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Stat6 signaling pathways have been correlated with
functional responses induced by IL-4 and PDGF that
may play a role in human malignancy. Utilizing fluores-
cence in situ hybridization, we mapped the human Stat6
gene to chromosome 12q bands 13.3-14.1, a breakpoint
region implicated in a wide variety of solid tumors. To
understand the genesis of three human Stat6 variant
cDNAs, including a naturally occurring dominant neg-
ative species, we further characterized the genomic
structure and flanking regions of the human Stat6 gene.
The human Stat6 gene encompassed over 19 kb and con-
tained 23 exons. For promoter studies, we introduced
flanking sequence 5’ of Stat6 exon 1 into a promoterless
luciferase reporter vector and characterized basal pro-
moter activity by deletion analysis. DNA sequence anal-
ysis revealed potential transcriptional regulation of
the putative promoter through numerous consensus
binding elements. Finally, we conclude that selective
exon deletion and utilization of alternative donor/
acceptor sites appear to explain best human Stat6 vari-

ant MRNAS. © 1998 Academic Press

INTRODUCTION

The Stats (signal transducers and activators of tran-
scription) are a family of transcription factors (Darnell et
al., 1994; Ihle and Kerr, 1995; Schindler and Darnell,
1995) that have been evolutionarily conserved from Dro-
sophila to humans. Six murine Stat loci have been
mapped to three clusters on different autosomes, sug-
gesting that in mouse the Stats have arisen by tandem
duplication of the ancestral locus followed by dispersion
of the linked loci to different chromosomes (Copeland et
al., 1995). Physiologically, Stat signaling pathways have
been correlated with pleiotropic functional responses in-
duced by a variety of growth factors, cytokines, and in-
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terferons (Darnell et al., 1994; Schindler and Darnell,
1995; Shuai et al., 1994). Selective Stat activation, pre-
sumably through tyrosine phosphorylation and subse-
quent dimerization, results in its translocation to the
nucleus (Shuai et al., 1994). Transcriptional activation
occurs in part after Stat binding with varying affinity to
uniqgue DNA motifs related to interferon y-activated
sites. Therefore, selective differences in DNA site selec-
tion and Stat expression appear to determine the tran-
scriptional consequences and subsequent proliferation or
differentiation events that occur in a given cell in re-
sponse to this activation (Schindler et al., 1995).

Stat6 (Hou et al., 1994; Schindler et al., 1994; Quelle et
al., 1995) activation correlates with functional responses
induced by IL-4 (Pernis et al., 1995), IL-13 (Malabarba et
al., 1996), and PDGF (Patel et al., 1996). Phenotypic
analysis of Stat6 '~ mice have elegantly demonstrated a
role for Stat6 in IL-4- and IL-13-induced lymphocyte pro-
liferation, Th2 helper T cell (Seder et al., 1992) differen-
tiation, immunoglobulin class switching, and MHC class
Il and CD23 cell surface antigen expression (Kaplan et
al.,, 1996; Shimoda et al., 1996; Takeda et al., 1996).
However, the mechanism(s) by which Stat6 induces these
effects as well as the role of Staté in PDGF-induced
proliferation and transcriptional activation remains in-
completely understood.

PDGF is a proliferative and chemotactic factor for mes-
enchymal cells (Aaronson, 1991; Heldin and Wester-
mark, 1991). Although PDGF plays an important role in
normal development and wound repair, accumulating
evidence suggests that its abnormal expression contrib-
utes to a variety of fibrotic diseases (Smits et al., 1992)
and mesenchymal tumors (Fleming et al., 1992; Nister et
al., 1991). PDGF-induced proliferation as well as Stat6
and Jak1 activation in NIH 3T3 fibroblasts is enhanced
by IL-4, strongly suggesting that IL-4 might affect some
PDGF-mediated biological responses in vivo (Patel et al.,
1996). Recently, we reported that human tissues contain
three alternatively spliced variants of Stat6, including
attenuated and dominant negative species encoded by
unigue cDNAs (Patel et al., 1998). Since these variants
represent alternative transcriptional processes by which
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FIG. 1. Exon-intron organization of the human Stat6 gene. Solid black boxes represent exons and horizontal lines indicate introns.
Restriction endonuclease cleavage sites determined from individual A clones are depicted.

Stat6 activity could be regulated, we here isolated and
determined the genomic structure of the human Stat6
gene. To understand the differential regulation and splic-
ing of these variants, we characterized the human Stat6
basal promoter. We further evaluated the potential role
of Stat6 in human disease after chromosomal mapping.

