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Interleukin 3 is a cytokine that stimulates proliferation and differentiation of
hematopoietic progenitor cells. Its receptor consists of two subunits, an interleukin 3-
specific o subunit and a B subunit shared by garanulocyte-macrophage colony
stimulating factor and interleukin 5 receptors. In this paper, we determined the genomic

structure of the a subunit of the human interleukin 3 receptor, which spans
approximately 40 kb and has 12 exons. We found that the genomic structures of the a

subunits of the human interleukin 3 and granulocyte-macrophage colony stimulating
factor receptors are very similar. They possess a unique additional intron in the 'C

domain', which is absent in the o subunit of the interleukin 5 receptor. These results
suggest a shared evolutionary pathway of these two genes.

© 1995 Academic Press,lInc.

Pleiotropy and redundancy are the feature of the cytokine action (1-4).
Interleukin 3 (IL-3) exhibits many biological activities common to granulocyte-
macrophage colony stimulating factor (GM-CSF) and interleukin 5 (IL-5) (3). Evidence
indicates that the shared receptor subunit and signaling molecules in the downstream
signal transducing pathway such as Ras, MAP kinase, and JAK kinases contribute to this
feature (5,6). The receptor for IL-3 consists of two subunits: an IL-3-specific a subunit
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(IL-3Ro) and a B subunit shared by GM-CSF and IL-5 receptors. All of these receptor
subunits belong to the cytokine receptor superfamily (CRSF) (2,7). Members of this
family have a characteristic structural feature in their extra-cellular segments; tandem
array of domains each of which is folded as a sandwitch of two antiparallel B sheets
similar to the fibronectin type III domain (Fn3-like domain). The CRSF members can be
further classified into class 1 and class 2 receptors. Class 1 receptors include most
receptor subunits of the hematopoietic cytokines and contain special motifs; four
conserved cysteine residues in the C-terminal Fn3-like domain ('C domain') and a
'WSxWS' motif in the N-terminal domain ('N domain") (7).

We previously (8) characterized the gene structure of the human GM-CSF
receptor & subunit (hGMRa), in comparison with genes for other CRSF members. This
led us to propose a model for gene evolution of the CRSF. We also pointed out that IL-
3Ra, IL-5Ra, and GMRa have common genomic as well as protein structures and can
be classified into subfamily of the class 1 CRSF. In this paper, we have characterized the
structure of the hIL-3Ra gene and found that, besides shared features of the CRSF
members, it contains an additional intron unique to the hIL-3Ro and the hGMRa genes.
This implies that these two genes are one of the closest siblings in the CRSF.

Qligonucleotides

Synthetic oligonucleotides used in this study are summarized in Table 1. They were all
synthesized based on the cDNA sequence (9).

Polvmerase chain reaction (PCR)

Exons 7, 8,9, 10, 11, and 12 were mapped by PCR using subcloned genomic DNAs as
templates. Lengths of introns were determined by amplification with pairs of
oligonucleotide primers corresponding to the sequences included in adjacent exons. PCR
was performed in a thermal cycler (Astec) for 30 cycles (denatured for 1 min at 940C,
annealed for 1 min at 549C, extended for 5 min at 72°C), using Tag DNA polymerase
(Thermalase, Kodak). For PCR to determine the lengths of introns 7 to 12, the reactions
were carried out in a P-J 9600 (Perkin-Elmer) for 35 cycles (denatured for 20 sec at
980C, annealed/extended for 10 min at 68°9C ) according to Barnes' method (10,11),
usmg Ex Taq DNA polymerasc (TaKaRa)

Threc lambda phagc hbrancs of human genomlc DNA were ecreencd Library A was
prepared from size-fractionated (10-14 kb) human placental DNA, which was digested
completely with BamHI and isolated from gel. We thereafter ligated the DNA with
EMBL3 vector (Stratagene) and packaged the product using GIGA PACK II GOLD
(Stratagene). Libraries B and C were obtained from American Type Culture Collection
(ATCC). Library B is enriched for X-chromosome (Charon 35, 10-21-kb, Sau3 Al
partial, ATCC 57750) and library C is specific for Y-chromosome (Charon 40, 9-24 kb,
Mbol partial, ATCC 57780). These libraries were screened with probes from the hIL-3
full-length ¢cDNA or its digestion products. Positive clones were subcloned into
pBluescript IT KS (+) or SK (-) vector.

