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The Wiskott-Aldrich syndrome (WAS) is an X-linked
disorder characterized by immunodeficiency, eczema
and thrombocytopenia. The gene responsible for WAS
was identified through positional cloning, and the
function of the encoded protein (WASP) is still the
subject of much speculation. WASP is currently
thought to be involved in the regulation of actin poly-
merization in hematopoietic cells. To study the ele-
ments that regulate the WASP gene, we have identified
the sites for transcription initiation. We found that
two promoters were responsible for controlling WASP
expression. Multiple transcription initiation sites
were found immediately adjacent to the translation
start site, however an alternate exon with a second
promoter region was identified 6 kb upstream. Exam-
ination of the 5’ sequence adjacent to the initiation
sites in both promoters failed to reveal a TATA or
CCAAT box, but numerous putative transcription fac-
tor binding sites including Spl, Ets, c-Myb and PU.1
were apparent. Reporter constructs generated from
each promoter showed functional activity in the Jur-
kat T-cell and HEL erythro-megakaryocytic cell lines.
Although the alternate exon sequence was extremely
GC rich and contained several potential binding ele-
ments, the primary promoter was stronger than the
upstream promoter in the cell lines assayed. The tran-
scription factor binding site profiles within each pro-
moter suggested that they may play different roles in
regulating WASP expression depending on the stage of
differentiation and development, and the cell lineage.
In this study we have also reported the complete nu-
cleotide sequence of the coding and intervening se-
quences for the WASP gene. A comprehensive knowl-
edge of the genomic structure and the further
characterization of WASP gene expression will facili-
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tate the continued investigation of mutations in WAS
patients, and the eventual prospect of gene therapy.
© 1999 Academic Press

The Wiskott-Aldrich syndrome is a X-linked reces-
sive immunodeficiency that generally manifests during
the first few years of life in males affected with the
disorder. The disease usually presents with the hall-
mark combination of thrombocytopenia, eczema, and a
deficient immune response. The gene encoding the pro-
tein responsible for WAS was identified through posi-
tional cloning (1,2). The 1.8 kb cDNA translates into a
protein of 502 amino acids in length that is particularly
rich in proline residues. The region that is most dense
with proline has been shown to bind SH3 domains from
several src-related protein tyrosine kinases and other
adaptor proteins (3-9). The N-terminus contains a PH
domain (10) that overlaps considerably with a second
putative domain designated Whether (WASP homol-
ogy), which is speculated to have a receptor binding
function (11,12). A GTPase binding domain (GBD) has
been identified between the WH1 domain and SH3
binding, poly-proline region. This domain has been
shown to interact with the Rho family GTPase CDC42
(11,13,14), and has also been referred to as the CRIB
(CDC42/Rac interactive binding) domain (15). At the
C-terminus a verprolin homology domain has been
identified (10). The verprolin-like region serves to bind
actin, suggesting that the WAS protein (WASP) may
provide a link between signal transduction at the cell
surface and actin polymerization. This proposed WASP
function would correlate with the aberrant cytoskeletal
morphology observed in the T cells and platelets of
WAS patients (16), and the defects exhibited in chemo-
taxis and migratory response in the monocytic lineages
(17-19).

Mutations resulting in WAS have been found
throughout the coding sequence, but primarily in the
exons from the N-terminal region (20). WASP gene
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mutations are also responsible for the less severe dis-
order X-linked thrombocytopenia (XLT) in which pa-
tients do not exhibit immune dysfunction (21). In some
WAS patients, analysis of the WASP gene has failed to
identify alterations in the coding regions or the splice
sites (Kwan, unpublished results). To enable further
analysis of the WASP, gene we have completed the
genomic sequence including the 5’ untranslated re-
gion. In this report, we have discovered two WASP
promoter regions. The primary WASP promoter lies
immediately adjacent to the translation initiation site
(22). Transcripts derived from a second promoter lying
within an alternate exon further upstream were also
identified and characterized.

MATERIALS AND METHODS

Sequencing of the WASP gene. The WASP positive cosmid
ICRFc104A02167 (23) was utilized in the restriction mapping and
sequencing of the WASP gene. EcoR1 fragments of the cosmid insert
were subcloned into pBluescript SK (Stratagene, La Jolla, CA).
These clones were mapped and subcloned further with various re-
striction enzymes including BamHI, Hindlll and Pstl. An ABI 377
DNA Sequencer was used to generate the sequence data from the
plasmid templates.