MATERIALS AND METHODS

Isolation, characterization, and DNA sequence analysis of the hu-
man Stat6 gene. A human placental genomic library packaged in
the Lambda FIX Il vector (Stratagene, La Jolla, CA) was screened
with a *2P-labeled Stat6 cDNA probe using standard recombinant
DNA protocols (Beeler et al., 1997). Positive plagues were isolated
and purified by secondary screening. The human Stat6é genomic
clone (pBP95) was also isolated from a human P1 genomic library
(Genome Systems, Inc., St. Louis, MO). Regions of the P1 clone were
used to confirm and span gaps among our Lambda FIX Il genomic
clones. DNA was purified from positive plaques and mapped by
restriction enzyme digestion combined with the Southern blot anal-
ysis. Fragments that hybridized to the Stat6 cDNA probe were

isolated from our A3/A4 clones and subcloned into pBluescript Il
KS(*) (Stratagene, Palo Alto, CA) to yield the plasmids pBP2, pBP3,
pBP68, and pBP74. Both cDNA strands were completely sequenced
using an ABI PRISM dye terminator cycle sequencing kit and auto-
mated ABI PRISM 310 genetic analyzer or manually by Sequenase
kit (United States Biochemical, Cleveland, OH) using human Stat6
cDNA sequence-derived primers. GenBank accession numbers for
the human Stat6 genomic clone are AF067572, AF067573, AF067574,
and AF067575.

RNase protection assay. The 678-bp EcoRI-Nhel genomic frag-
ment (Fig. 3) was cloned into the EcoRI-Xbal site of pGEM-3Zf(—).
The construct was linearized with Bsu361 and used to synthesize the
radiolabeled antisense RNA probe by SP6 RNA polymerase in the
presence of [*2P]JUTP. RNase protection assay was performed using
the Ambion RPA 11 kit (Austin, TX). Labeled RNA probe (5 x 10°
cpm) was hybridized to 10 wg of Ramos poly(A)" RNA or 20 ug of
control yeast RNA. The hybridized products were digested at 37°C
for 30 min with a mixture of RNase A (20 units) and RNase T1 (1 ng)
according to the manufacturer’s specifications. Protected fragments
were resolved on a 6% polyacrylamide/urea gel and visualized by
autoradiography.

TABLE 1

Exon-Intron Boundaries of the Human Staté Gene

Exon Number of

Number Exon amino acids Intron and its size (bases)
1 1-AGCCAG . . . GCCGAG-229 0 gtgag g . ggctag (1021)
2 230-AGAAAG . . . GCTGGG-297 0 gtaag t . ctccag (1744)
3 298-GCAACC . . . GCCCTG-434 38 2/3 gtgag t . tgcaag (414)
4 435-GGAGTT . . . CTTGAG-573 46 gtggg g - ctgtag (290)
5 574-AGCATA . . . GAACAG-657 28 gtatt g . gtgtag (399)
6 658-TTCCGC . . . GCCAAG-796 46 1/3 gtggg g9 - cctcag (112)
7 797-TGTCTC . . . AGTGAG-849 17 gtgag t . ccatag (187)
8 850-GCCCTG . . . GGAGAG-998 49 2/3 gttgg g . ccccag (592)
9 999-GTGTGA . . . CACCAG-1130 43 2/3 gtatt c . tcccag (128)
10 1131-TTGCTT . . . TGGAGC-1319 62 2/3 gtaag c . gggcag (338)
11 1320-AGAAAG . . . AACCTG-1407 29 gtgag g . ccacag (139)
12 1408-CTTCTC . . . CTCCAG-1530 41 gtgaa c . cttcag ( ~1450)
13 1531-GCCCTG . . . GAGATG-1623 31 gtgag g . ccccag (334)
14 1624-GACCQC . . . AACAAG-1830 69 gttca g . ccctag ( ~4150)
15 1831-GAGATC . . . TGACCG-1925 312/3 gtgag t . ggccag (92)
16 1926-GCTGAT . . . AGGATG-2062 45 1/3 gtgag g . ccatag (325)
17 2063-GCTCTC . . . ACAAGC-2209 48 1/3 gtgag ¢ . gaacag (227)
18 2210-CTGAAC . . . GGAAAG-2273 20 2/3 gtgag t . ctccag (112)
19 2274-GGACCA . . . TATGGT-2384 36 2/3 gtaag g . ccccag (194)
20 2385-GCCCCA . . . CCAGGA-2477 30 2/3 gtaag t . ttccag (1375)
21 2478-GCCTCA . . . CCCCAG-2544 22 gtgaa t . tggcag (89)
22 2545-GGCCTG . . . CACTTG-2672 42 2/3 gtgag t . . . ttgcag (88)
23 2673-GATTGG . . . AATCTG-4018 62 aaaagaaag a . . . ( >300)

