesda, MD). Poly(A)* RNA
was isolated from total cellular RNA by using oligo(dT)-
cellulose spin columns (Pharmacia) per manufacturer’s rec-
ommendations. Poly(A)* RNA from human fetal tissue was
purchased from Clontech. Oligonucleotides, synthesized on
a Biosearch 8700 DNA synthesizer, were (i) PCR primers
(Fig.1A): a, ATGCACAAATGGATACTGAC; b, TGTAAT-
TATTCTTCATCTCT; ¢, ATATCATGGAAATCAG-
GACA;d, TCTTTGCATAGAGTTTTCCT; e, AAGAATG-
CAATGAAGATTGT; f, AGTTATTGCCATAGGAAGAA;
and (ii) probes [see Fig. 2A; numbers correspond to nucle-
otide in the human KGF cDNA sequence (3); oligonucleo-
tides in the reverse direction were composed of antisense
sequence corresponding to the indicated nucleotides]: A,
446-494 and 530-481; B, 574-587 and 630-573; C, 631-687
and 731-674; D, 732-790 and 836-777; E, 837-890 and
930-877; F, 931-985 and 1027-972; G, 3748-3807 and 3853-
3794.

PCR. PCR was done with 50 mM KC1/10 mM Tris-HCIl, pH
8.3 at room temperature/1.5 mM MgCl,/0.01% gelatin/200
#M in each ANTP/1 uM oligonucleotide primers/2.5 units of
Taq polymerase (Perkin-Elmer) in a 100-ul vol for 25-30
cycles of 30 sec at 94°C, 1 min at 55°C, and 2-4 min at 72°C.
Template DNA was 1 ug of genomic DNA, 1-10 ng of KGF
cDNA clone 32 (3), or =4% of the first-strand cDNA made
from 1 ug of poly(A)* RNA, depending on the application.
First-strand cDNA synthesis was done on 1-5 ug of poly(A)*
RNA with a specific KGF primer from the 3’ untranslated
region (AGAAGAAAGAAAACAGTCCA) and a cDNA syn-
thesis kit (BRL).

DNA Cloning and Sequencing. PCR products from reac-
tions done with genomic or first-strand cDNA as template
and oligonucleotide primers modified by addition of a restric-
tion enzyme site to the 5’ end were digested with the
corresponding restriction enzyme(s), electrophoresed
through agarose, isolated by GeneClean (Bio 101, La Jolla,
CA), and ligated into a pGEMz (Promega) vector. KGF exon
1- and exon 2-3-specific subclones were obtained by cloning
the 525-bp EcoRI-Kpn I and 437-bp EcoRI-Acc 1 fragments,
respectively, of KGF cDNA clone 32 into a pPGEMz vector.

Abbreviations: KGF, keratinocyte growth factor; FGF, fibroblast

growth factor.
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FiG. 1. Determination of human KGF genomic structure by PCR
analysis. (A) Genomic structure of human KGF gene, as postulated
by alignment with int-2 gene. Numbered open boxes represent coding
regions from respective KGF exons. PCR primers are shown as
arrows to designate orientation and location relative to KGF cDNA.
(B) PCRs with KGF cDNA (lanes 1-6) or human genomic DNA
(lanes 7-12) as template were primed with different combinations of
oligonucleotides (A), as indicated below individual lanes, and elec-
trophoresed on an agarose gel containing ethidium bromide. The
primer combination ¢ and d produce faintly visible products of ~100
base pairs (bp) with either cDNA or genomic DNA as template. PCR
conditions were as described. Lane M contains a 123-bp DNA ladder
as size marker.

DNA sequences were determined by the dideoxynucleotide
chain-termination method with Sequenase (United States
Biochemical) and were analyzed with the IntelliGenetics
Suite programs (IntelliGenetics).

Nucleic Acid Hybridization. Southern blots were done as
described (9), except that neutralization of the gel and
blotting were done with 1 M ammonium acetate, pH 7.0.
Hybridizations were done overnight at 42°C in 5X standard
saline/citrate (SSC) (1x SSCis 150 mM NaCl/15 mM sodium
citrate)/2.5% Denhardt’s solution/10% (wt/vol) dextran sul-
fate/50% (vol/vol) formamide. Washes were at 50°C in 0.1
SSC. RNA blots were done as described (10). cDNA probes
were labeled with [@??P]dCTP with Amersham’s nick-
translation kit. Oligonucleotide probes were generated by
primer-extension reactions and two 60-mers that were an-
nealed via 14 complementary nucleotides at their 3’ ends,
according to the method of Studencki and Wallace (11).