Computer database searches. The following search algorithms
were used to analyze the sequence data: BLAST (ref. 24; URL:
http://www.ncbi.nlm.nih.gov/BLAST/), RepeatMasker (Smit, A.F.A.
and Green, P. URL: http://ftp.genome.washington.edu/RM/
RepeatMasker.html/), and TESS (ref. 25; URL:http://agave.humgen.
upenn.edu/tess/index.html/).

Cell lines. The cell lines used for this report included the Jurkat
T-cell leukemia line (clone E6-1; TIB-152, American Type Culture
Collection, Rockville, MD; ref. 26), the HEL erythroleukemia line
(clone 92.1.7; TIB-180, American Type Culture Collection, Rockville,
MD; ref. 27), and two EBV transformed B-cell lines derived from
normal individuals.

Identification of transcription initiation sites. The 5'RACE sys-
tem was used to identify the initiation sites for WASP mRNA tran-
scripts (Gibco-BRL, Life Technologies, Gaithersburg, MD). A set of
nested primers was generated to amplify the cDNA ends. Primer 198
(5'-ACA ATG CTC CTT GGT CCA GT-3') from the complimentary
sequence of exon 2 was used to synthesize the first strand cDNA. For
the second round of amplification and subsequent cloning, primer
253 (5'-CAU CAU CAU CAU TCC AAG CAT CTC AAA GAG TC-3)
from the complementary strand of exon 1 was used in conjunction
with the Gibco-BRL anchor primer as described in the manufac-
turer’s protocol. Amplified cDNAs were cloned into pAMP1 and se-
quenced with a third nested primer 255 (5'-CTG GTT CTC GTG GTC
CTG GA-3’) complementary to exon 1.

Generation of promoter reporter plasmids. For the primary pro-
moter, a Bbsl site 14 bp 5’ of the translation start site was used in
conjunction with an upstream Pstl site to cleave out the promoter
region and clone the 1.6 kb fragment into the firefly luciferase re-
porter vector pGL3 (Promega, Madison, WI). The resulting clone
pGL3-479 was sequenced to confirm that the sequence remained
intact and in the correct orientation. After using BLAST (24) to
screen the sequence against the GenBank database, an Alu element
was apparent in a region spanning 460-710 nt. upstream of the Bbsl
site. To eliminate the Alu element from the construct, a smaller
promoter clone was generated by designing a primer 487 nt. up-
stream of the Bbsl site. A Kpnl site was incorporated into the 5’ end
of the primer (primer 265: 5'-ATG AGC TCG GTA CCT GGG ATT
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ACA GGT GTG AG-3'). Primer 265 was paired with the pGL3 vector
primer GL2 to amplify the 3’ end piece from the pGL3-479 insert.
The resulting PCR product was cleaved with Kpnl and Xhol, and
cloned into the corresponding sites from the pGL3 linker. The clone
was analyzed for the correct sequence and orientation, and was
subsequently designated as pGL3-481. An additional subclone of the
WASP promoter region pGL3-482R was generated from a 1kb Smal/
Bbsl fragment in the reverse orientation as a negative control.

To clone the alternate promoter, flanking primers were generated
284 bp upstream and 150 bp downstream of the start site for PCR
amplification of the putative promoter region (primer 321: 5'-AAT
TGC CAG CTC GTG TGC-3'; primer 322: 5'-AGT CAA GCT TCC
TGC GCC TCA GTC T-3'). An Alul restriction site within the primer
321 sequence (restriction sites underlined in primer sequence above)
and a Hindlll tail incorporated into primer 322 were used to clone
the PCR product directly into the corresponding Smal and Hindlll
sites within pGL3. The cloned alternate exon was sequenced to
confirm there were no PCR artifacts and the resulting construct was
designated pGL3-535.

Transfection and reporter gene expression assay. Cells were cul-
tured at 10°cells/ml and split 20 hrs before electroporation. Cultures
were pelleted and resuspended at 2-3x107/ml in RPM11640 medium
without serum. For each construct, 20ug of CsC1 gradient purified
DNA and 2ug of pRL-TK (an internal control plasmid; Promega,
Madison, WI) were added to 500ul of cells and electroporated at
960uF, 250V (Jurkat) or 280V (HEL) in a 0.4cm cuvette (BioRad
Gene Pulser apparatus, Hercules, CA). The cells were transferred to
12 ml 10%FCS/RPMI11640 medium. After incubating for 18 hours,
the cultures were processed with the Promega Dual Luciferase Kit to
detect expression from the reporter constructs. Luminescence was
quantitated for the firefly luciferase expressed from the pGL3 vector
and subsequently normalized against the luminescence of the Re-
nilla luciferase from the internal control vector pRL-TK. A Zylux
FB-12 Luminometer was used to measure the relative luminescence.