Note. Sizes of exons and introns as well as nucleotide sequences surrounding the exon—intron boundaries are indicated.
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Promoter constructs and basal luciferase activity. The Kpnl-
Nhel fragment (~5.5 kb) that contained 134 bp of the first exon and
the upstream flanking sequence of Stat6 was isolated from pBP3 and
cloned into compatible polylinker sites of the luciferase reporter
pGL3-Basic (Promega, Madison, WI), designated pBP78. The pBP78
plasmid construct was double digested with Kpnl and Binl, EcoRl,
Spel, or BssHI1, blunted with Klenow polymerase, and self-ligated to
engineer pBP82 (—450 to +134), pBP84 (—543 to +134), pBP86
(—947 to +134), and pBP88 (—2454 to +134), respectively.

To study basal promoter activity, murine NIH 3T3 fibroblasts were
cultured in six-well plates (3 X 10° cells per well) for 24 h and then
transiently transfected with individual Stat6 promoter—luciferase
chimeric constructs using a calcium phosphate precipitation protocol
(Patel et al., 1998). Relative luminescent units were normalized after
measuring protein concentrations by the method of Bradford. For
transfection, 1 pug of pRL-CMV was used per 3 X 10° cells. After
incubation of the cells with the DNA-calcium phosphate precipitates
for 5 h in Dulbecco’s modified Eagle’'s medium (DMEM)/10% calf
serum, the cells were washed twice with DMEM and incubated for
72 h in DMEM/10% calf serum before harvesting. For the determi-
nation of luciferase activity, the cells were washed and extracted
in lysis buffer, and luciferase activity was assayed according to the
manufacturer’s protocol (Promega). A Lumat-LB luminometer (Bert-
hold) equipped with a dual injector was used to measure luciferase
activity.

Fluorescence in situ hybridization. An 8-kb fragment derived
from our Stat6-P1 genomic clone was isolated and labeled with
biotin—dUTP or digoxigenin-11-dUTP (Random Primed DNA Label-
ing Kit, Boehringer Mannheim). The labeled probe was used for in
situ hybridization of human chromosomes derived from methotrex-
ate-synchronized normal peripheral lymphocyte cultures. The condi-
tions of the hybridization, detection of hybridization signals, digital-
image acquisition, processing, and analysis as well as the procedure
for direct visualization of fluorescent signals to banded chromosomes
were performed as previously described (Popescu et al., 1994; Zimon-
jic et al., 1995).

RESULTS
Genomic Structure of the Human Stat6 Gene

We have recently cloned and characterized three
human Stat6 cDNA species encoding wildtype, atten-
uated, and dominant negative gene products (Patel et
al., 1998). To reveal the processes by which these hu-
man Stat6 transcripts could be regulated, we first
sought to elucidate the human Stat6 genomic struc-
ture. Two nonoverlapping A DNA clones, designated A3
and A4, of the human Stat6 gene were isolated from a
Lambda FIX Il human genomic DNA library using
full-length human Stat6 cDNA as a probe. As shown in
Fig. 1, a major portion of the A3 clone contained the 5’
flanking region of the Stat6 gene, while its downstream
region covered exons 1 through 11. The A4 clone con-
sisted of exons 15 through 23 and the 3’ flanking region
downstream of the Stat6 gene. To map exon 12 through
14, an additional genomic clone was isolated by screen-
ing a human P1 library with a full-length Staté cDNA
probe. The P1-Stat6 plasmid clone contained the entire
human Stat6 gene, including both the 5’ and the 3’
flanking regions of the gene as determined by restric-
tion endonuclease and DNA sequence analysis.

Comparison of our genomic clones with the longest
Stat6 variant cDNA sequence revealed that the human
Stat6 gene was approximately 19 kb in length and
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FIG. 2. RNase protection assay of human Staté mRNA adjacent
to 5’ flanking genomic sequence. Human Ramos poly(A)™ mRNA was
prepared and hybridized with a 497-bp 2P-labeled Bsu36I-Nhel
genomic fragment containing the 5’ flanking region of the human
Stat6 gene adjacent to and including known cDNA encoded se-
quence. After hybridization, Ramos (lane 1) or yeast (lane 2) tran-
scripts were digested as described under Materials and Methods.
Protected bands were visualized after autoradiography. The 32P-
Bsu361-Nhel probe was also subjected to electrophoresis (lane 3). +1
denotes the 134-base protected fragment (+1 also indicated in Fig.
3). Marker positions were determined from the base spacing of a
sequenced cDNA resolved in parallel.

