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Abstract

DEAD-box proteins comprise a family of ATP-dependent RNA heli-
cases involved in several aspects of RNA metabolism. Here we report
the characterization of the human DEAD-box RNA helicase DDX26.
The gene is composed of 14 exons distributed over an extension of
8,123 bp of genomic sequence and encodes a transcript of 1.8 kb that
is expressed in all tissues evaluated. The predicted amino acid se-
quence shows a high similarity to a yeast DEAD-box RNA helicase
(Dbp9b) involved in ribosome biogenesis. The new helicase maps to
7p12, a region of frequent chromosome amplifications in glioblasto-
mas involving the epidermal growth factor receptor (EGFR) gene.
Nevertheless, co-amplification of DDX26 with EGFR was not de-
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tected in nine tumors analyzed.

Introduction

Helicases, including DNA and RNA heli-
cases, are grouped into two major superfami-
lies of proteins (SFI and SFII) on the basis
of the occurrence of conserved motifs (1).
RNA helicases are mostly of the SFII super-
family and can be further classified into
families on the basis of particular consensus
sequences in the conserved ATP hydrolysis
motif. In contrast to DNA helicases, which
processively unwind long regular dsDNA
structures, most RNA helicases modulate
only short duplex regions in RNA molecules
in a one-step reaction in the presence of ATP
(1.

RNA helicases are involved in various
steps of RNA metabolism including tran-

scription, pre-mRNA splicing, ribosome bio-
genesis, cytoplasmic transport, translation,
initiation/elongation, and mRNA decay (1).
DEAD-box RNA helicases are characterized
by the presence of eight conserved motifs
including an RNA interaction domain and an
ATP hydrolysis motif containing the core
amino acid sequence DEAD (2). In addition
to the conserved motifs, RNA helicases con-
tain variable N and C terminal extensions
that might confer substrate specificity and/or
contain information directing subcellular lo-
calization (3).

Chromosome amplifications and overex-
pression of different DEAD-box RNA heli-
cases have already been reported in different
tumors (4-7), suggesting a general role for
RNA helicases in tumorigenesis. Here we
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report the chromosomal localization, genom-
ic organization and expression of DDX26, a
human DEAD-box RNA helicase, with high
similarity to an essential yeast RNA helicase
(Dbp9b) involved in the assembly of early
pre-ribosomal particles. The new helicase
maps to 7p12, a region of frequent chromo-
some amplifications in glioblastomas involv-
ing the epidermal growth factor receptor
(EGFR) gene. Nevertheless, co-amplifica-
tion of DDX26 with EGFR was not detected
in nine tumors analyzed.

Material and Methods
Computational prediction of gene structure

Gene structure was predicted by tBlastN
analysis using the yeast orthologous protein
Dbp9b as a query. Proximal and distal exons
were then predicted by BlastN analysis us-
ing the PAC sequence (AC004938) as a
query against human ESTs available in
dbEST (AW250279, Al242741). Oligonu-
cleotides corresponding to the 5’ and 3” ends
of the putative transcript (Figure 1A) were
designed and used to amplify cDNAs de-
rived from colon and breast tumors by PCR.
Intron/exon boundaries were determined by
aligning the cDNA sequence with the ge-
nomic sequence from the PAC clone.

RT-PCR and sequencing

Total RNA was extracted from breast
and colon tumors using Trizol reagent (Gibco-
BRL, Gaithersburg, MD, USA) following
manufacturer’s instructions. Two micro-
grams of total RNA was reverse-transcribed
into first-strand cDNA using SuperScript Il
and oligo dT in a final volume of 20 pl. PCR
was carried out in a 10-pl reaction mixture
containing 1 pl of cDNA, 1X Taq DNA
polymerase buffer, 200 uM dNTPs, 2 pmol
of each primer and 1 U Taq DNA poly-
merase (Gibco-BRL). Cycling conditions
were 94°C for 5 min, followed by 40 cycles
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of 94°C for 1 min, 60°C for 1 min, 72°C for
2 min and a final extension at 72°C for 10
min. PCR products were analyzed on ethi-
dium bromide-stained agarose gels before
sequencing. PCR products were used di-
rectly in sequencing reactions with Big Dye
terminator mix on an ABI377 sequencer ac-
cording to manufacturer’s instructions. Se-
quencing reactions were performed with the
same primers used for RT-PCR and internal
primers as indicated in Figure 1.

