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Cloning and Characterization of the Human Interleukin-3 (IL-3)/IL-5/
Granulocyte-Macrophage Colony-Stimulating Factor Receptorgc Gene:
Regulation by Ets Family Members

By Thamar B. van Dijk, Belinda Baltus, Eric Caldenhoven, Hiroshi Handa, Jan A.M. Raaijmakers,
Jan-Willem J. Lammers, Leo Koenderman, and Rolf P. de Groot

High-affinity receptors for interleukin-3 (IL-3), IL-5, and granu-
locyte-macrophage colony-stimulating factor (GM-CSF) are
composed of two distinct subunits, a ligand-specific a chain
and a common B chain (Bc). Whereas the mouse has two
homologous B subunits (Bc and BIL-3), in humans, only a
single B chain is identified. We describe here the isolation
and characterization of the gene encoding the human IL-3/IL-
5/GM-CSF receptor B subunit. The gene spans about 25 kb
and is divided into 14 exons, a structure very similar to that
of the murine Bc/BIL-3 genes. Surprisingly, we also found
the remnants of a second B¢ chain gene directly downstream
of Bc. We identified a functional promoter that is active in the

myeloid cell lines U937 and HL-60, but not in HelLa cells. The
proximal promoter region, located from —103 to +33 bp,
contains two GGAA consensus binding sites for members of
the Ets family. Single mutation of those sites reduces pro-
moter activity by 70% to 90%. The 5’ element specifically
binds PU.1, whereas the 3’ element binds a yet-unidentified
protein. These findings, together with the observation that
cotransfection of PU.1 and other Ets family members en-
hances Bc promoter activity in fibroblasts, reinforce the
notion that GGAA elements play an important role in myeloid-
specific gene regulation.
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ROLIFERATION AND differentiation of hematopoietic in IL-3—, IL-5—, and GM-CSF-mediated signal transduc-
progenitors is regulated by cytokines that are produced bytion.*314Therefore, the common use of tBe subunit by IL-3,

a wide variety of cell types. Among these cytokines, interleu-IL-5, and GM-CSF explains the observed partial functional
kin-3 (IL-3), IL-5, and granulocyte-macrophage colony- redundancy of these cytokin€sHowever, when the entire
stimulating factor (GM-CSF) are produced by a variety of cell cytoplasmic domain of the IL-5R is deleted, intracellular
types, including activated T cells and mast cells, and play arsignaling is blocked, indicating that thechain is also involved
important role in hematopoiesis as well as in inflammatoryin signaling!61?
reactions:2 Both IL-3 and GM-CSF act on various lineages of  |n contrast with humans, the mouse has t@osubunits,
hematopoietic cell33whereas IL-5 is a more lineage-restricted known aspc (AIC2B) andBIL-3 (AIC2A).181° Analogous to
cytokine that acts mainly on eosinophils, basophils, and, in thehe humargc, the mousgc chain is the commof subunit for
mouse, some B celfs? Although IL-3, IL-5, and GM-CSF  the mouse IL-3, IL-5, and GM-CSF receptors. Althoygshand
show no amino acid homology, they have striking similarities; gj_-3 have 91% homology at the amino acid level, oply.-3
their genes are linked on human chromosoniettey induce  pinds IL-3 with low affinity and does not form a high-affinity
the phosphorylation of similar proteifig,they compete with receptor with IL-5Rx and GM-CSFR. The genes encodirge
each other in binding to their high-affinity receptors in hu- andg|L-3 are located within 250 kb on mouse chromosome 15,
mans}®and they have overlapping biological functichs. and their genomic organization is almost identical. Both genes

Cloning of the receptor components and the reconstitution ofonsist of 14 exons and span about 28 kb each. Furthermore,
functional receptors for IL-3, IL-5, and GM-CSF has shown hejr 5 sequences are also well-conser¢edhese observa-
that the receptors are heterodimers composed of a cytokingjns have led to the speculation that the two genes are products
specifica chain (IL3-Ry, IL-5Ra, and GM-CSFR) and @ ¢ 5 gene duplication event that occurred after the divergence of
commonp chain @c)1**2Although the humargc subunithas | i-o"and humans.

no binding capacﬁy _by 'ts_elf’ it forms a r_]|gh-aff|n|ty rec_eptor Because the expression of cytokine receptors, including those
f:omple?( bY assoqgﬂonl W',th the Iow-aﬁllnlty chains. BfeS|des for IL-3, IL-5, and GM-CSF, is generally restricted to hemato-
its role in high-affinity binding, thgéc chain plays a major role poietic cells, their expression has to be regulated in a cell-type—
specific manner. In vitro development of murine embryonic
) — _stem (ES) cells or day-3.5 murine blastocysts, used as a model
From the Department of Pulmonary Diseases, University HospltalfOr the earliest steps of hematopoietic stem cell formation
Utrecht, Utrecht, The Netherlands; and the Faculty of Bioscience and , . 22 ~
Biotechnology, Tokyo Institute of Technology, Midoriku, Yokohama,durlng embryogenes#;*2has shown that ES cells and day-3.5
Japan blastocysts express no detectgblle-3 or B¢ mRNA. However,
Submitted February 9, 1998; accepted July 10, 1998. the transcription o_f the tw@ subunl_ts is dra_matlcally increased
Supported by a research grant from GlaxowWellcome b.v. after 7t0 9 days in culture, consistent with the time of blood
The sequence of the IL-3/IL-5/GM-CSHRR promoter has been island formation and the induction of the CD34 géhBecause
deposited in the GenBank data base (accession no. AF069543). IL-3 stimulates multipotential progenitor cells (for review, see
Address reprint requests to Rolf P. de Groot, PhD, Department ofQgawa4), it is not surprising that CD34 cells isolated from
Pulmonary Diseases, G03.550, University Hospital Utrecht, Heidglaan human bone marrow (BM) and cord bld&aénd murine c-kit
100, 3584 CX Utrecht, The Netherlands; e-mail: R.deGroot@hIi.azu.nI.BM cells?® express th@c subunit(s). However, at later stages of
The publication costs of this article were defrayed in part by page development, expression of the cﬁain is mainl restricted to
charge payment. This article must therefore be hereby mdikeder- P - P - Y .
tisement”in accordance with 18 U.S.C. section 1734 solely to indicate .the myeloid “r‘eage.s' In the I.ymph0|d Compartment' expression
this fact. is only found in a minor fraction of cells with the B-cell marker
© 1998 by The American Society of Hematology. CD19, but not in cells with the T-cell marker CB3.
0006-4971/98/9210-0046$3.00/0 Although it is clear that the expression of tBe subunit is
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tightly controlled, nothing is known about the molecular hybridized to*2P-labeled complementary RNA probes derived from the
mechanisms underlying this regulation. Cloning and characterhumangc gene. After RNase digestion of the single-strand transcripts,
ization of the regulating sequences of egene should shed protected fragments were separated on a sequencing gel. A set of

light on the cell-specific expression. Furthermore, knowledge offequence reactions was loaded to determine the Iengths of the protected
Bc subunit expression can lead to novel leads in the treatment cgagmems' Hela and yeast (RNA served as a negative C‘.).mro.l' Th? 5