consisted of 23 exons interrupted by 22 introns. The
exon—intron junction sequences as well as the lengths
of the human Stat6 gene’s exons and introns are sum-
marized in Table 1. The first 2 exons of the Stat6 gene
were noncoding. Most exons were relatively small in
size and ranged from 53 (exon 7) to 205 bp (exon 14)
with the exception of exon 23. Although exon 23 was
the largest in size (1346 bp), it encoded only the car-
boxy-terminal 62 amino acids of Stat6. Intron sizes
varied from 88 (intron 22) to approximately 4150 bp
(intron 14). While the sizes of most introns were deter-
mined by DNA sequence analysis, the lengths of in-
trons 12 and 14 were determined by PCR amplification
using two sets of Stat6-specific primers that flanked
these introns. All introns were flanked by the classical
GT/AG sequence that conformed well to the consensus
for 5’ splice donor and 3’ splice acceptor sites found in
other human genes (Table 1).

Analysis of the distribution of the various motifs
encoded by the human Stat6 gene showed that the
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CTGTTGCCCAGGCTGAAGTCCAAGGETATAATCTCAGCTCACTGCAGCCTCTGCCTCCCGGATTCCAGTGATTTTCCTGCTTCAGCTTCCCAGGTAGCTG  —3501
GGATTGCAGGCACATGCCACTGTGCCCAGATAATTT T TTGTAT T T TTTAGTAGAGACGGGGCTTCACCATGTTGGCCAGGCTGGTCTTGAACTCCTAACC  —3401
TCAGATGATCCGCACACCTCGGCCTCCCAAAGTGCTAGGATTACAGGCATGAGCCTCTGCGCCTGGCCTTTACTTCAGT TTCAAAGAGTGAAGGTCAAGA ~3301
CACTGTTTT T TTTATGTTTTGTTTTTAATT TTGT T TTAAAT T T T T T T TG TAGAGATGGGATCTTGC TATGTTGCCCAGGCTGGTCTCGAACTCCTGGCC 3201
TCCAGCAATCCTCCTGOCTCAGCCTCCCAGAGTATTGCCATTACAGGTGTGAGCCATTGTGCTTGATCAAGATGC TGTTATGGGCTGAGT TGTGTTCCTC —3101
AAAAATTCTCTTGAAGTCCTAATCTCAAGTACTTCAGCACGTGACCTTATTTTGAAGGACCCCCTTATAGGGTCTTTACAGAGGTAATTAAGTTAAAATG  —3001
AGGCCATTAGCATCGGGCCTAATGCAATATGACTGGTATCCTTGAAAAAAGGGGAAACTTGGAGACTGACTTGCATACARAGAGAACAGTGTGTGAACGT ~2901
GAAAMNTGGCCAAGGAGGGAGCCCTGGAATAGAGCCTTCCTTCACATCCCTGAGAAGGAATCAATCAATCCTGCTCAGGTTAACCTTGATCTTGGACTTCT ~2801
AGCCTCCAGCATCTTGAGAGATTTCTGTTGTTTAAGTCATGCAATATGTAGTACTTTGTTACAGCAGCCCTAGCARACTGATACACTCACCAAATCGATT ~2701
TTGTGACTCACTATTGGGTTGTAACCAGCAGTACATAGACATAAAGTTAT T T TTTCCTTACGCTTTATCTTGTGCAATCGTCTGTGTGTGTGTGTGTGTG —2601

_TFIIIA TATA Box
TGTGTGTGTETATCTCTGTGTCTGACGGAGTCTTGTTCTGTCACCAGGCTGGAGTGCAGTGGCTTGATCTCGGCTCACTATAATCACAGCCTTCCAGATT  -2501
BssHII

CAAGTGATTTCCCTGCCTCAGCCTCCTGAGTAGCTGGGACTACAGGCGCGCACCACCACGCCCGACTAATTTTTTGTATTTTTAGTAGAGACGGGGTTTC ~2401
ACCATGTTCGCCAGGATGGTCTCAATCTCCTGACCTTGTGATCTGCCTGCCTCAGCCTCCCAAAGTGCTGGGATTACAGGCGTGAGCCTCTCTTGTGCAA  ~2301
TCTTTACCACCACTCAATGGGATGTCAAGETCCAGGGGAGGGTGATACAGTCACCCTCACAGTCATGCAGGTGCAGATGTCATTAATGAAGGTCTGACAG ~2201