Northern and dot blot hybridization

A commercial “Human Master Blot”
(Clontech, Palo Alto, CA, USA) containing
normalized loading of polyA* RNA from 75
different human tissues and a “Cancer Cell
Lines Northern blot” (Clontech) containing
2 pgofpolyA* RNA was used for evaluating
DDX26 expression. A 3?P-labeled probe cor-
responding to the 3° end of the transcript was
hybridized in 5 ml ExpressHyb solution
(Clontech) at 65°C overnight. The mem-
branes were washed twice with 2X SSC/
0.1% SDS at room temperature for 5 min
and then twice with 2X SSC/0.1% SDS
for 20 min at 65°C before exposure at -70°C
for 24 h.

Southern blotting and densitometry

Allele dosage at the DDX26 locus was
quantitated by Southern blotting in a panel
of nine glioblastomas with known 7p12 am-
plifications. Southern blotting, hybridization
and Phosporlmage analysis were performed
as previously described (8). Probes used for
hybridizations were: WI-15640, SGC34528,
D7S82542, WI-6548, EGFR, SGC32574, WI-
18503, WI-16990, SHGC11828 and a 1.2-
kb fragment from the 3° end of DDX26
transcript.

Results
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Cancer Genome Project (9), we identified an
EST with significant similarity to a DEAD-
box RNA helicase from yeast and various
other organisms as well as to a finished
human genomic sequence corresponding to
the PAC clone DJ0971C03 (AC004938).
Matches with previously known human
helicases, however, were found to be only
marginal, indicating that this EST is a new
member of the DEAD-box family not anno-
tated in the PAC sequence.

We have used the yeast orthologous gene
to search for the human genomic sequence
and to predict gene structure. Primers for
RT-PCR amplification were designed for
validation and sequencing of the predicted
transcript. As expected from the computa-
tional prediction, a 1,889-bp fragment was
obtained by RT-PCR and fully sequenced by
primer walking (Figure 1A). This gene was
named DDX26 after consulting the HUGO
Genome Nomenclature Committee and de-
posited in GenBank (AF247666). The gene
consists of 14 exons distributed over an
extension of 8,123 bp of genomic se-
quence. Exons and introns vary in size
from 74 to 275 bp and from 92 to 1,594 bp,
respectively (Figure 1B). Computer anal-
ysis of the PAC sequence using Genscan
failed to predict the correct gene structure
due to the apparent existence of other genes
in the same region and to the small size of
exon 13 that was not detected by using this
program.

Complete sequencing of this helicase re-
vealed a single putative open reading frame
coding for a protein of 548 amino acids
(Figure 1A). Analysis of the predicted pro-
tein sequence using Pfam (http://pfam.
wustl.edu/) revealed the presence of two
highly conserved domains corresponding to
a DEAD/DEAH-box helicase domain (20-
234 amino acids) and a helicase C-terminal
conserved domain (272-380 amino acids).
Figure 2 shows the alignment of the pre-
dicted amino acid sequence of DDX26 with
RNA helicases from Drosophila, yeast, Can-

dida and the human DDX6 using CLUSTAL
W (10). As for the first EST, a high similarity
was observed with an essential yeast RNA
helicase (Dbp9b) involved in the assembly
of early pre-ribosomal particles (43% iden-
tity and 64% similarity). The putative func-
tion of this protein in ribosome biogenesis
was recently confirmed by Zirwes and col-
leagues (11) during the preparation of this
manuscript.

To determine the pattern of expression of
DDX26 in different human tissues, a 1.5-kb
cDNA fragment corresponding to the 3’ por-
tion of the mRNA was hybridized against
commercial filters (Clontech) (Figure 3).
While dot blot analysis indicated a ubiqui-
tous expression of DDX26 in all tissues
analyzed, a more detailed analysis showed a
higher expression in cerebellum, pituitary
gland, fetal kidney and fetal lung (Figure
3A). The specificity of the dot blot signal
was confirmed by Northern blot analysis
which showed the presence of a band of the
expected size in all tumor cell lines tested.
The highest expression level was observed
inthe melanoma cell line G-361 (Figure 3C).
No alternative splicing forms were evident
by Northern blot or Blast analysis against
human ESTs.