. . . ACE was performed using the Marathon cDNA amplification kit
IL_'S/IL'S/(_;M'CSF Slgna!lng-related diseases, such as _leLJKe'according to the manufacturer’s instructions (Clontech, Palo Alto, CA),
mia, and inflammatory dlseas_es. To stiglygene expression, using 1 pg of HL-60—derived polyARNA.
we have cloned and characterized the hup@focus. We show Cells, plasmids, oligonucleotides, and antibodie€0S-1 and HeLa

here that the genomic organization of the gene is highlycells were cultured in Dulbecco’s modified Eagle medium (DMEM;
homologous to the mouse AIC2A and AIC2B genes and that Etd.ife Technologies, Breda, The Netherlands) supplemented with 8%
family members, including PU.1, are involved in the regulation heat-inactivated fetal calf serum (FCS; Life Technologies). The mono-
of its basal expression. Furthermore, our results also indicatéytic cell line U937, the promyelocytic leukemia cell line HL-60,

that the human may have had a secprahain gene. erythroleukemia TF-1 cells, and monocytic THP1 cells were maintained
in RPMI 1640 (Life Technologies) supplemented with 8% FetalClone |

(HyClone, Logan, UT).
MATERIALS AND METHODS The complete cDNA of PU2 was cloned in the expression vector
Library screens. Two human genomic libraries, prepared from PSG5 (Stratagene). Expression vectors for cEts-1, GXBRTF1-60,
placental DNA in the\EMBL3 and ADASH vectors (Stratagene, La and GABRB1/E4TF1-53 are described previously (Coffer éPaind
Jolla, CA), were screened with the 868-BpoRI-Aval (bp 2 to 869) ~ Watanabe et &, respectively).
fragment of the humarpc chain cDNA! according to standard The following oligonucleotides were used in this study: for site-

techniques. The human chromosome 22-specific cosmid libranydirected mutagenesis of the GGAA elemer@i5, —65mut (GGGCCG-
LL22NCO03 (a kind gift of Dr P.H.J. Riegman, Dept. of Pathology, GCACTGCTAGATCTTTCTGCTTCTC) and the GGAA element5,

Erasmus University, Rotterdam, The NetherlaRtisls screened with ~ —45mut (TTTCTGCTTCTCTGATATCTGATGACATCAAC); for
the 275-bpEcoRI-Bgl | (bp 2 to 276) fragment of the humat chain  band-shift analysis (only upper strand is shown5 (AGCTTCCG-
cDNA. A genomicHincll fragment of 1,900 bp (containing exons p-2 GCACTGCTTCCTCTTTCTGCTA) and-45 (AGCTTGCTTCTCT-
and p-3) isolated from the cosmid library was used to screen a bacteridp T T TCCTGATGACATCA).

artificial chromosome (BAC) library. This screen was performed by The following antibodies were used in this study: anti-Ets-1 (N-276,

Genome Systems, Inc (St Louis, MO). One positive clone [BACH-249Sc-111X; Santa Cruz, Santa Cruz, CA), anti-Ets-2 (C-20, sc-351X;
(Azl)] was detected and further ana|yzed. Santa CrUZ), anti—Fli-1 (C‘lg, sc-356X; Santa CI’UZ), anti-PU.1 (T‘21,

Isolation and subcloning of genomic cloneDNA of positive  SC-352X; Santa Cruz), anti-ATF3 (C19, sc-188X; Santa Cruz), and