ACCCTGCAATTGTACAATCTGAAGATGAGTATCTCCTTAAATTTCATACTCTAGGCACTTTACCCTAGCCTAGACTCTGTTGAAGTAGGTATAACTATTA -2101
AP-2
TTCTCATTTGAGGGATTGACACCTGATTGTGAACCTCCTAAATGGAGTCATACCCAAGCCAGATTTGCCTCTAAATTCTGTTTTTTCCCCTTACATCACA -2001
C/EBP-3
GTGTTCCCATTGGTATAGTCAGTTACAGAGGGAGTAATATATACTATTTTTCTACCAGTACTTGCTCCTCGCCTTCCTACCCCCTAAAAGGAGCCARAGT -1901

CAGAGATCACATTTACTCTTTTCCCTCCTCCTCTCCAAGTCTTTGGGCACTTGTAGCTCTGACACCCTTAGATGGTGAAACCTGGCTTCACCTACTGTCT -1801

GTGGATGTCTGCAGGCAGAGTGGGCACTCAGGAGCACATACAAAGCACGTGTGCCGTGAACACGTATGTGCACACACCTTGATCCTAGCATGGCTTGTTG  -1701
CCAAT Enhancer
GACAAGCCAATGGACAGAGTCCCTGCCTGCCACCTCCACCCCTGCTCTCCCTTCTCTTCCATTCACTGTCCTGCAGACACAGCAAACACATACGCACATA  ~1601
SexAl
CACCCTCAATATCCTTTTGGCAGTAACATGACCCCCAAATCTGGCGACTTCTATCTAGGATGGAGACCCTTCTCCTTTCCTCATACCTGGTTTATTATGA  ~1501
ACCATAAAAATAGTGCCTGACAGTTACTGTGTGTCAGGCATTGTTCTAAGCCTTCAGATGTTTTACTGCATTTTATTCTCACATTATGGGTTAAGACTTA  -1401
AP-1 AP-3
T TGCTCCATTTTACAGATGACGAGAATGAATCACAGAGTAAATTGCTCAGGGTTGTGTGGTTAGCAGCATTAGCAGGATTTGAACCCAAGCAGCCTGTA  ~1301

TCCACAGTCCAGTCTTTTAACTGCTATATTTTGCTGTGTTCAAACCCTCTGCTGCCTGGCTGGGTCCACACACGTGCACTCATGCACAGACCTGCGGGGT  -1201

AP-2
AGCAAGGGATGGAGGAGGAGGAGCTGGTTCTGGA@A?CAATTCAGGCACCAGGGGGCAGCATAGGCCTAGCTTTGGCCCCTCAGCCCAGCCCCTGCTATG -1101
AP-2_ opl
GGAGGGAGGAGGGGAGTAGAAACTTCCTCCCACCGCCCCTCAGACACCACCTCTTCCACACACCGGGGCTCTCAGGTGTCCGGGAGTARAAGGCCTCTCTG  -1001

_Spel AP-1
GATCCCTTGGTCTCCTCCAGCTCCTCCCCCAGCAAAAACTGCAGAACCCTCCACTAGTTATGTTGATGACTCAGAAGTTGAGCAAGACTGTGTGTGTGTG - 901
BamHI
TGTGTGCTCTCTCTGTETGTC TG TG TGTCTCTGTCTGCTCT TCTGATTGCAATGGGCTCTGTTTGTGAGCCTGCCTGCACGTGTGTGTGTGTGTGTGTGTG  ~ 801

TGTGTGTGTGTAGTCTTGTGGTCAGGGAAGTTGTGCATGTGTGTGT T TGTTTCTTGGCGTGTC TCAGTGTTTACCCCAGAAACATATAGGAACTTGGCAG - 701

AP-2
ATAGCGAACACACGCACGATTCGTATTCAAACTTGCCCCTTGTGAATCTGCAGGCAGCAGCTCCGGCTTGTGCTGGTTCCCACCACAGTCTCAGGAGGGGTGC  — 601
EcoRI AP-2
COTGTCGAGGAGAGAGCAAAGACCAGCTTCAGTCCAAGGGACTCCTAGAGTCTTCCAGAATTCTGAGCTGAGGGTTCCCCTCCCCCACTCCCTCCCGTCAG  — 501
Binl
TGGTCACGAGACCCACCTCTAAGGCCTTCCCTCCCGGAAGGCGAGGGGGACCTAGGAGTTCGCTGGCATCGAGCTCCCTGECGGCTTTTTAGGGTCCTCCA  — 401
Bsu361 AP-2 AP-2