RESULTS

We had previously isolated the genomic cosmid clone
A02167 from the Xpl1.23 region of the WAS locus
(28,29). This cosmid contains the entire length of the
WASP gene and was in turn used to isolate the WASP
positive cDNA p427 (2). To generate a PCR based assay
for the identification of mutations in WAS patient
DNA, the exon/intron boundaries were identified and
sequenced from restriction fragment subclones of the
A02167 cosmid. From these cosmid subclones we have
now sequenced the WASP gene in its entirety. The data
have been entered into GenBank under the accession #
AF115549. Primers were designed sequentially to con-
tinue analysis into the introns. The coding sequence
from cosmid A02167 was the same as that described for
the cDNA (2) with the exception of a single nucleotide
change from T to C at position 1029 (cDNA numbering;
ref. 2) within exon 10. This exchange would result in a
conserved amino acid substitution of Val332 to Ala
within the proline rich region of the protein, and may
not have any deleterious effects on protein function.
We have not observed this alteration in genomic DNA
derived from WAS patients or normal individuals
(2,30), and this substitution does not appear to be a
polymorphism in the general population. The introns
ranged in size from 93 to 1672 bp (Table 1), and the
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TABLE 1
Exon/Intron Positions and Sizes

Feature Position® Size (bp)
Exon 1 (1537-1608)"-1759 152-223°
Intron 1 1760-2056 297
Exon 2 2057-2197 141
Intron 2 2198-3320 1123
Exon 3 3321-3407 87
Intron 3 3408-3507 100
Exon 4 3508-3610 103
Intron 4 3611-3719 109
Exon 5 3720-3761 42
Intron 5 3762-3854 93
Exon 6 3855-3908 54
Intron 6 3909-4554 646
Exon 7 4555-4729 175
Intron 7 4730-5827 1098
Exon 8 5828-5870 43
Intron 8 5871-6073 203
Exon 9 6074-6227 154
Intron 9 62286433 206
Exon 10 6434-6840 407
Intron 10 6841-7093 253
Exon 11 7094-7208 115
Intron 11 7209-8880 1672
Exon 12 8881-9201 321

® Nucleotide positions are based on the Pstl cloning site as position
1 as listed under Genbank accession # AF115549.

® The size of exon 1 is listed as variable due to the multiple
transcription start sites in the primary promoter. The alternate
promoter is not listed in this table.

consensus sequences for donor and acceptor splice
junctions were apparent at each exon/intron boundary
(31). A search for repetitive elements within the in-
trons with the program RepeatMasker revealed a va-
riety of repeats at different locations within the WASP
gene. Introns 1, 6, and 7 each consisted largely of
simple repeats. Intron 9 carried a short repeat of the
MIR family, and intron 11 contained three regions of
Alu element homology.

The sequence data upstream from the translation
start site did not demonstrate a TATA or CCAAT box
nor homology to other mammalian promoters. To de-
termine the boundary of the 5’ promoter region and to
eliminate the possibility of additional upstream exons,
we performed 5" RACE experiments from the Jurkat
T-cell line and two EBV transformed B-cell lines. After
sequencing 80 individual cDNA ends (43 from the
B-cell lines and 37 from the Jurkat T-cell line), several
transcription initiation sites were apparent withina 71
bp region between 20—91 bp upstream of the transla-
tion start site (Fig. 1A). Multiple start sites are com-
mon in promoters without TATA or CCAAT boxes, and
4 of the sites in this region roughly match the initiator
consensus sequence for TATA-less promoters (32).
However, of the cDNAs derived from the Jurkat T-cell
MRNA, 5 clones demonstrated a start site that was
apparently expressed from an alternate promoter.
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These clones (Fig. 1B) showed sequence identity to the
primary promoter (Fig. 1A) in the region adjacent to
the translation start site, but diverged into separate
sequences 34 bp upstream. At this junction, a putative
intron acceptor site was apparent in the corresponding
genomic sequence with the consensus CAG sequence
preceded by a pyrimidine rich tract (31). All of the
cDNA clones derived from the alternate promoter dem-
onstrated a single transcription initiation site (Fig.
1B). B-cell derived cDNA end clones did not exhibit the
alternate exon sequence. Primers generated from this
cDNA data were used to sequence the A02167 cosmid
directly and determine the genomic sequence contain-
ing the alternate exon (accession # AF115548). The
region upstream of the alternate transcription initia-
tion site was very GC rich. The downstream sequence
showed a potential donor splice site where the intron
junction had been anticipated from the cDNA data
(Fig. 1B). The alternate promoter was placed through
restriction mapping to a position approximately 6kb
upstream from the translation initiation codon.