phage/cosmid/BAC clones was digested with various restriction en2nti-GABRx (rabbit polyclonal, a generous gift from S.L. McKnight,
zymes, separated on 0.4% to 0.7% agarose gels, blotted to nitrocell(tularik, South San Francisco, CA).
lose, and hybridized with various fragments pé chain cDNA or Plasmids for promoter analysis, transient transfection, and CAT
exon-specific oligonucleotide probes. cDNA probes were labeled withassay. The BAC 2.7-kbHinDIII fragment hybridizing with an exon 1
[«-32P]dCTP using a random priming labeling kit (Pharmacia Biotech, specific oligonucleotide was subcloned into tHeDIII site of the
Uppsala, Sweden) and hybridized for 16 hours at 42°C in standard 509gromoterless pBLCAT3 vect#t in both orientations and sequenced.
formamide buffer. Oligonucleotide probes were labeled wjtB?P]dATP This construct was used as a template for the PCR-based deletion
by T4 polynucleotide kinase and hybridized for 16 hours at 42°Cxn 6 constructs—358+33, —226H33, and—103/+33. These constructs
standard sodium Citrate’ 0.5% sodium dodecyl Su|pha(dp§nhardts’ were cloned into theXba I-BanH| sites of pBLCAT3 Site-directed
reagent, and 0.1 mg/mL ssDNA. Positive fragments were subcloned ifnutagenesis was performed according to Kurikel.
pBluescript Il SK() (Stratagene). For transfection experiments, COS-1 cells were cultured in six-well
P0|ymerase chain reaction (PCR) and DNA Sequencir‘gligo_ dishes (NUnC, NaperVi”e, ”_), 3 hours later, the cells were transfected
nucleotide primers corresponding to thedhd 3 sequences of each With 6 to 8 pg of supercoiled plasmid DNA, as described previo#siy.
exon (based on the organization of the murB®IL-3 chain genes) Hela cells were transfected 16 hours after splitting. After 16 to 20 hours
were used for polymerase chain reactions to estimate the intron length€f exposure to the calcium-phosphate precipitate, medium was re-
ADNA and BAC DNA served as templates (1 ng), using 100 ng of eachfreshed. Cells were harvested for CAT assays 24 hours later. Transfec-
primer in a reaction volume of 100 pL. For fragmentd,500 bp, tion of U937 and HL-60 cells was performed by electroporation at 300
reactions were performed for 30 cycles (1 minute at 95°C, 1.5 minutes/ and 960 pF (10cells, 20 pg supercoiled plasmid DNA). Two days
at46°C or 52°C, and 2 minutes at 72°C) using AmpliTaq (Perkin-Elmer, after transfection, cells were harvested for CAT assays. CAT assays
Branchburg, NJ). For fragments greater than 1,500 bp, reactions wer¢ere performed as described previodijtacZ determination was
performed for 30 cycles (1 minute at 95°C, 1.5 minutes at 46°C or 52°C Used to correct for transfection efficiency.
and 8 minutes at 68°C) using the Expand PCR kit (Boehringer Gel retardation assay. Nuclear extracts were prepared from U937,
Mannheim, Mannheim, Germany). Products were analyzed by electrotL-60, and COS-1 cells following a previously described procedure.
phoresis on a 1% agarose ge| Fragments were subcloned using t@igonucleotide pl’ObeS were labeled by fl”lng in the cohesive ends with
pGEM-T cloning kit (Promega, Leiden, The Netherlands), according tole-*2P]dCTP using Klenow fragment of DNA polymerase I. Gel
the manufacturer’s instructions. retardation assays were performed as described previushsuper-
Supercoiled plasmid DNA was alkaline-denatured and sequenced b§hift experiments, 2 pg of antibody was added to the extracts on ice, 45
the dideoxy chain termination method using T7 polymerase sequencinginutes before the addition of the probe.
kit (Pharmacia). Oligonucleotide primers used were from the flanking
regions of the vector (T3 and T7), cDNA sequence, or from the intron RESULTS
sequence obtained.
RNAse protection and’5RACE. RNAse protection analysis was Isolation and organization of the IL-3/IL-5/GM-CSF recep-
performed according to Melton et #.Ten micrograms of total RNA  tor Bc gene. To isolate the genomic sequences of the human
derived from U937, HL-60, THP-1, TF-1, and HelLa cells was IL-3/IL-5/GM-CSF receptorBc gene, we initially screened a
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human genomia EMBLS library with the 868-bpEcoRI-Aval the major transcription start site found in the murine genes,
fragment of thg3c cDNA.1! The positive clone obtained{2) corresponding to the 44-bp protected fragment.
contained exons 4 to 14 (Fig 1A). To isolate exons 1 through 3 Searching the TFMATRIX transcription factor database
and upstream sequences, we screened the chromosome Zpttp://pdapl.trc.rwep.or.jp/research/db/TFSEARCH.html), pu-
specific cosmid library LL22NCO03 with the 275-gzoRI-Bgl | tative binding sites were identified throughout the 2.7-kb
probe. One positive (43B4) was shown to contain exons 2 and Fragment. In the proximal promoter region frord95 to +54
Nevertheless, the sequences of these regions shared only abdgtative to the transcription start site, these include binding sites
85% and 95% homology with the cDNA, respectively (Fig 1B), for the transcription factor families of cEts, STAT, cMyc, Myb,
highly suggesting that these exons were obtained from #ATA, and C/EBP (Fig 2B).
pseudogene (see below). The functionally active promoter region is cell-type specific.
Because exon 1 was not present in the cosmid clones, a BAGO study whether the sequences upstream of exon 1 had
library was screened, leading to the identification of onePromoter activity, the 2.7-kblinDIIl fragment was cloned into
positive clone, which appeared to contain the wigzgene. As the promoterless CAT-vector pBLCAT3 in both forward (F) and
shown in the schematic diagram (Fig 1A), the estimated lengtiféverse (R) orientation. The plasmigs2100+600CAT-F and
of the gene is approximately 25 kb. The gene contains 13~ 2100+600CAT-R, were transfected into the monocytic cell
introns, and all the sequences of intron-exon boundaries corfine U937, the promyelocytic leukemia cell line HL-60, and the
form to the consensus sequences of eukaryotic splice junction@e!l linés COS-1 and Hela. CAT activity was measured 2 days

(Table 1). Because of unknown technological problems, weafter transfection. As shown in Fig 3, CAT activity was clearly
were not able to characterize thesgquence of intron 1. detected in U937, HL-60, and COS-1 cells transfected with

The length of the gene and the number of exons are not the 2100A 600CAT-F (F), but not in Hela cells or cells trans-

only striking similarities between the humat and murine  'ected with—2100A-600CAT-R (R). As a negative control, we
Bc/BIL-3 genes. Exon 1 encode&ntranslated sequences, and used the empty pBLCAT3 vector (V). As a positive control for

exon 2 encodes moré-bintranslated sequences and the start ofHe"a cell ransfection, we used CAT plasmids with the RSV

the open reading frame. The extracellular domain is encoded bgromoter. The results indicate that the 2.7HinDIIl fragment

9 exons (exon 2 to 10), the transmembrane domains are on theontalns a functional promoter with some degree of cell-type—

. . ific activity.
11th exon and cytoplasmic domain by three exons (exon 12P€¢ . -
ytop y ( GGAA elements are essential for promoter activityo

h h 14). E 14 al i h I - - . ; . -
throug ). Exon also contains thé tntranslated se determine the functionally important regions of tRe chain

nces. Al he relative lengths of the introns are ver .
?(;renpcferle Sbc;’tv;egn r?wiite :ndehg:nzng fhe introns are ve ypromoter, PCR-based deletion mutants were constructed. As

. . shown in Fig 4, the deletion construct8358/+33CAT, —226/
The remains of a secorgc gene? Interestingly, the mu- /a3 xr - anq " 10341 33CAT, which also lack the intron
tated exons 2 and 3 identified in cosmid 43B4 were also found ' . . ' o
in the BAC. Furthermore, in both the BAC and cosmid clones asequences, ?'“” had high promoter aCtMty |n.HL-60‘andl ues7
. ' 0 ' “cells (endpoints of these constructs are indicated in Fig 2B).
region homologogs to exon 4 was also fognd (.8.9A) hOm()logy’l'his indicates that an important cis-acting element(s) is located
Fig 1B). Interestingly, a BLAS.T search identified a cosmid within the first 103 bp upstream of the transcription start site.
clon.e F45,C1 (QenBank accession no. Z75892) that is (at Iea%urther examination of the promoter sequence showed that at
partially) identical to our cosmid clone 43B4. The complete |, fiye putative cEts/PU.1 binding sites could be identified in
sequence of cosmid ,F45C1 1S a'vallable in the GenBank anqhe human proximal promoter region (Fig 2B). To test whether
confirmed the genomic organization of the exons 11 to 14 anqhese sites could play a role in promoter regulation, the
the Iocalizatiorl ofa pseuq?mchain gene, as depicted in Fig 1A. constructs— 226/ 33CAT, —103/+33CAT, and also—2100/