The PAC clone was mapped to human
chromosome 7p12, aregion of frequent chro-
mosome rearrangements in glioblastomas
(12). The EGFR gene is located in this same
region which is amplified in 40% of glio-
blastomas together with extensive amplicons
including a number of adjacent loci in some
of these tumors. Five percent of 7p12 ampli-
cons do not include EGFR, suggesting that
other still unidentified genes at this locus
may be amplified in glioblastomas (8). South-
ern blotting and densitometry were used to
test the possible amplification of this human
RNA helicase in tumors. As shown in Table
1, of nine glioblastoma analyzed, eight have
amplifications of the EGFR locus, but co-
amplification of DDX26 was not detected in
any of them.
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Figure 1. See legend on next page
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B Exon | Acceplor site Daonar sita Exon PAC
size (bp) | position
1 GUTCCTTCRGgEaCacgcTa 894 bp 15275-15368
e ggtctootagiCTGTCACCE | TAGGARGGOGgEgggtaces | 162 bp 15460-15621
3 atbctbacaghthBGTOOGE | TCTCTCAGAGgtgogtaaas | 161 bp 1615416314
4 coaccbecaghGCTETEITE GTC"['_I:LTI:TI_:-FE'I:.-H eggcaga | 171 bp 16460-16630
5 ttcatttoagTCACTTEIOCC | ACATRACCCGgRAGTAgICa 91 bp 167ET7-16857
(] TCLocooCagETTROCCTTA | TERRGCTCCRGgECcTgocaca | 245 bp 1T4ARB-17T12
7 ttggctgoagGTGUCACATE | ARGGGGRCARMGtgagtccat | 118 bp 18327-18445
8 atctctgoagBElCTLTEAT | GASCTGGCAGgtagtagtgt | 124 bp 19075-19188
g tecotbgoagERCRGIROGE | CTCAGTGERGgaagagect G5 |;|E| 18300-1 9394_
10 ttotocacaghGRRACAGESE | TOGCTEIAGGgEYjagotgot 74 bp 20000-20073
11 CCACCooCRIEATGOCATGE | GRAGCTTARGEETagEagat a0 bp 20211-20300
12 cocooggoaghCATACTTTG | GACTACCTGGgEgagtatgs | 1068 bp | 20980-21085
13 tobctboccagTTCCTCCTEE | GAAGECCAGgEacggotoo 77 bp FPETO-22TRE
14| GoctoctLagRGRBCRRRGT 375 bp | 23124-23398