To search for potential transcription factor binding
sites, the TESS (25) combined and string search algo-
rithms were employed to screen the promoter se-
guences against the TRANSFAC and TFDsite data-
bases (33,34). Several putative transcription factor
binding sites were apparent (35). Both the primary and
alternate promoters were predicted to have sites for
PU.1 (Fig. 1). With the exception of these sites, the two
promoters were considerably different. In the primary
promoter two Ets-1 sites were identified, which have
also been shown to be functionally significant (22). In
the alternate promoter several potential Spl and AP-2
sites were evident. Two c-Myb sites and a EGR2 site
were identified, and in contrast to the primary pro-
moter a putative Ets-2 site was present. Ets-1 and
Ets-2 are expressed in a recipricol fashion in T cells
depending on the state of activation (36). Two sites for
the transcription repressor GCF were also apparent.

To confirm promoter function from the two identified
regions, luciferase reporter constructs were generated
by cloning the genomic DNA flanking the transcription
initiation sites into the reporter vector pGL3 (see Ma-
terials and Methods). Since T-cells and platelets are
the most obviously affected of the hematopoietic cells
in patients with the WAS disorder, the promoter con-
structs were assayed for reporter activity in the HEL
megakaryocyte-like erythroleukemia and Jurkat T-cell
lines. The results showed that the 487 bp primary
promoter fragment in pGL3-481 could promote expres-
sion at a high level compared to both the negative
promoterless pGL3 vector (with no insert) and a posi-
tive SV40 control (Fig. 2). The pGL3-479 plasmid (pri-
mary promoter, 1.6kb insert) showed expression levels
similar to pGL3-481, whereas the same promoter in
reverse orientation (pGL3-482R) showed no activity
(data not shown). As expected from the proportion of
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A. WASP Primary Promoter

Alternate
c-Ets-1 Splice Site
c-Ets-1 — PU1 l
2 1 7 1 26 6 111 6 21 1 5 Translation
* * *  x * % * * ok Kk Kk Kk ok * K Bbsl Initiation

TTTTTGCATT TCCTGTTCCC TTGCTGCTCA TTGCGGAAGT TCCTCTTCTT ACCCTGCACC CAG|AGCCTCG CCAGAGAAGA CAA |GGGCAGA AAGCACCATG

* % **k K * kK *
12 25 3 51 1 4 2

1 1 1 1

B. WASP Alternate Promoter
EGR2
Sp1 ——— GCF —— Sp1
AP-2 - sp1 EE——
214 c-Myb Sp1 ———— c-Ets-2

AGGAGAGAGG CCAACGGCCG CCCGGGGCGA GGGGAGCCGG TAGGACGGGA CCAGGACTGG CCGACCCGGC CCCGCGCGGG GAAGGGGGCG CCTTCCTCCC

AP-2
~114 ——— GCF —— Spi —
ACAACACAAA ACGGTGCGCC CGGGTTGGCC GCCCCTCCCC AGTGGTGCGG CCCCGGGTGGE ACGCTTCCGT GCGCGCGTCC ATGCCCAGCC ATTGCGGGCT

AP-2
-14 ——  c¢-Myb
GCGGGCTCCA AGGGTCGCAC ACGCTGGAGA GTGCAGGTTG CCGGGTCCAC CCACAGGGCT GTAGACACCC CTAGGGTCAC ACAGACAAGG CTCTGGACAC

*

5 Exon/Intron
Boundary
CCACAGGGGC ACACACATTG GGGAGTGGGC ACTCCTGGGC TCACARAGAC TGAGGCGCAG GRAG|gtaggg cgegeccgec cagagggagt tggtggtgge
Intron/Exon Translation
Boundary Initiation
tgagggt... [6kbintron] ...gctgctca ttgcggaagt tcctcttctt accctgeace cag|AGCCTCG CCAGAGAAGA CAAGGGCAGA AAGCACCATG