The 8 flanking region. To identify the functional promoter | 500 were cotransfected with the cDNAs of several Ets family
of the Bc chain gene, a 2.7-kblinDIIl fragment hybridizing  members into COS-1 cells. As shown in Fig 5A, cotransfection
with an exon 1-specific oligonucleotide was cloned and com-pf cgts-1 or PU.1 led to an 8 to 10 times increase of promoter
pletely sequenced (GenBank accession no. AF069543). Comyetivity of the constructs-—21004600 and —2264 33CAT.
puter analysis showed a TATA-box (TFIID/TBP binding site) a|s, the activity of—103/+33CAT was induced by cEts-1 and
and a cap sequence that were also found in the murine sequenggy 1, although only threefold. This was due to the high
To localize the transcription start site(s), we performed anpackground level of this construct in COS-1 cells (data not
RNase protection assay with total RNA from HL-60, U937, shown). Overexpression of the related Ets family member
TF-1, THP-1, and Hela (negative control) cells and used aGABP also resulted in increased promoter activity-6£03/
genomic sequence that contained exonl as a probe. Figure 2A33CAT (Fig 5A).
shows that fragments of 44, 45, 50, and 58 bp are protected in The fragment-103/33 contains two GGAA elements, one
B¢ subunit-expressing cells but not in HeLa cells. The integrityat bp—44 to —47 (named-45) and the other at bp65 to —68
of these start sites was confirmed byRACE analysis using (named —65). These two elements are also present in the
polyA* RNA from HL-60 cells (data not shown). These results murine promoter sequenég,whereas the three additional
indicate that multiple initiation sites are used at 11, 19, 24, ancelements in construct-495+54 are not conserved in the
25 bp from the putative TATA box (Fig 2B). Alignment of the mouse promoter. To elucidate whether the cEts/PU.1 binding
human and murine sequences (Fig 2B) showed the high degredements are functionally important, both cEts/PU.1 sites were
of homology of the promoter proximal regions, including the mutated in the- 103+ 33CAT construct. Single mutation of the
first exon. We therefore placed thel at the same position as —65 site resulted in a decrease of promoter activity of more
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ACAGATGGATGTCCCGAGGCT TGGEGAACTAACACGCAGAT GAT TTGCACAAGGACACGCTTTAAGAAGCAGT GGACTTG
[ARARRN B LI R I T I Y A Y B
ACAGATGACAGTTTTGGGECT TGGAGAAGTAACATGCAGATAATTTGCACAAGGTCTCACTCTTAGCAATACTAGAGGTG

GAAGTCCAACACAGATCTGTCTGGCTCTGGGCTCAAACCAGCTATGGT TATTGCAGCCACTTCCACCTGCATCCCCATCA

LR 4 0 PREV e e e e e e A e v v vt o i i o
GGAGTCCAACCCGGGTCTGTCTGECTCTGGGCTCACACCAGCTGTGGTTAT TGGAGCCACTCCCATCTGTATCCCCATGA

AGCAGTCAGGAAGGCT GCATGGAGGAGECCCTGCGTCAGCT GAGGCT TGAAGGAGGCCTAGGAGT TTATAGGAR
| FRORETEEER e pee e ey vt 0 it i
GGAGTCAGGGAAGGCTGCATGGAGGAGGCCCTGCGT TAGCTGAGGCTTGAATGATGAATGGGAGT TTATAGTAA

AAGGACCCTGCTCATGCCCATGGCCAGCACCCACCAGTGCTGECTGCCTGCCTGTCCAGAGCT:!
e 1t [ R R RN N R R R R A RN NN R ARRRARRRNNE

AAGACCCCACCCCAGCCCATGGECCAGCATCCACCTGTECCAGCACCTGCCT CTCCAGAGCT GACCAGGAAAR! GCTG
GCCCAGGGGCTGCTCTCCATGGCCCTGCTGGCCCTGTGCT GGGAGCGCAGCCTGGCAGGGGCAGAAG
TEE O FEEETEE VPV TER R R g b TP EEREET LRI
GCCTGGGAGCTGCTCCTCATGGCCCTGCTGGCCCTGTGCT GGGGACT TAGCCTGGCAGGGGCAGAAG
AAACCATCCCGCTGCAGACCCTGCGCTGCTACAACGACTACACCAGCCACATCACCTGCAGGTGGGCAGACACCCAGGAT

PR T T e e veer s e i e e i
AAACCGTCCTGCTGCAGACCCTGCGCTGCTACAGTGACTATACCAGCCACATCACCTGCGEETGGGCAGACACCCAGGAT

GCCCAGCGGCTCGTCAACGTGACCCTCATTCGCCGGGTGAATGA

POLTEEEL R e e i e e e b
GCCCAGCGGCTCGTCAACGTGACCCTCATTCGCCGGGTGAATGA

GACCTCCTGGAGCCAGT GTCCTGTGACCTCAGTGATGACATGCCCTGGTCAGCCTECCCCCATCCCCGCTGCETGCCCAG
TEEE D BRI BRRneet TERenn e e e DRRe bbb et e 1 v
GACCCTCCGGAGCCCATGTCCTGCTACCTCAGCGATGACATGCTCTGGTCAGCCTGCCCCTGTCCCCACTEGTGTGCCCAG

GAGATGTGTCATTCCCTGCCAGAGT TTTGTCCTCACTGACGT TGACTACT TCTCAT TCCAACCAGACAGGCCTCTGGGCA
PRCLEEEIEEER R FE el e Rl DR PR R e P U EEREL L]
GAGATGTGTCATTCCCTACCAGAGTTTTGT CATCAGT GACATTGACTACT TCTCAT TCCAGCCAGACGGGCCTCTGGGCA