RESULTS

Multiple, Highly Conserved Copies of KGF Exons 2 and 3 in
the Human Genome. To investigate KGF genomic intron/
exon structure, oligonucleotides homologous to the ends of
the coding sequence of each predicted exon were synthesized
(Fig. 1A). The intron/exon junctions were identified by
alignment with the published genomic structure of another
member of the FGF family, int-2 (12). When the PCR was
done by using pairs of these oligonucleotides with the KGF
cDNA (3) as template, PCR products of the predicted size
were obtained with all combinations of primers (Fig. 1B,
lanes 1-6). When pairs of oligonucleotide primers derived
from the ends of each predicted coding exon were used with
human genomic DNA as template, we observed PCR prod-
ucts corresponding in size to those obtained with the cDNA
as template (Fig. 1B, lanes 7-9). Thus, the KGF gene was
unlikely to have more than three coding exons. In contrast,
when oligonucleotide primers from different predicted exons
were used in the PCR on the same genomic DNA, either no
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products were seen (Fig. 1B, lanes 10 and 12) or the products
were larger than predicted (Fig. 1B, lane 11). These results
are consistent with the KGF-encoding gene having three
coding exons with introns positioned after nucleotides 731
and 835 in the published cDNA sequence (3).

To further define the KGF genomic structure, we digested
human genomic DNA with four restriction enzymes that do
not cleave within the KGF coding sequence and performed
Southern analysis with a series of nonoverlapping, contiguous
100-bp oligonucleotide probes from the coding region (probes
A-F), as well as a probe G from the untranslated 3’ end of the
transcript (Fig. 2). The results with two restriction enzymes,
Sac 1 and Bgl I, are shown in Fig. 2. Probes A, B, and C from
KGF coding exon 1 each detected a single band with each
restriction enzyme, consistent with the existence of a single-
copy KGF gene (Fig. 2). In contrast, probes D (exon 2), E and
F (exon 3), and G (3'-uintranslated region) each detected
multiband patterns of DNA fragments, demonstrating the
existence of at least four genomic copies of sequences highly
related to KGF exons 2 and 3. Moreover, the intensity of each
band observed with a given probe was not uniform, suggesting
that the more intense bands might contain more than one copy
of KGF exon 2 and 3 sequences. A similar multiband pattern
was detected with oligonucleotide probe E (Fig. 2) in Sac
I-digested genomic DNAs of around 30 unrelated individuals
(data not shown). Thus, multiple KGF-like sequences are
present in all human DN As tested, and the presence of these
sequences cannot be explained by polymorphism.

To further characterize these sequences, we PCR-cloned
the 1.5-kilobase (kb) genomic fragments with primers derived
from KGF sequences at the 5’ and 3’ ends of exon 2 and 3,
respectively (primers ¢ and f in Fig. 1A) into a pGEMz
vector. Nucleotide sequence analysis of the exon 3 region of
23 clones derived from two independent PCRs on the same
human genomic DNA revealed that these clones could be
arranged into four distinct groups. One representative from
each group was then sequenced in the exon 2 and intron
regions. The sequence differences in exons 2 and 3, as well
as in nucleotides of the intron, are depicted in Fig. 3A.
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FiG. 2. Southern blot analysis of KGF-like sequences. Human
genomic DNA was digested with Sac I or Bgl I, fractionated on a
1.0% agarose gel, transferred to nitrocellulose, and hybridized with
oligonucleotide probes A-G derived from different regions of the
KGF c¢DNA. DNA digests with BamHI and EcoRI gave similar
hybridization patterns.
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Differences in nucleotide sequence between the four proto-
types (I-1V) were =5%. However, the exon 3 sequences of
clones within groups also varied but by only =0.2% (Fig. 3A).
Whether this degree of sequence variation is due to Taq
polymerase infidelity during PCR or whether groups II-IV
contain more than a single member is not resolved.