P1 phage clones

Since the contig of the lambda phage clones obtained lacked the region spanning the exon
9, P1 phage library was screened by PCR using 91S and 91A primers by Genome
Systems Inc. and three clones were isolated. By PCR, we determined the included exons
in each of these clones.

DNA sequencing

Exon-intron junctions were sequenced in a 373A DNA sequencer (ABI) according to the
manufacturer's instructions. 1-1.5 pg of double-stranded plasmid DNA was used as a
template. Primers used in this procedure are listed in Table I.
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Table I
Oligonucleotides used

exon primer sense/antisense sequence

1 P2 A (69-40) 5'-ttc gtg gtt cca gtt gag aag atc tgg ggt-3'
Pl A (99-70) 5'-aga tca aag tgc tgt gtg tgg aag aaa cag cc-3'
2 285 S (112-130) 5'-gca cct ctg tece tge gtt c-3!
2A A (206-189) 5'-ctt cgt ttg cag gag aca-3'
3 108 S (246-265) 5'-gca aag gct cag cag ttg ac-3"
10A A (265-246) 5'-gtc aac tgc tga gcc ttt ge-3°
286 S (255-273) S5'-cag cag ttg acc tgg gac c-3'
287 A (304-285) 5'-aca cac tcg ata tcg gtc ac-3"
4 3s S (390-408) 5'-acc gtc cga gtg gcc aac c-3'
3A A (408-390) 5'-ggt tgg cca ctc gga cgg t-3'
GSP2 A (434-415) 5'-gaa gag gat cca cgt gga ga-3"'
5 4S S (507-527) 5'-agc tgc agc tgg gcg gta ggc-3'
4A A (527-507) 5'-gcc tac cgc cca gct gca gct-3'
6 118 S (615-635) 5'-gat gct cag gga aca cgt atc-3'
11A A (635-615) 5'-gat acg tgt tcc ctg agce atc-3!
7S S (709-726) 5'-gcg cag cct tcg gta tce-3"
7 125 S (803-823) 5'-gac aca ttc ctt tat gca ctg-3!
12a A (823-803) 5'-cag tgc ata aag gaa tgt gtc-3!
8 81S S (879-899) 5'-aga atg cag cct gta atc aca-3'
81A A (909-889) S5'-tga cct gtt ctg tga tta cag-3'
5S S (891-912) 5'-gta atc aca gaa cag gtc aga-3'
5A A (912-891) S'-tct gac ctg ttc tgt gat tac-3!
9 918 S (931-951) 5'-tac tca atc ctg gaa cgt aca-3'
91a A (995-975) 5'-gct caa gaa ttc ata cac tct-3'
138 S (984-1003) S5'-gaa ttc ttg agc gcc tgg ag-3!
13A A (1003-984) 5'-ctc cag gcg ctc aag aat tc-3!
10 283 S (1064-1081) S'-gtc gct gct gat cgc gct-3°
284 A (1120-1101) 5'-cag atc acg aag aca cag ac-3'
11 6S S (1128-1148) 5'-tat ctg gtg atg cag aga ctc-3'
6A A (1148-1128) 5'-gag tct ctg cat cac cag ata-3'
282 A (1200-1181) 5'-cgt ttt gga agc tgt cac cg-3'
12 8S S (1278-1295) ©5'-act tga gac tgg ggt tca-3!
8A A (1295-1278) b5'-tga acc cca gtc tca agt-3!
288 S (1405-1423) 5'-ggc atg gga gat gcc tgt g-3°
RESULTS