CTGGAGGGAGCGCAGAGTCCAGAGGGATTTACT TTTCCTGAGGCCCTGGGGACCCCAGTCCCTTGTGGGTCCAAACCCCAGCCCTTGGCAGAGTTTGAGT  — 301

TTGGGAGCCA%SS%?TTAGGGGTGGCAAATCTCTGTTTGATATTGGGTGACTTTCTGGAGAAAAGCTGATGCTTTTGAGGGGGACAGAGTAAGTGGGGGT - 201
CAGCCTCC6ECCAAGCCTGGCTCCAAGGCCTGGACCCCAGTCCTGATCCCCCACGTGTTCCCCC%%gﬁiécACAGGAGGCACACATATTCACCCCACTTT - 101
CTTCCTCTTCCTCCTCCAGCCCACTTTCTCTTCTCTGTGTCGTCZGAGCTccAGGGAGGGACEEE@@TREEEGGAGAAGCCGGAAACAGCGGGCTGGGGC -1
;glyccactgcttacactgaagagggagg);cgggagagngtgtgtgtgtgtgtgtgtgtgtgtgtgtgtatgtatgtgtgtgctttatcttatttttcttt + 100
ttggtggtggtgttggaaggggggaggtgcgzéi" + 134

FIG. 3. The 5'-flanking sequence of the human Stat6 gene. The sequence of the putative proximal promoter (uppercase letters) including
134 bp of exon 1 (lowercase letters) of the human Stat6 gene is shown, with +1 corresponding to a prominent upstream transcriptional
initiation site. Additional potential initiation sites are indicated by asterisks (*). Potential transcriptional elements and restriction
endonuclease cleavage sites are indicated.
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AUG translation initiation codon encoding the first
amino acid was located within exon 3. The DNA bind-
ing domain and the putative SH3-like domain were
transcribed from exons 10-14 and 14-15, respectively.
Most of the SH2 domain, except the first four and last
three codons, was contained within exon 16 and 17.
The phosphorylated tyrosine residue of Staté (Y641)
critical for SH2 domain interaction was encoded within
exon 17. Two regions of maximal amino acid homology
conserved among Stat family members were distrib-
uted within exons 10 and 13.

Characterization of the Stat6 Gene Start Site and 5’
Flanking Sequence

To determine the origin of Stat6 transcription, RNase
protection and primer extension experiments were per-
formed. Hybridization of an antisense riboprobe gener-
ated from a 497-bp Bsu36l-Nhel genomic fragment
with human Ramos poly(A)" RNA resulted in a pro-
tected band of 134 bases (Fig. 2) that corresponded to
our longest cDNA clone. Several protected bands down-
stream of this species and thus located within the 5’
noncoding regions of our cDNA clones (107 and 97
bases) were also detected (Fig. 2). A minor species of
190 bases was also observed. Taken together, these
results suggest multiple origins of transcription per-
haps due to variant messages. Primer extension exper-
iments proved to be difficult, most likely due to the
high GC content of the template. Based on RNase
protection assay and our longest cDNA, we have ten-
tatively assigned a Stat6é mRNA start site (marked +1
in Fig. 3) 318 bp upstream of the AUG translation
initiation codon.

To characterize further the putative promoter, re-
striction mapping of the human Stat6 A3 clone using
single or double restriction endonuclease digestions
combined with Southern blot hybridization identified
an 8.2-kb Kpnl-Sall fragment that contained a 5'-
flanking sequence and exons 1-3. The 8.2-kb Kpnl-
Sall fragment was subcloned and sequenced. The nu-
cleotide sequence of approximately 3.6 kb of the human
Stat6 5’ flanking sequence and 134 bp of 5’ untrans-
lated sequence contained within the Stat6 cDNA clones
is shown in Fig. 3.

To identify potential transcription factor consensus
binding elements, transcription factor database 7.3 (In-
telliGenetics, Inc., Mountain View, CA) was used to per-
form computer analysis of the Stat6 5’ flanking/putative
promoter sequence. As shown in Fig. 3, the promoter
contained one GC box, the proposed site for binding Spl
transcription factor. As observed with many myeloid pro-
moters, the Stat6 promoter contained neither a TATA
box nor a CCAAT sequence upstream (within 100 bp) of
the transcription start site. However, the Stat6 5’ flank-
ing sequence contained a TATA box and CCAAT se-
guence at —2522 and —1694, respectively (Fig. 3). Sev-
eral transcriptional regulatory consensus sequences were
also found within the putative promoter. In addition to
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FIG. 4. Deletion analysis of basal promoter activity of the human
Stat6 gene. Varying lengths of Stat6 upstream flanking sequence
(approximately —5500 to +134) were fused to a pGL3-Basic luci-
ferase reporter vector, and luciferase activity was determined. Black
and open boxes represent regions of the Stat6é gene 5'-flanking se-
quence and the luciferase reporter gene, respectively. Restriction
endonuclease cleavage sites depicted are identical to those indicated
in Fig. 3. The relative luciferase activity is shown with the values
determined after normalization as described under Materials and
Methods.