CCCGGCTCACCGTCACTCTGACCCAGCATG
POLRREREE v
CCTGGCTCACTGTCACTCTGACCCAGCATG
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15388
-223
15468
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20317

292
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21076

416

21120

497

23392

23472
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23502

Promotor

Exon 2

Exon 3

Exon 4

Fig 1. Schematic representation of the human IL-3/IL-5/GM-CSFR B chain gene and the remains of a Bc pseudogene. (A) The Bc chain gene
spans 25 kb and is divided into 14 exons, while of the pseudogene, only a part of the promoter and exons 2, 3, and 4 are identified (p-prom, p-2,
p-3, and p-4). Coding regions are shown in black, noncoding are shown regions in gray. The phage, cosmid, and BAC clones used to characterize
the locus are also indicated. (B) Alignment of the homologous regions of the Bc chain gene and the pseudogene. The upper strand represents the
Bc chain sequence (numbers are relative to the transcription start site); the lower strand represents the pseudogene sequence (numbers are
according to BAC clone F45C1). The translation start site is boxed (exon2). The p-promoter region, p-exon2, p-exon3, and p-exon4 have homology
of 80%, 85%, 95%, and 89% with the Bc gene, respectively.
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Table 1. Exon/Intron Boundaries of the Human pBc Chain Gene that specifically binds PU.1 (lanes 6 and 7, see also Table 2,
Exon  Size(bp)  Donor Intron (kb) Acceptor G-CSFR 5), an oligo that binds E4TF1/GABRP(lanes 8 and 9,
1 m CAGAG  GTATG 85 ND Pp— see also Table 2), _but n_ot with elem_eﬁtls, again indicating
2 248 AGAAG GTGAG -09- GTCAG  AAACC that —65 and—45 bind different proteins. These results further
3 124  AATGA GTGAG -25- AACAG  GGACC show that PU.1 and GABP are possible candidates to bind to
4 191 GCATG GTGAG -35- TCCAG TCCAG —65. To further identify the protein binding te 65, extracts
5 158 GGGAG GTAGG -0.1- GACAG  GACGC were preincubated with specific antibodies against Ets family
6 169 GCCAG  GTAAT -0.5- CCCAG  GGGAT members that are implicated in hematopoietic gene regulation,
7 136 CGAGG  GTGAG -0.1- CTCAG  GGAGG including Ets-1, Ets-2, Fli-1, PU.1, and GABP® Anti-ATF3
8 158 GAACA  GTGAG -19- TCCAG  TCCAG  was used as a negative control. Figure 6B shows that all
9 140 GGAAG ~ GTGAG -0.9-  CACAG  GACAG  complexes are shifted after the addition of anti-PU.1, clearly
10 163 GTCGG  GTAGG -13-  GGAAG  TGCTG demonstrating that PU.1 is binding t&65. Also, the addition of
11 91  TACAG GTGAG -02- TCCAG GCTGC . . . S
1 ss TCCAG  GTAGG -09- TGCAG  AACGG anti-GABRx results_ln a weak supershifted comph_ex (indicated
13 104  GAGGG GTGAG -0.7- CACAG  GGTGT by an arrow), but this complex was also observed in the absence

14 1400 of nuclear extract (data not shown). Band shift assays were also
performed with nuclear extracts of COS cells transfected with
PU.1 and GABR cDNA. Overexpressed PU.1 strongly binds
aries of the pc chain gene. All boundaries are in agreement with the to —65 ar.]d comigrates with the most prominent complex
consensus sequences of eukaryotic splice junctions. Because of observed in HL-60 and U937 cells, whereas GABgd not
unknown technological problems, we were not able to characterize bind to —65 (data not shown). All together, these results show
the 3’ sequence of intron 1. that the complexes binding te-65 contain PU.1. The less
prominent and faster migrating complexes might represent
than 70% in both U937 and HL-60 cells (Fig 5B). When only different phosphorylation states of PU.1, as were previously
the —45 site is mutated, promoter activity is decreased by 90vPbserved? _
to 95%. When both sites were mutated, no additional effects 1he Same procedure was followed to characterize the pro-
could be measured. These data show that both elements af@ins binding to element 45. In extracts of HL-60 and U937
essential for promoter activity and suggest the cooperation of€llS: binding of a number of complexes was observed (Fig 7A,
the proteins binding to the elements. It should be noted thal@ne 1), of which complexes C2, C3, and C4 could be competed

some residual activity of the double mutant could be detected iy addition of cold self oligo (lanes 2 and 3). However, binding
U937 cells, in contrast to HL-60 cells. of C2 and C3 could also be inhibited by mutas5 oligo, as

To study whether the mutations at65 and —45 indeed well as by the E4ATF1;-65, and PU.1 oligonucleotides (lanes 4
resulted in a change in proteins binding to Bepromoter, we ~ through 11), suggesting that C2 and C3 are nonspecific com-
performed band shift analysis using thel03/+33 bp frag- plex'e.s. Complexes C1 apd C§ are also nOI’]SF.)eC.IfIC, because the
ments as probe (Fig 5C). As was expected, the mutation&ddition of cold self_ oligo dl_d not affect blndlng of these
prevented binding of different protein complexes (complexescOmplexes. Supershift analysis showed that C4 is a complex
C2 and C3 for mutation-65, while also binding of C1 is con.talr.ur.]g PU.1, expl.alnlng why binding of this complex could
moderately affected; complex C4 for mutatied5). Moreover, ~ P€ inhibited by addition of excess self-, E4TF1-, PU.1-, and
they did not artificially form a site for another specific binding ~©5 0ligo, but not by mutant 45 oligo. Nevertheless, previous
activity. These results show that two different GGAA elements€XPeriments, together with the observation that overexpressed
play a major role in the regulation of thgc chain gene PU.1 only weakly binds to-45, have indicated that PU.1 is
promoter. Interestingly, these results also suggest that bothkely nqt the most prominent protein that binds to this element.
elements independently bind different proteins, because thEMterestingly, longer exposure of the same gel led to the
complex binding to—45 has a lower mobility than the identification of two complexes (C6 and C7, Fig 7B), running
complexes binding te-65. with lower moblllty than _Cl in Fig 7A, that only could be