Figure 1. A, cDNA (AF247666) and predicted protein sequence of DDX26. Primers used for amplification and sequenc-
ing are marked in bold and the putative polyadenylation site is underlined. The putative initiation methionine was
considered to be the first ATG codon in the sequence. B, Intron/exon junctions of DDX26. Upper and lower case letters
correspond to the exon and intron sequences, respectively. The conserved bases in the 5’donor and 3’acceptor splice
site junctions are shown for each exon in bold. Exon size and position, based on the PAC DJ0971C03 sequence, are
indicated.
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Figure 2. Alignment of the predicted DK G
amino acid sequence of DDX26 and #::?"" Lg
RNA helicases from Drosophila Carelics
(AF017777), yeast (NP0O13378), Can- fifiid] HOLS SN G LR VR P T O P T T OO MH LN THT TN CT O CALSHT T TLEPCDD &0
dida (AL03339}) and the human — P — o — ia
DDX6 RNA helicase (NM004397). DEOSOPhils  mmmmmmmmmemeeee -HE{HTORTVIFHELELDORT LERVADLOROOFTLIDETATFLLL 44
Conserved DEAD-box RNA helicase Teget =  ====a== HETEKKSVEGRY TODST TFEAFHLOS ALLCAT KNI GFLY FTLIDSHAT FLAL 53
motifs are underlined and marked L METARAAAYLIDET THDAFHLLEALLAT DG LOFENFTLICEAATFLAL 43
. . . T "'I‘-'I'-'I'I'.P-'[.FFWWIHEMETFNHWMEWWHMTHHL Lae
from | to VIIl in the amino acid se- LUy Y i Bpwp, W .._ e
quences. Numbers on the right cor- 1
respond to residue number of the OOKZE n:u-uunmrmnmmmﬁmmr-mmmw ¥
L% . . Dro=ophils EGK-IVVVRARTG8GKTHT YALELIGH I LHEKLH- -~ ~ASECTVENVVLAFTEELCBOER F5
protein. “Identical or conserved resi- Taaxt EIKROT TRKRRTGRGRT LAY LT PV IET ILEYKKT I = HEEEHETLET TANFTRELAG e 181
dues; conserved amino acid substi- Cardica EEKRDI IAKRETISIRTARY CTFTVHHLLYT O~~~ -C- 88~ -CIFAI T INETRELSRGVF 103
tution; ‘semi-conserved amino acid L i “Tuwﬁ“:”:m“m """"" PHICRINTVETRELALEVS 170
substitution. iithilah T i1l
DhxZ6 SN I LAT YRR OV R S = AR E SV S G AV L E KPP DAY CT PS AT LSHLOOE=- 51010 157
Drosophila KV TEQLVEBCGKVYRVAL LRDE RO TV TORHALSESFDTVWAT FANLLATREAG-EVVDL 134
Taaxk MVLEKLVLYCSKOTRTLHISSOMS DS VLS =T LI MDGPET IVNGT PCR11 DL LTRIKSISL 178
Cardids QFVEKLLTFSTHEIHVLHLA88Y 8B{YLH-SLLVHEFEI [T TRANL.IOT LEFNEERIDL 1€1
TOE R ﬂmmsmﬂﬁ— mmmmmwuw‘:mtm— =WART 22%
e e P G P
JiliF%d [IEI...ELLW[IEN]LLF‘EE‘EE‘EEELHELHHUH--ITWTFHEWIHM s
Drasophils EHVET LYVDERDLVERT FYENDFRRLT FHLEF - - TV CAVINEAT LTV WRAMRGLOLEEE 316
Teaxt HELKFLAWIEVILVL TRG T GO CEHR T GE Y L LERRLG TFIMGATIHDOT QRAIEGETCRST 230
Candida ETVEHLT IDEVDLVLEFTY LOCLEKLE 8Y LFVEEHLGTFLHAATWHDOLDDLEQR Y CTEFR 121
TINE kL DWWMMMDTTLTW—-HWLLTW“W ELE]
VI
nhxZE VTLKLE S LRGP D LG PV CE TEEDRFLLLY ALK ST AGHS 1 SVHTLERSE LA 275
Drosophiils VILELEEFELVEIDILEHIRILAE -ENDFFATI LYALLFLALIRGES TT VWS IDRCEEVR. 2775
Tmaxk Al unut:muLmetmmmmﬁmmm i ]
Canadlads AILELHED--BRHOHHLVYI Y YART TEFDEFLLAY VI FELHLIFGETTARYEN I DRGERLE 275
nnKA TETHIMEELTLESG===VT0y rRTVTERKVHCLNTLFSALOTH-0S TIFCRSSORAVELLA 10
TR b gk sEEe %, BEE Y o, g g
DhxZ6 LELEQFS I TCVLHGELPLRSREH T I SEFHEGEY DOV LAT DAEVLEA PYHGERMGIG=-= 331
Drosophila LELEQEGIRRTVLHBELEANIRIHT IGGEHEGTY DI I TASCEHHHERFOGEEATRE -———— 331
Taak LVMEQNG TKSC T LHSEL VNS ROH TV DR Y CLLTATDOTEY IKEEDOE T EECHRTE 3500
Candida LELEQEIIRCCILHEELEIHBRLHTVEEFHEH Y HLLIATCETHELKEECODREDCD-—— 11E
nnEg KK TSILGY SOFY THAKHRE RNV FH DR ANGL AN LN CT DL TR = === s == mmmaaa Jas
1a%4 Tadl o * b . 1%t EEL b
wI1
DbxZe PRCCHASCPERCVARCT DEHHVEAVLHFDLFFTPEAY THR 372
Drosaphils KBFREGIHESSAGRGICELCYRNYINFDFFROVTST THE, 170
Taank HIEERSLEGEPENDKEDS KKKKVGVRKDKE Y GV SR DERNVACYLEFLASTTARS T VHE 400
Candida ===E[TEI-KGHRETKFKEBERBEFEGCEE Y GVERGVDERRVACVLNFDLFTSEHAY [HRE 152
nnKe GICTCAVIAIHITIPRLAETELHE 440
i!'i!! - i!'i'-‘iti :-:'i'-
WIII
nhEzE R RRAHN DS TV LT PV LD TEQFHLCR I EELLE (== = = m e EHRCPILLIYOF 418
Drosophils KGR TRRGHHESEVL BV EHEE BKVHDEVERELC DS F-—————-———. -AADECEQTIFEGF 420
Taauk VERTRRGGK TS TR S MY PLEEFGRIEPSHLOTAKKDERT LENT T KLESELELELSRE R 470
Candida IGRTARRGEA AL EVLPLAEFGRHETAI LABSAKFDERVLEATVECCEHRGFETFFTOF 432
nnKE IGREGREGHLGLATHLI TY CORFHLES TEEQLGT EIKP-== 448
I R T T ! :
JiliiEd KRHEE IEQFRYRCROANREVTRGATREARLKE IREELLHIERLETY FECHFRDLOLIAHDL 478
Drasophils MMEEVESER YRR WRRATRVAVHDTRIREIFIEI LWCEFLEAFFEENNRDLOALBADE 480
Yaagk KIKVERENY RHE DS FREV TIVAT RERRVEELEGELL ASFRT KRHFEERTEELSLANDE S30
Candlda [MHIVEGERY RADDRERAY TS TRYRERRYEELENELINSENLERFFEENFCOLASTRADE 312
UKl = ==ssssssssssssss=s IFSHICKSLYVAE YHSEFVECERF 172
’ be b4 opd g A
Jilil%d ] PLHERWKEHLGHYEDY LVEPALRCLVRE-~~~~-~~ HEEREELSS3ChFARRARSOHIFLE 531
Drasaphils PLERTFVIGHLEHFEY TVFRALFRVVGT 555 FVGASERNQFACGAARAAFERQVIDFLE 540
Taaut ELHIREVIIHLERY DY LLIESRBGHGTE FHFVTEHHARERH SHERGR 574
Candlida ELHERRIOBGLENVEGY LLEFEBRROCVEN IGFYPFH-——FFEIHFHEE 337
DOKE
nhxZh SFEHKGKKFRPTRERSS=== 540
Drassphila ABOVDEPCKRREAHRREEKAL 550
Teannt VEKPEHGEVIPLEMFE-——- 5594
Candida GESKSREKYOPLESIRE=-== 574
DIEE