FIG. 1. Primary and alternate WASP promoter sequences, transcription initiation sites, and putative transcription factor binding sites.
Transcription start sites as identified by sequence analysis of 5’'RACE clones, are positioned with an asterisk at the determined initiation
site. The asterisks above the sequence represent cDNA end clones isolated from EBV transformed B-cell lines, while those below the sequence
were identified from the Jurkat T-cell line. The numbers at the asterisk positions indicate the number of end clones sequenced with that
initiation site. The putative transcription factor binding sites as identified by the TESS search algorithm are indicated with horizontal lines
above the sequence with the name of the factor to the right. In the primary promoter (A) the Bbsl restriction site utilized in cloning the
pGL3-481 reporter construct is indicated upstream of the translation initiation site. The position of the alternate splice site that is used in
transcripts generated from the alternate promoter is also indicated. Transcription initiation sites that most closely match the initiator
consensus sequence are indicated with an arrow. In the alternate promoter (B), only one transcription initiation site is apparent and the
downstream exon boundary/intron donor is shown. The 6kb intron resides between the alternate promoter and translation initiation site, and
the intron/exon sequences are also shown for the acceptor site. The intron sequences are shown in lower case.

cDNA clones carrying the alternate exon sequence, may be affected by cell lineage and the stage of devel-
expression from the alternate promoter construct opment or differentiation. Both ¢c-Myb and Ets have
pGL3-535 was present but considerably lower than been shown to be important in the transactivation of
that of the primary WASP promoter in both Jurkat and myeloid specific genes (37—40). PU.1 is the only tran-
HEL cell lines. Both promoters showed increased ac- scription factor binding site found in both promoters.
tivity in the HEL line, and the alternate promoter PU.1 is expressed in cells of the myeloid lineage and in

showed a less disparate level of expression. B cells, however it is not expressed in T cells (41). The
presence of these sites suggests that both promoters,
DISCUSSION but particularly the alternate promoter, may be more

active in cells of the myeloid lineage. This may explain
The difference in transcription factor binding sites the lower levels of expression observed in the Jurkat
within the two promoters suggests that their activity T-cell line compared to that in HEL cells.
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Promoter activity measured from luciferase constructs in Jurkat T-cells and the HEL cell line. Promoter activity is reported in

relative light units (RLU). Results are shown as a normalized value by dividing the readings from the pGL3 constructs (firefly luciferase
reporter) by those produced by the pRL-TK internal control vector (Renilla luciferase). Expression was assayed at 18hrs. after transfection.
Note the ten fold difference in the RLU scale for the level of expression in the Jurkat and HEL cell lines.

Both c-Myb and PU.1 are integral to hematopoietic
development. Expression of c-Myb is highest in imma-
ture hematopoietic cells and decreases after differenti-
ation (40). Targeted deletion of c-Myb in mice results in
the failure of fetal liver hematopoiesis (42). PU.1 ex-
pression is restricted to specific stages of hematopoietic
differentiation, depending on the cell lineage (41). Mu-
tations in the murine PU.1 gene lead to defects in
development of both the lymphoid and myeloid lin-
eages, including progenitors for B and T cells, mono-
cytes and granulocytes. (43). WASP expression is evi-
dent at very early stages of hematopoietic development
(44). The requirement for WASP during early stages of
hematopoiesis is demonstrated by the non-random
X-inactivation pattern observed in early hematopoietic
cell precursors (CD34+) of women who carry the
Wiskott-Aldrich syndrome (45). Furthermore, WASP
expression has been shown in the early embryonic
stage of hematopoiesis within the CD34+ cell clusters
of the aorta/gonad/mesonephros region (46). The pres-
ence of both c-Myb and PU.1 binding sites may indicate
that the alternate promoter has a more important role
in WASP expression in these earlier stages of hemato-
poiesis.

The completion of the sequence for the WASP gene
will be useful in the continued analysis of mutations in
WAS patients. In cases where no mutation has been
identified, the elimination of undetected defects in the
intervening sequences or the transcription control ele-
ments of the WASP gene will help to determine
whether a second protein defect could be responsible

for the WAS phenotype. A full characterization of the
elements necessary for controlling WASP expression
will be useful in the further analysis of the WAS defect
and the eventual design of vectors for gene-therapy.
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