The sequence of prototype I was identical to exons 2 and 3
of the KGF cDNA, establishing it as a PCR clone of the KGF
gene. The KGF open reading frame was maintained in each of
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Fi1G. 3. Comparison of nucleotide and amino acid sequences of
human KGF family. (A) Consensus sequences of 23 human genomic
PCR clones for prototypes II-IV are compared with prototype I
sequence, identical to KGF. The number of clones of prototypes I, II,
III, and IV that were sequenced in exon 3 were three, eight, six, and
six, respectively, of which three, four, four, and five, respectively,
were identical. The PCR primers ¢ and f used for amplification of exon
2-3 sequences are located as indicated but were not included for
sequence-divergence calculations. Exon 2 and intron sequences (192
bp) immediately adjacent to exon 3 were determined for one clone of
each prototype; dots (. . . .) represent ~1000 bases of the intron not
sequenced. Identical nucleotides are depicted by a hyphen (-); gaps in
the sequence are denoted by a carat (~). The boxed regions contain
areas of restriction-site differences that distinguish the four proto-
types. Bgl 11, Xmn 1, and FnudHI have recognition sites in prototypes
II1, I and II, and II and III, respectively. The splice-acceptor site of
the intron is underlined. Circled hyphens in exon 3 represent nucle-
otides that vary between clones of a prototype. These nucleotides are
identical to the corresponding KGF (prototype I) nucleotide in all but
one clone of a prototype, except for prototype III nucleotide 963,
which was thymine in two clones. Nucleotide numbering corresponds
to the KGF cDNA (3). (B) Predicted amino acid sequence of prototype
I (KGF) exons 2 and 3 is shown. Corresponding sequences of
prototypes II-IV are aligned, indicating maintenance of the open
reading frame in each. Hyphens represent identity.
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the other prototypes as well (Fig. 3B). For prototype IV, a 1-bp
deletion at nucleotide position 998 at the end of exon 3 would
result in replacement of the C-terminal 10-amino acid residues
with 7 different amino acids (Fig. 3B). Each prototype genomic
clone also contained 14 bp just upstream from exon 3 (Fig. 34)
that was consistent with a 3’ splice site (13), suggesting that the
intron was functional in each set.

Expression of Spliced Prototype II and IIl KGF-Like mRNAs
by Human Cells. The four prototypes of KGF-like sequences
can be distinguished by the restriction pattern generated with
Bgl 11, FnudHI, and Xmn 1 (see Fig. 3A). The four predicted
transcripts were sought in various tissue and cell-line RN As by
digesting the PCR products generated with oligonucleotides ¢
and f (Fig. 1A) as primers and first-strand cDNA as template
with these three restriction enzymes. Transcripts distinct from
KGF (prototype I) were detected in fetal brain, fetal kidney,
primary human umbilical vein endothelial (HUVE) cells, and
tumor cell lines A101D (malignant melanoma), A388 (squa-
mous cell carcinoma), A431 (vulvar squamous cell carcino-
ma), and A498 (renal cell carcinoma). Sequence analysis of
PCR-generated cDNAs cloned from fetal brain and kidney
directly showed that these cDNAs were derived from proto-
type II and III transcripts. Absence of the intron between
exons 2 and 3 in these cDNAs further indicated that these
KGF-like RN As were spliced correctly (Fig. 4A) and could not
have resulted from amplification of contaminating genomic
DNA. The KGF open reading frame was maintained in these
prototype II and III cDNAs.

To determine whether the sizes of prototype II and III
transcripts could be distinguished from that of KGF and
evaluate their relative levels of expression, we subjected
poly(A)* RNAs from these same tissues and cell lines to
RNA blot analysis. As shown in Fig. 4B, the human umbilical
vein endothelial cells, as well as the tumor cell lines in which
prototype II and III transcripts but not the prototype I (KGF)
transcript were specifically detected by PCR analysis,
showed low levels of 2.0- and 2.4-kb RNA species. The
smaller transcript could be readily distinguished from the
major 2.4-kb KGF transcript observed in M426 cells. An
exon 1 probe detected the KGF transcript in M426 cells with
a sensitivity greater than that of the exon 3 probe (Fig. 4B).
However, the exon 1 probe failed to hybridize to either the
2.4- or 2.0-kb transcripts in cells expressing prototype II and
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FiG. 4. Detection of KGF-like transcripts in human cells. (4)
Comparison of nucleotide sequences of prototype II and III cDNA
clones obtained by PCR analysis of human fetal brain mRNA with the
sequence of KGF cDNA (prototype I). The junction of exons 2 and
3 is shown by an arrow. Hyphens represent identity. (B) Around 10
ug of poly(A)* RNA from various cell types was subjected to RNA
blotting as described. Duplicate blots were hybridized with oligonu- *
cleotide probe C or E (Fig. 2). Positions of 28S and 18S RNA are
indicated. HUVE, human umbilical vein endothelial cells.