one binding site each for transcription factors I11-A, SIF,
and C/EBP-8, there are two sites for NF-IL6 and NF«B,
seven sites for GMCSF, nine sites for y-IRE, two sites for
activator protein (AP)—1, eight sites for AP-2, and one
site for AP-3.

Functional Analysis of Human Staté Promoter

To confirm that the isolated Kpnl-Sall DNA fragment
indeed contained a functional promoter, we prepared
reporter gene constructs by inserting the 5’-flanking
region of human Stat6 as a Kpnl-Nhel fragment (ap-
proximately —5500 bp to +134 bp, designated pBP78)
upstream of the firefly luciferase gene in the pGL3-
Basic vector. To identify the minimal promoter region
required for the maximal constitutive reporter activity,
sequential 5'-deletion constructs of pBP78 were engi-
neered (Fig. 4). After transient transfection of NIH 3T3
cells, we observed a significant level of transcriptional
activity with several constructs (Fig. 4). Maximal basal
luciferase activity was observed with pBP86 (—947 to
+134). Subsequent deletion of pBP86 resulted in re-
duced luciferase activity. The parental vector produced
only trace amounts of transcriptional activity. Similar
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FIG. 5. FISH localization of Stat6 gene to human chromosomes. Digital image of a metaphase chromosome spread derived from
methotrexate-synchronized normal human peripheral leukocytes after hybridization with a digoxigenin-labeled/genomic fragment probe and
DAPI counterstaining. Both chromosomes with symmetrical rhodamine signals on sister chromatids were identified as chromosome 12, and

the signal was localized at bands 12913.3-q14.1.

results were obtained when these constructs were
transfected into HepG2 cells (data not shown). These
results established that the 5’-flanking region of the
Stat6 gene contained a promoter that is constitutively
active in fibroblast and epithelial cell types.

Chromosomal Localization of the Human Stat6 Gene

The chromosomal location of the human Stat6 gene
was determined to gain further clues regarding function
as well as to investigate potential linkage with disease. In
two FISH experiments with lymphocytes from different
individuals, the majority of the chromosomes had specific
fluorescent signals at identical sites on both chromatids
of chromosome 12. From a total of 100 metaphases ex-
amined, 90 had fluorescent signals on chromosome 12
and 85 had both homologues of chromosome 12 labeled.
Double fluorescent labels were not observed at any other
site and the five single signals also detected were ran-
domly distributed over different chromosomes. A single
specific site of hybridization for the gene unequivocally
demonstrates a single locus for this gene. The location of
the fluorescent signal was determined directly in 50 met-
aphases with DAPI-enhanced G-like banding at region
12g13.3—q14.1, where we assigned the locus of the hu-
man Stat6 gene (Fig. 5).

DISCUSSION

Here we describe the human Stat6 gene exonic struc-
ture, putative promoter, and chromosomal location.

The human Stat6 gene extended over 19 kb and con-
sisted of 23 exons and 22 introns. The 5’-flanking re-
gion that contained the putative promoter region was
also characterized, and several potential regulatory
elements were identified. By fluorescence in situ hy-
bridization, the human Stat6 gene was mapped to
chromosome 12q13.3—q14.1. This location was further
confirmed by the partial coding sequence of the NAB2
gene, which was recently mapped to an identical locus
(Svaren et al., 1996, 1997) and found within the distal
3’-flanking region of our human Stat6 A4 genomic clone
(B. K. R. Patel and W. J. LaRochelle, unpublished
observation).