PU.1 and another GGAA-binding protein bind to tige compgt_ed with cqld self oligo (lanes 2 and 3 and 4 through 11).
promoter. Because the proteins binding to several GGAA- Repetitive experiments showed that these complexes were
elements in other myeloid-specific promoters are well characterPrésent in U937 and HL-60 cells and that binding was highly
ized, sequences of those elements were aligned w8 and sensitive to freeze-thawing (data r_lot sho_wn). F_urthgrmore,_the
—45. As shown in Table 2, the sequences flanking the well-complexes cou_ld not be supershifted with antibodies against
conserved GGAA core are highly diverse. It is therefore notEtS-1, Ets-2, Fli-1, PU.1, and GABR(data not shown) These
possible to predict which Ets protein binds to a certain GGAATesults show that a yet-unidentified protein and, to a lesser
element. Therefore, band shift analysis was used to furthefXt€nt, PU.1 bind to the’3GGAA-element in the promoter
study the proteins binding to the element§5 and—45. As  Proximal region.
shown in Fig 6A, element65 was indeed able to bind several
protein complexes (lane 1). Binding of the observed complexes DISCUSSION
was specific, because binding could be competed with a 10 to Early hematopoietic CD34cells stem cells express tifie
100 molar excess of cold self oligo, but not with mutant oligo subunit?> which is the main signaling component of the IL-3,
(lanes 2 and 3 and lanes 4 and 5, respectively). Binding couldL-5, and GM-CSF receptors. However, at later stages of
also be competed with an element from the G-CSFR promotedifferentiation, expression of thge chain is mainly restricted to

Shown are the length of exons (in basepairs), length of introns (in
kilobases), and the sequences of the exon-intron/intron-exon bound-
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Fig 2. RNase protection and
sequence alignment of the proxi-
mal promoter region of the hu-
man and mouse Bc chain genes.
(A) RNase protection was used
to determine transcription start
sites. Specific protected frag-
ments of 44, 45, 50, and 58 nucle-
otides were observed in Bc ex-
pressing HL-60, butyric acid (BA)-
treated HL-60, U937, TF-1, and
THP-1 cell lines, but not in the
Hela and tRNA control lanes.
The integrity of these start sites
was confirmed by 5" RACE analy-
sis on HL-60-derived polyA+
RNA. (B) The putative TFIID/TBP
binding sites are indicated in
boldface and underlined, the first
exons are indicated in bold face,
and transcription start sites,
identified by RNase protection
and 5 RACE, are indicated by
asterisks. Several putative bind-
ing sites for different transcrip-
tion factor families, including
cEts, cMyb, MZF-1, GATA-1,
STAT, cMyc, and C/EBP are iden-
tified in the human sequence
Ets-binding sites studied in this
report are named —65 and —45
and are indicated in boldface.
Furthermore, these elements are
conserved in the murine se-
quence
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Fig 3. The Bc chain promoter has cell-type-specific activity. The
2.7-kb HinDIlI fragment was cloned into pBLCAT3 in both forward (F)
and reverse (R) orientation and subsequently transfected into U937,
HL-60, COS-1, and HelLa cells. Empty vector (V) was used as a
negative control; a CAT reporter plasmid driven by an RSV promoter
was used as a positive control (RSV). Promoter activity can only be
detected in U937, HL-60, and COS-1 cells transfected with the forward
construct, indicating that the 2.7-kb HinDIll fragment contains a
functional promoter. Values are the mean of at least four independent
experiments; the error bars indicate the standard deviation. LacZ
determination was used to correct for transfection efficiency.

VAN DIJK ET AL

22-specific cosmid library, and a P1 genomic library did not
lead to the cloning of more upstream sequences. This shows that
the region containing thBc gene, 22q12.2 to 22q13*1does
not efficiently integrate in a cloning vector. Interestingly,
Collins et at? were not able to clone the regions 22q11 and
22913 into YACs, probably due to extensive low-copy repeats
and the high G-C content, respectivelf*4

A unique feature of the evolution of th& subunits of the
IL-3, IL-5, and GM-CSF receptors is that, in the human system,
only one B chain is expressed that is shared by the three
receptors®12 In contrast, in the mouse, two distinct but
homologous subunits are identified: one (AIC2A) specific for
IL-3%° and the other (AIC2B) equivalent to the humg@c
chain!8 The absence of a second hungaohain as well as the
high degree of sequence homology and the close linkage
between the AIC2A and AIC2B genes has led to the hypothesis
that the AIC2A gene has arisen from a gene duplication that
occurred after divergence between mice and huritidaravel-
ing of the genomic structure of the hum@t gene indeed
showed a high degree of homology with the murpe and
BIL-3 genes. The structural organization, length, and number of
exons are identical, while also the total length of the genes, the
sequences of the intron-exon junctions, the length of the introns,

the myeloid lineages. Uncovering the molecular mechanismsnd the promoter proximal region, including TATA-box and
that drive its expression will contribute to the understanding oftranscription start site, are closely related. RNase protection and
the events of myeloid commitment and differentiation. Becauses’ RACE showed the existence of several transcription start
nothing is known about its organization, we have cloned andksites, all close to the putative TATA box. Whether the TATA box
characterized the humd@t gene and its regulating sequences. is functional or the basal transcription machinery is recruited by
In our initial genomic library screen, only a single clone, Ets factors binding to adjacent elements remains unclear at this
containing region from exon 4 to exon 14, was isolated.point. Interestingly, 3 of the Bc gene we also found a region
Screening of several genomic phage libraries, a chromosomeontaining sequences highly homologous to theupstream

pBLCAT3
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U
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226/33

0333 i
0 50‘00 1 OC'JOO 1 5600 20(I)00
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Fig 4. The proximal promoter contains important regulating se-
quences. Promoter constructs —2100/+600, —358/+33, —226/+33,
and —103/+33 were transfected into HL-60 cells. Empty vector
pBLCAT3 was used as a negative control. All constructs have high
promoter activity, indicating that positively regulating elements are
located within the first 103 bp of the proximal promoter. Values are
the mean of at least four independent experiments; the error bars
indicate the standard deviation. LacZ determination was used to
correct for transfection efficiency. No difference was observed be-
tween HL-60 and U937 cells (not shown).

region and exons 2, 3, and 4 of tifge gene. This strongly
suggests that a gene-duplication occurred before the divergence
of human and mouse. In the mouse, these two genes evolved to
Bc andplL-3, whereas in the human, chromosomal mutations
and reorganizations destroyed one of the two genes. On the
other hand, it cannot be ruled out that the pseudo gene is the
result of a human-specific duplication event, in which only the
first few exons are duplicated.