9290 Evolution: Kelley et al. Proc. Natl. Acad. Sci. USA 89 (1992)

A ( Sac I Bgl II . Bam HI 5 B
Exon: 1 2/3
£3-3 cDNA
&
£ 1 ug
-
X
Sug i
120 ug e
[
D [ cDNA FEE——
©
O 110 ug S

Fi1G.5. Quantitation of KGF genomic sequences in great apes and humans. (A) Human (H), chimpanzee (C), gorilla (G), orangutan (0O), rhesus
(R), African green monkey (A), and mouse (M) genomic DNAs (5-20 ug) were digested with Sac I, Bgl I1, and BamHI and subjected to Southern
blotting as described. The blot was hybridized with oligonucleotide probe D (Fig. 2). No additional bands were detected with reduced-stringency
hybridization. (B) Serial dilutions of KGF ¢cDNA and human genomic DNA were subjected to slot-blot analysis on a Minifold II apparatus
(Schleicher & Schuell) by using either a KGF exon 1 or exon 2-3 probe. Representative autoradiograms with comparable signal intensity for
each probe hybridized to 100 pg of KGF cDNA clone 32 (3) are shown. Densitometry of the signal from 1, S, or 20 ug of human genomic DNA
(using a Bio-Rad model 620 video densitometer) indicated that the signal generated by the exon 2-3 probe was ~16 times more intense than
the signal from the exon 1 probe. Representative autoradiograms from a similar analysis with 10 pg of KGF cDNA clone 32 and 10 ug of orangutan
(Orang) genomic DNA are shown. Densitometry of the orangutan genomic DNA indicated that the signal generated by exon 2-3 probe was
approximately equal to the signal from exon 1 probe.

III transcripts (Fig. 4B). These findings directly established control, exon 2, exon 3, and the 3’ untranslated region were
the absence of KGF exon 1 sequences in transcripts of estimated to be present at ~16 copies per human haploid
prototypes II and III KGF-like genes. genome (Fig. 5B). Similar analysis was done with chimpanzee,
Amplification of KGF-Encoding Genes During the Great gorilla, orangutan, and gibbon. More than one copy of KGF-
Ape Radiation. The high degree of sequence identity (95% like sequences were also found only in phunpanzee anc! gorilla
nucleotide matching) between human KGF and the additional (data not shown) but were not found in orangutan (Fig. 5B),
KGF-like segments suggested that the amplification event supporting the concept Fha? the event(s) that led to the gen-
that created them was rather recent. To estimate the timing :n@;;o:fotg;h;g?fpt;:mdy in humans occurred during speci-
of the amplification, we used exon 2 (probe D)- and exon 3 ’
closest relatives to humans, the great apes. Both of these ’

. ? N DNAS of rodent X human somatic-cell hybrids (17, 18) were
probes rg,/ealed mlul‘;nyple )KGE segn.lent(sc;n I?INA fr ol;n)chlml; digested with Sac I and analyzed for t¥1e pre(sence Z)f the
panzee (Pan troglodytes) and gorilla (Gorilla gorilla) witl . e - 4
three restriction enzymes that fail to cut within the human diagnostic 25-kb restriction fragment revealed by an exon 1

A gy probe (see Fig. 2). In a panel of 45 hybrid cell lines, this
coding exons (shown for probe E in Fig. SA). In contrast, a .
single f ent was revealed with the same enzymes and fragment was 95% concordant with chromosome 15 and

. e i 18-65% discordant with the other human chromosomes,
probes in orangutan (Pongo pygameus). Similarly, a single indicating that KGF is located on chromosome 15 (Table 1).
fragment was seen in lesser ape (gibbon; data not shown), An exon 3 probe (oligonucleotide E in Fig. 2) recognizes four
rhesus and African green monkeys, mouse (Fig. 5A), and human Sac I fragments of size 23 kb, 15 kb, 9 kb, and 7 kb
chicken (data not shown). Because it is generally accepted (Fig. 2, Sac I digestion, probe E). Analysis of the same series
that the ancestor of the orangutan diverged from the line of somatic cell-hybrid DNAs with this probe localized the

leading to the African apes about 13 million years ago, 23-kb fragment to chromosome 15, but it was not possible to
whereas the human—chimpanzee—gorilla split occurred ~5-8 assign the 15-, 9-, or 7-kb bands that appeared to be present
million years ago (14-16), the best estimate for the amplifi- at >1 copy number (Fig. 2) to any one chromosome. For
cation of KGF was between 8 and 13 million years ago after every human chromosome the discordance with these three
divergence between Asian and African great apes but before restriction fragments was >25%. As this panel has been
the human—chimpanzee—gorilla split. diagnostic for gene mapping of >100 human loci on each of

To quantitate the number of KGF-like sequences, slot-blot the 23 chromosomes (19), we interpret the high discordance
analysis of human genomic DNA was done with exon 1 and to reflect multiple KGF-like sequences dispersed to several
exon 2-3 probes. By using the exon 1 probe as an internal human chromosomes.