Genomic Southern blot analysis revealed two positive BamHI fragments
ranging in size between 10-14 kb. Based on this result, library A was constructed and
screened. To facilitate the characterization of the hIL-3Ra gene which maps to the X-Y
pseudoautosomal region (PAR), two chromosome-specific libraries B and C were also
used. We screened total of 1.0 x 105, 1.3x 106, and 1.5 x 100 clones of libraries A, B,
and C, respectively, with various combinations of probes and obtained positive clones.
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Exon No. size(bp) codon phase Intron donor size (kb) Acceptor
1 108 TTAAG gtaaggtccce 5.3 tctecctecag  CAGGC
2 102 1 G GAA G gtaagaactg 3.0 accgttttag AT CCA
3 129 0 TG CCG gtaaatcata 2.9 tctctcttag GCA GT
4 145 1 G AAC A gtgagaaaaa 2.5 gtgaacccag GT GGG
5 133 2 GCC AA gtaagtgtgc 4.9 cttaccgcag C AGG C
6 85 1 G ATT G gtgagtagcc 1.8 tcgttgctag AG ATA
7 126 ¢] AA AAG gtaaactttc 2.0 tgtgttgcag AGA AT
8 27 0 AA CAG gtagtgctct 6.0 caaaccacag GTC AG
9 115 1 C TTC G gtgttccgat 6.4 ttacccctag AG TGC
10 106 2 AGA AG gtgagccctce 2.0 ttcctccgag G TAT C
11 82 0 AG CTG gtatgttgtt 1.1 gtctctgcag GTG GT
12 252
Fig.1.

Organization of the hIL-3Ra gene and the conserved gene structure in the CRSF members.

A. Fine restriction endonuclease cleavage map of the hIL-3Ra gene. EcoRI, BamHI,

Hindlll,and Xhol sites are shown. No lambda clone was found which includes exon 9. This

exon is included only in a P1 clone (2058). Clone 3A1 and clones 3A4, 5, 7, 8, 10, and 11

were isolated from library A and library B, respectively. They were screened with a full-length
cDNA probe excised by Xhol from pCEV4 expression vector. Clones 3A17 and 25 were
isolated from library C with a labeled 490-bp EcoRI-fragment of the cDNA.

B. Exon-Intron junctions of the hIL-3Ra gene and its intron phase.

From exon 1 to exon 4, exon-intron junctions were determined mainly by sequencing
subcloned DNA using universal primers. From intron 7 to intron 12, their lengths were
determined by 'long and accurate PCR' (10,11).

Since the contig of the lambda phage clones was found to lack the region spanning the
exon 9, we obtained P1 phage clones 2057, 2058, and 2059 by PCR.

The isolated lambda and P1 phage clones cover the entire coding sequence of the
hIL-3Ra gene (Fig. 1A). The restriction endonuclease cleavage map is consistent with
the result of the genomic Southern blot analysis (Fig. 2). The gene spans approximately
40 kb and contains 12 exons. All exon-intron junctions follow the GT-AG rule (12) (Fig.
1B). The translation initiation site is located on exon 2. The three Fn3-like domains are
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Fig.2.
Genomic Southern hybridization of the hIL-3Ra gene.

The restriction endonuclease cleavage map of the hIL-3Ra gene shown in Fig. 1A was
consistent with this result. Ten micrograms of genomic DNA extracted from human placenta of
healthy volunteer was digested with BamHI (lane 1), EcoRI (lane 2), HindIll (lane 3), and

Xhol (lane 4), respectively. The full-length cDNA of the hIL-3Ra was used as a probe. DNA
size-marker is shown (kb).

encoded by total of seven exons. The two conserved Fn3-like domains of the CRSF are
encoded by five exons; the 'N domain' (N-terminal domain with conserved four cysteine
residues) is encoded by exons 5 and 6 and the 'C domain' (C-terminal domain with a
'WSxWS' motif) is encoded by exons 7, 8, and 9. Another Fn3-like domain (N’
domain') which is specific to IL-3Ra, IL-5Ra, and GMRa, is encoded by exons 3 and
4.

Previous reports suggest that the hGMR« gene (CSF2RA) is located within 190
kb of the hIL-3Ra gene (/L3RA) (13,14). However we did not find hGMRa coding
sequences within 15 kb upstream and 8 kb downstream of the hIL-3Ra gene in our
genomic clones.

RISCUSSION

We isolated genomic clones that cover the entire coding sequences of the hIL-
3Ro gene by screening chromosome-specific libraries and P1 phage library. The gene
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spans approximately 40 kb, which is one of the largest among known cytokine receptor
genes (8,15-22).