When linked to a promoterless CAT gene, the 2. 7=khDIII
fragment 2100A4-600CAT) directed transcription in human
myeloid U937 and HL-60 cells and in monkey COS-1 fibro-
blasts, but not in human cervical carcinoma cells (HeLa). These
results indicate that the 2.7-RBinDIII fragment contains the
promoter that functions in a cell-specific, but not hematopoietic-
specific manner. Putative binding sites for hematopoietic spe-
cific transcription factors (TFs), including those for GATA,
C/EBP, Myb, and MZF, as well as those for more general
expressed TFs such as cEts, Spl, and AP-1, can be found
throughout the—2100A600 sequence. Also, recognition se-
guences for the inducible TFs, such as STAT andBlFare
detected. These sites could be of interest, because intereron-
(IFN-v), erythropoietin (EPO), stem cell factor (SCF), IL-3, and
tumor necrosis factat (TNFa) have been described to enhance
Bc expressioR>#5-47 Further studies are necessary to address
whether one of the STAT and/or XB sites are functional. On
the other hand, important regulating sequences have to be
present in the proximal promoter region, because deletion
constructs—358/+33CAT, —226H-33CAT, and—103/+33CAT
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Fig5. GGAA binding proteins regulate Bc chain promoter activity. (A) Cotransfection of Ets family members cEts-1, PU.1, and GABP enhances
promoter activity in fibroblasts. COS-1 cells were transfected with 2 ng of promoter and 6 ng of Ets expression vector or pSG5 (negative control).
Promoter activity of the constructs —2100/+600 and —226/+33 is enhanced 8 to 10 times, whereas construct —103/+33 is activated only 3 times,
probably due to the high basal activity of —103/+33 in COS cells. (O0) pSG5; (&) cEts; (W) PU.1; (1) GABPa+. (B) Ets-binding sites —65 and —45
are crucial for promoter activity. Both binding sites were mutated in the —103/+433 construct and tested for promoter activity. Both single
mutations and the double mutation show a clear decrease in promoter function in both U937 and HL-60 cells. Values are the mean of at least four
independent experiments; the error bars indicate the standard deviation. LacZ determination was used to correct for transfection efficiency. (C)
Point mutations in Ets-binding sites —65 and —45 prevent binding of several protein complexes. The —103/+33 fragments were used in a band
shift assay, using 10 png of nuclear extract HL-60 cells. When site —65 is mutated, complexes C2 and C3 are no longer observed (lanes 2 and 4),
whereas binding of C1 is also decreased. Mutation of site —45 prevents complex C4 from binding (lanes 3 and 4). Similar results were obtained
when using U937 cells (data not shown).

exhibit maximal promoter activity. Within the proximal pro- receptor (M-CSFR}¢ granulocyte colony-stimulating factor
moter sequence, several putative cEts binding sites can beeceptor (G-CSFRY GM-CSFRx,% neutrophil elastas#,my-

identified.

eloperoxidas&? and eosinophil-derived neurotoxin (EDF§).

PU.1 (Spi-1) is a member of the Ets transcription factor Other Ets factors, including the more widely expressed GABP/
family and its expression is restricted to hematopoietic @lls. E4TF13853were also shown to be involved in the regulation of
PU.1 has been implicated in the regulation of different myeloid-several hematopoietic gen®$6 GABP binds to the GGAA
specific genes, including macrophage colony-stimulating factosequence and can both compete and cooperate with ¥U.1.

Table 2. Alignment of GGAA Sites in Known Regulatory Regions
of Human Genes

Promoter Target Sequence In Vitro Binding Reference

—65 (Bc5') AAGA GGAA GCA

—45 (Bc 3') ATCA GGAA ACA

GM-CSFRa ATGA GGAA GCA PU.1 50
G-CSFR 5’ TTCA GGAA CTT  PU.1 49
G-CSFR 3’ TCAA GAGA AGT PU.1 49
M-CSFR AAGG GGAA GAA PU.1 48
Myeloperoxidase 5’ GTAG GGAA AAG PU.1 52
Myeloperoxidase 3’ AAGG GGAA GCA PU.1 52
EDN 5’ GACA GGAA GTA PU.1 38
EDN 3’ TAAA GGAA ATG PU.1 38
E4TF1 AAAC GGAA GTG GABP 31
Neutrophil elastase GGGA GGAA GTA GABP 55
cMyc 3’ GACC GGAA GTG Fli-1 58
Polyoma virus enhancer AGCA GGAA GTG Fli-1 58

Consensus

DNVV GGAA VND

Elements —65 and —45 are aligned with Ets-binding sites of
hematopoietic specific genes (except cMyc and polyoma virus en-
hancer). Because the sequences flanking the well-conserved GGAA
core are highly diverse, no real consensus binding site for a particular
Ets family member is present. Elements —65 and —45 have highest
homology with the PU.1-binding GGAA site of the GM-CSFa pro-

moter.

Cotransfection of PU.1, GABP, and also cEts-1 strongly
enhance the activity of the full-length promoter as well as the
shorter promoter constructs in COS-1 cells. This shows that
GGAA binding transcription factors can play a role@n chain
expression. Because GABP is constitutively expressed in COS-1
cells, activity of this factor might be a good explanation for the
promoter activation when transfected in COS-1 cells.

In the smallest promoter fragment exhibiting maximal pro-
moter activity (-103/+33CAT), two GGAA elements were
identified, one at position-65 (GAGGAAGCAG) and the
other at —45 (CAGGAAACAG). Our data show that both
elements are functional, because single mutations of-t6&
site and—45 site resultin a 70% to 80% and 85% to 95% loss of
promoter activity, respectively. The double mutant has no
additional effect, suggesting the cooperation of the factors
binding to elements-45 and —65. It is unclear why some
residual activity of the double mutant could be measured in
U937 cells, whereas not in HL-60 cells. Fragmerit03/+33 is
still able to bind some proteins when both sites are mutated (Fig
5C). It is possible that there is a difference in activity between
these proteins in U937 and HL-60 cells that cannot be detected
in a band shift assay, giving rise to the observed different
residual activity.