Table 1. Chromosomal localization of KGF

Chromosome

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X

Concordance,no. 26 27 30 25 29 22 27 26 26 25 25 30 28 25 39 2 27 28 23 31 18 27 15
Discordance, no. 8 6 9 12 8 16 10 11 10 11 16 8 10 14 2 11 10 10 13 9 18 12 27
Total, no. 34 33 39 37 37 38 37 37 36 36 41 38 38 39 41 37 37 38 39 40 36 39 42
Discordance, % 24 18 23 32 22 43 27 30 28 31 39 21 26 3 S5 30 27 2 33 23 50 31 64

'DNAs of a panel of 45 genetically characterized somatic cell hybrids, as well as DN As from rodent and human parental cell lines, were digested
with Sac I and subjected to Southern-blot analysis using a KGF oligonucleotide C (exon 1) probe. The human 25-kb band was readily
distinguishable from the mouse and hamster bands. The results of this analysis localize KGF to chromosome 15.
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DISCUSSION

The FGF family is represented by at least seven divergent
genes, from which each characterized product acts as a
potent mitogen (1, 2). Homologues of several members of this
family exist in species as divergent as Xenopus (ref. 20 and
M.J.K., unpublished observation) and human (1, 2), indicat-
ing that amplification events leading to the present-day
members of this family have preceded the divergence of
mammals and reptiles. Our present studies demonstrate that
the KGF gene, a recently discovered member of this family,
is organized into three coding exons, analogous in structure
to those of other characterized FGF members (12, 21-25). In
addition, a portion of the KGF gene encompassing exons 2
and 3, as well as the corresponding intron and 3’ untranslated
region was amplified in human, chimpanzee, and gorilla.
Evidence that these events occurred recently in the evolution
of primates was provided by the detection of only a single
KGF gene in orangutan, gibbon, African green monkey,
rhesus monkey, and all the nonprimate species analyzed.
Amplification of the KGF gene likely occurred after the
divergence of orangutans from the human/chimpanzee/
gorilla clad =13 to 16 million years ago and before the
divergence of human, chimpanzee, and gorilla from their
common ancestor some 5 to 8 million years ago (14-16).

By means of somatic cell-hybrid analysis, it was possible
to map the gene for KGF to chromosome 15. In contrast,
basic FGF and FGF-5 are located at 4q25 (26) and 4q21 (27),
respectively, whereas hst and int-2 are clustered within 45 kb
at 11q13 (27, 28), consistent with independent amplifications
by a mechanism involving unequal crossover on these re-
spective chromosomes. Because the gene-amplification
events involving KGF occurred during a span of primate
evolution in which full chromosomal duplications have not
occurred (29, 30), the dispersion of KGF-like sequences
cannot reflect this mechanism.

The majority of described pseudogenes are intronless and,
thus, appear to have been generated through reverse tran-
scription of a spliced RNA intermediate (19, 31, 32). In
contrast, the KGF-like sequences all contain introns. The
generation of a large number of dispersed intron-containing
pseudogenes from a single functional gene is unusual, and we
know of no example of any characterized growth factor for
which pseudogenes have been reported. Thus, if the KGF-
like sequences are pseudogenes, they would be distinctive in
several respects.

Rapid gene amplification in cultured mammalian cells, tu-
mors, or during development of invertebrates has been fre-
quently documented and is thought to occur by a variety of
mechanisms including segregation and replication-driven pro-
cesses (for review, see ref. 33). Overexpression of amplified
genes, such as those responsible for drug resistance, confers
a selective advantage. Analogous mechanisms have been
implied in the generation of multigene families, such as the
histone (34) and immunoglobulin genes (35). In the well-
documented example of the human immunoglobulin variable
region x genes, expansion in family size contributes to the
diversity of the antibody repertoire. During « locus evolution,
variable-region k-encoding genes may have behaved as trans-
posons (36) with some members being dispersed to other
chromosomes (37). These orphons also display a high degree
of sequence identity [97% (38)]. Whether the amplification of
KGF was driven by selective processes or simply represents
a frozen accident of stochasticity in the evolution of the
mammalian genome remains to be seen.
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