In our previous paper, we compared the exon organization and the
corresponding intron phases (23) for the available genes encoding members of the CRSF
(8). An intron phase is defined as the position where it disrupts the coding sequence. For
example, when intron is located between the first and the second nucleotides of a codon,
this intron is called phase 1. We found that in all the known members of the CRSF, the
intron phases are conserved around the tandem array of the two Fn3-like domains; the
boundaries of each Fn3-like domain are defined by phase 1 introns. Furthermore, the
phases of the intervening introns are 2 for the 'N domain' and O for the 'C domain',
respectively. This '1-2-1-0-1 rule’ suggests that a common origin of Fn3-like domains
with the phase 2 or 0 introns exists among the CRSF members, and that exon shuffling
plays an important role in the evolution of these genes. In this study, we confirmed that
this '1-2-1-0-1 rule’ also applies to the hIL-3Ra gene (Fig. 3A).

In addition to the above two Fn3-like domains that are common to all the CRSF
members, IL-3Ra, IL-5Ra, and GMRa contain yet another Fn3-like domain in their N-
terminil. We have found that the boundaries of this "N' domain' are also defined by
phase 1 introns and that the intron within this domain is of phase 0. Based on this
conservation of the exon-intron organization as well as the protein structure among these
three genes (8,24), we assume that the I1.-3Ra, the IL-5Ra, and the GMRa genes have
a common origin (Fig. 3B).

Moreover, by comparing the genomic structures of the three genes in detail, we
found an intriguing difference between the IL-3Ra/GMRa and the IL-5Ra genes. The
hIL-3Ra and the hGMRa genes contain an additional intron in their 'C domain’,
whereas the mIL-5Ra gene does not (Fig. 3A). This feature is conserved in the IL-3Ra
and the GMRa genes, and is not restricted to human since this intron is also found in the
mouse IL-3Ra gene (25). This intron is of phase 0 for the hIL-3R¢, the mIL-3Ra, and
the hGMRa genes and its position in the protein corresponds to the 4th and the 5th
strand (7,26,27). It is tempting to speculate that the IL-3Ra and the GMRa genes have
diverged very recently in the evolution of the CRSF and share evolutionary process apart
from the IL-SRa gene (Fig. 3B).

The 5" untranslated regions of the hGMRa and the hIL-3Ra genes are encoded
by three and two exons, respectively, judging from the reported cDNA. To confirm this
difference, we tried to determine the transcription start site of the hIL-3Ra gene by
primer extension and 5' RACE, but no distinct cDNA end was detected. This may be due
to the high GC content of the putative 5' untranslated region. For example, we have
sequenced 580 bp of the 5' flanking region from the reported cDNA end and found
SINES-homologous region (28) with the GC content of more than 80%. This sequence

Iy .F.Bazan, personal communication.
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Fig.3.
A. Schematic representation of genomic structure of the CRSF members.
'1-2-1-0-1 rule’ of intron phasing is well-conserved among the CRSF members including the

hIL-3Ra gene. Another Fn3-like domain ('N' domain’) exists in its N terminus of hIL-3Ra,
hGMRa , and mIL-5Ra, respectively, and intron phase around this domain is 1-0-1. It should

be noted that the hIL-3Ro and the hGMRa genes possess an extra intron of phase 0
(underlined italic) in the 'C domain'.

B. A possible model for gene evolution of the CRSF.

A putative common ancestral gene for the CRSF have evolved from a prototype exon encoding
an Fn3-like domain by duplication and intron insertion. After class 1 cytokine receptors

(CKRs) had evolved, a common ancestral gene for the IL-3Ra, the GMRa, and the IL-5SRa
genes emerged by acquiring the third Fn3-like domain. These three receptors can be

classified into a subfamily because of N' domain at their N-termini. The IL-3Ra and the

GMRa genes possess an additional intron in the 'C domain’, whereas the IL-5Ro gene does
not.

would interfere with the reverse transcription used in the above two procedures.
Therefore, we cannot exclude the possibility that the hIL-3Ro gene contain one more
exon in its 5’ end.

In conclusion, we isolated the genomic clones for the hIL-3Ra gene and
compared its structure with gene structures for other CRSF members. From this
analysis, we have obtained a novel insight pertaining to the origin of three o subunit
genes encoding IL-3R, GMR, and IL-5R. We also found that exon-intron structure of
the hIL-3Ra gene is remarkably similar to that of the hGMRa gene among these three
genes, which implies that the IL-3Ra and the GMRa genes might have evolved
separately from the IL-5Ra gene (Fig. 3B).
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