Although both elements differ only in a few bases, gel shift
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Fig 6. GGAA element —65 specifically binds PU.1. (A) An oligonucleotide encompassing the Ets-binding site —65 was used in a band shift
assay with nuclear extracts of HL-60 cells. One prominent and several minor complexes are observed (lane 1). All complexes can be competed
with a 10- to 100-fold molar excess of cold self oligo (lanes 2 and 3), but not with mutant oligo (lanes 4 and 5), indicating that the complexes bind
specifically. Binding is also inhibited by addition of the PU.1 binding element of the G-CSFR and by E4TF1, a sequence that binds GABP, but not by
element —45 (lanes 6 through 11). (B) To identify the protein(s) binding to —65, 2 ng of specific antibody against different Ets family members was
added before the addition of the probe. Anti-ATF3 was used as a negative control. Complexes are only supershifted when anti-PU.1 is added
(lane 5). The arrow indicates a nonspecific complex that appears after addition of anti-GABP (lane 6). However, this complex is also observed
when no nuclear extract is added (data not shown). These results show that PU.1 binds to element —65. Similar results were obtained when
using U937 cells (data not shown).
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Fig 7. GGAA-element —45 binds an unidentified protein. (A) An oligonucleotide encompassing the Ets-binding site —45 was used in a band
shift assay with nuclear extracts of HL-60 cells. Five complexes (C1 through C5) bound to —45 (lane 1), of which C2, C3, and C4 could be competed
with excess of self oligo (lanes 2 and 3). Complexes C1 and C5 were nonspecific, because these complexes could not be competed. Moreover, C2
and C3 were also nonspecific, because they could be competed with mutant oligo (lanes 4 and 5). With supershift analysis it was shown that C4
contains PU.1 (not shown), explaining why binding of C4 was blocked by the addition of —45, E4TF1, —65, and PU.1 oligonucleotides. Similar
results were obtained when using U937 cells (data not shown). (B) Longer exposure of the gel shown in (A). Binding of two complexes with low
mobility (C6 and C7) was detected. Binding of these complexes could be inhibited with excess of self oligo only, showing the binding specificity
of these complexes. These complexes could not be supershifted with antibodies against Ets-1, Ets-2, Fli-1, PU.1, and GABPa. Similar results were
obtained when using U937 cells (data not shown).
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analysis shows that both elements bind different protein com- 8. Lopez AF, Vadas MV, Woodcock JM, Milton SE, Lewis A, Elliot
plexes. With competition experiments and supershift analysis iMJ, Gilles D, Ireland R, Olwell E, Park LS: Interleukin-5, interleukin-3,
was shown that PU.1 specifically binds to elemen65, and granulocyte-macrophage colony-stimulating factor cross-compete
whereas another, unidentified protein binds-#5. Binding of for binding to cell surface receptors on human eosinophils. J Biol Chem
' ' ' . 266:24741, 1991

PU.1 he — lement wi nfirm DNA affini ’

U . .to t e~65 element was co ed by affinity 9. Taketazu F, Chiba S, Shibuya K, Kuwaki T, Tsumura H, Miyazono
precipitation from U937 and HL-60 nuclear extracts (data notK Miyagawa K, Takaku F- IL-3 specifically inhibits GM-CSF binding
shown). Although PU.1 binding te-45 was also observed, . ' .

. - ™ - . to higher affinity receptor. J Cell Physiol 146:251, 1991
different experiments have indicated that PU.1 is not the major 14 kjtamura T, Sato N, Arai K-I, Miyajima A: Expression cloning

or not the only protein binding to this element: (1) mutation of sf the human IL-3 receptor cDNA reveals a shagegubunit for the
the —65 site in the—103H33 construct almost completely human IL-3 and GM-CSF receptors. Cell 66:1165, 1991
reduces the binding of PU.1-containing complexes (Fig 5C, 11. Tavernier J, Devos R, Cornelis S, Tuypens T, Van der Heyden J,
lane 2, complexes C2 and C3); (2) mutation of eleme#b in Fiers W, Plaetinck G: A human high affinity interleukin-5 receptor
the same experiment does not affect binding of these com¢L5R) is composed of an IL5-specifie chain and g chain shared
plexes, whereas complex C4 is no longer present (lane 3); (3)ith the receptor for GM-CSF. Cell 66:1175,1991
binding of PU.1 to—65 cannot be competed with a 100 molar 12 Hayashida K, Kitamura T, Gorman DM, Arai K-I, Yokota T,
excess of cold-45 oligo (Fig 6A, lane 11); and (4) overex- Miyajima A: Molecular cloning of a second subuplt of the receptor for
d PU.1 onlv weaklv binds 45 in a band shift assa human and grz‘anu_locyte-ma_crophz‘ag‘e colony-stimulating factor (GM-
presse y y . y CSF): Reconstitution of a high-affinity GM-CSF receptor. Proc Natl
_(data not shown). M_o_reover, we found that two slowly mlgrat- Acad Sci USA 87:9655, 1990
Ing pomplexes SDECIfIC_a”y bound to thet5 e!ement. Antls_era 13. Sakamaki K, Miyajima I, Kitamura T, Miyajima A: Critical
against Ets-1, Ets-2, Fli-1, PU.1, and GABRid not recognize  cytoplasmic domains of the common beta subunit of the human
these complexes. Further experiments are necessary to identitym-CSF, IL-3 and IL-5 receptors for growth signal transduction and
these proteins and to elucidate their rol@gene regulation.  tyrosine phosphorylation. EMBO J 11:3541, 1992
IL-3, GM-CSF, G-CSF, and M-CSF play crucial roles in the  14. Sato N, Sakamaki K, Terada N, Arai K-i, Miyajima A: Signal
proliferation of early hematopoietic progenitor cells and thetransduction by the high-affinity GM-CSF receptor: Two distinct
subsequent differentiation towards different myeloid lineagesCcytoplasmic regions of the common beta subunit responsible for
Therefore, our finding that the expression of the IL-3/IL-5/GM- different signaling. EMBO J 12:4181, 1993 , _
CSF receptopc is controlled by PU.L, as was previously also [ JL e 0 ot e e ende Biocher
shown for the M-CSFR, the G-CSFR, and the GM-C&FR '

. ; . ) Sci 17:378, 1992
correlates well with the observation that mice lacking PU.1 15 Takaki S Kanazawa H, Shiba M, Takatsu K: A critical

have no macrophages, granulocytes, and B and T lymphogyioplasmic domain of the interleukin-5 (IL-5) receptochain and its
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