Among the human Stat genes, only the exonic struc-
tures of Statl and Stat2 have been determined. Both
the Statl and the Stat2 genes comprised 24 exons (Yan
et al., 1995), while Stat6 contained 23 exons. The Statl
and 2 exonic division divided both these proteins at
almost identical sites (Yan et al., 1995). The relation-
ship between the genomic structure and the encoded
functional domains of Statl and Stat2 was conserved
only somewhat compared to Stat6. In particular, the
proposed SH3 domain of Statl and 2, like that of Stat®6,
was encoded by three exons. The tyrosine residue phos-
phorylated in Statl and 2, analogous to that of Stat6
(Y641), was also encoded within a separate exon. How-
ever, the Statl and 2 SH2 domain was encoded by
three (Yan et al., 1995), rather than two, exons as
determined for Stat6. Additionally, while a few varia-
tions were noted to the GT/AG rule for Statl and 2
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(A) Stat6 +.GCCCTGGGAGT..TTGAGAGCATA...
Exon3 Exon4 Exon5
...GCCCTGgtgagt...tgcaagGGAGT..TTGAGgtggg...ctgtagAGCATA...
Exon3 W Exon5
Stat6b ..GCCCTGAGCATA...
Exon3 Exon5
(B) Stat6/6b ..GCCGAGGCAACC...
Exonl Exon3
..GCCGAGgtgagg...ggctagAGAAA...CTGGGgtaagt...ctccagGCAACC...
Exonl Exon2 Exon3
Statée ...GCCGAGAGAAA..CTGGGGCAACC...
Exonl Exon2 Exon3
© Stat6 .. TGACCGGCTGAT...CAGCGACTC...

Exonl5 Exonl6

..TGACCGgtgagt...ggccagGCTGAT...CAGCGACTC...
Exonl5 Exonl6

..TGACCGCGACTC...
Exonl5 Exonl6

Stat6c

FIG. 6. Alternative splicing of Staté variant mRNAs. The Stat6é genomic DNA sequences around exon (uppercase letters)—intron
(lowercase letters) junctions potentially affected by alternative splicing are presented. The resulting Stat6, Stat6éb, and Stat6c variant
mRNAs due to the proposed splicing of exon 4 (A), exon 2 (B) and exon 16 (C) are shown.

exon—intron boundaries, no exceptions were observed
for Stat6.

We have recently isolated three Stat6 cDNAs, in-
cluding wildtype Stat6 as well as the attenuated
Stat6b and dominant negative Stat6c variants (Patel et
al., 1998). The transcripts of all three variants were
expressed to varying extents in vivo. The three human
Stat6 variants appear to arise from differential splic-
ing that was best explained by selective exon deletion
and utilization of alternative donor/acceptor sites (Fig.
6). The wildtype Stat6 cDNA resulted from the deletion
of exon 2 apparently by ignoring splice donor and ac-
ceptor sites at the beginning and end of exon 2. Simi-
larly, the Stat6b variant resulted from a splicing event
that deleted exon 4 in addition to exon 2. The differen-
tial splicing that gave rise to Stat6c retained exon 2 by
recognition of these donor and acceptor sites. Stat6c
apparently also deleted an 84-bp region of exon 16
utilizing an alternative donor/acceptor splice site
within exon 16. Interestingly, only Stat6 has been
found to utilize alternative donor/acceptor sites within
SH2 domain-encoded sequences to produce a dominant

negative variant, although all other Stat family mem-
bers possess some form of differential splicing.

The chromosomal location of the human Stat6 gene
was determined so that linkage with a possible disease
locus could be established. In this regard, the human
Stat6 gene was mapped to chromosome 12q13.3—-q14.1,
consistent with that predicted from the known mouse
chromosomal location (Copeland et al., 1995; Svaren et
al., 1997). This locus contained the ErbB-3 and Gli
proto-oncogenes (Kraus et al., 1989), the RAP1B tumor
suppressor (Kitamaya et al., 1989), and homeobox as
well as keratin gene loci (Cannizzaro et al., 1987;
Popescu et al., 1987). Multiple aberrancies about this
locus have been found (Van de Ven et al., 1995). Benign
solid tumors that often display chromosomal break-
points in the 129q13-q15 region include uterine leiomy-
oma, adenoma, hamartoma, chondroma, and endome-
trial polyps (Solomon et al., 1991). Additionally,
12g13-q15 has also been found to be a human papil-
loma virus-18 integration site in cervical carcinoma
(Popescu et al., 1987; Sastre-Garau et al., 1990). 12q13
translocations have been reported in mesenchymal tu-
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mors such as myxoid liposarcomas, round cell liposar-
comas, clear-cell sarcomas, and rhabdomyosarcomas,
some of which were attributed to TLS-CHOP t(12;
16)(q13;p11) (Dal Cinetal., 1997; Solomon et al., 1991).
Amplification of MDM2, CDK4, and SAS (12q13-q14)
was often observed in human sarcomas and glioblas-
tomas (Meltzer et al., 1991; Oliner et al., 1992; Smith et
al., 1992). The contribution of Stat6 to these malignan-
cies remains to be investigated.
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