Braz ] Med Biol Res 34(10) 2001



DDX26 - a new human DEAD-box RNA helicase

1243
A
. . "B 88 s
= @ = & & & » B " "
e @& = & & & & &5 8 "0
-
« &= B = » e = & = @
- ® =& = @ . & & = @
- * . = ® & & = =
- = - - - = L R
- = - = - -
B
whole substancia heart esophagus transverse  kidney lung liver leukemia, fetal yeast
brain nigra colon HL-60 brain total RNA
cerebral  right nucleus aorta stomach descending skeletal placenta pancreas Hela S3 fetal yeast
cortex cerebellum accumbens colon muscle heart  tRNA
frontal corpus thalamus left duodenum rectum spleen bladder adrenal leukemia, fetal E. coli
lobe callosum atrium gland K-562 kidney rRNA
parietal amygdala pituitary  right jejunum thymus uterus thyroid leukemia, fetal E. coli
lobe gland atrium MOLT-4 liver DNA
occipital  caudate spinal left ileum peripheral prostate  salivary Burkitt’s fetal poly r(A)
lobe nucleus cord ventricle blood gland lymphoma, spleen
lymphocytes Raji
temporal hippo- right ileocecum lymph nodes testis mammary Burkitt’s fetal human
lobe campus ventricle gland lymphoma, thymus Cgt-1DNA
Daudi
posterior medulla inter- bone ovary colorectal fetal human
girus of oblongata ventricular appendix marrow adeno- lung DNA
cerebral septum carcinoma, 100 ng
cortex SW480
pons putamen apex of ascending trachea lung human
the heart  colon carcinoma, DNA
A-549 500 ng
1 2 3 4 5 6 7 8
C kb
2.4 —
Bmwme--
1.35 —

Figure 3. The expression pattern of DDX26 in normal tissues and tumor cell lines. A 32P-labeled probe was hybridized under stringent conditions to a
Human Master Blot (Clontech) containing normalized loadings of polyA* RNA from 75 different human tissues (A) as well as to a Cancer Cell Lines
Northern blot (Clontech) containing 2 g of polyA* RNA (C). B, Location of the various RNAs on the dot blot filter is shown schematically. C, For the
Northern blot membrane, the cancer cell lines are: 1, melanoma, G-361; 2, lung carcinoma, A-549; 3, colorectal adenocarcinoma, SW480; 4, Burkitt’s
lymphoma, Raji; 5, lymphoblastic leukemia, MOLT-4; 6, chronic myelogenous leukemia, K-562; 7, HeLa S3, and 8, promyelocytic leukemia, HL-60.

Molecular markers (kb) are indicated.
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Table 1. Amplification of different markers located on chromosome 7p12 in glioblastoma tumors.

Tumor

WI-15640
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N752542
Wl-a548
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N = no amplification detected; filled squares = amplification detected; nd = not determined.

Discussion

DDX26, a human RNA helicase from the
DEAD-box family, was cloned and charac-
terized based on similarity to a yeast ortholo-
gous gene Dbp9b. Cross-species sequence
comparison was shown to be a useful tool for
identification of exons due to their strong
conservation during evolution when com-
pared with random genomic sequences. Ac-
cordingly, we have used the yeast ortholo-
gous gene to search the human genomic
sequence and to predict gene structure. Prim-
ers for RT-PCR amplification were designed
for validation and sequencing of the pre-
dicted transcript.

Complete sequencing of the 1,889-bp
PCR fragmentrevealed a single putative open
reading frame coding for a protein of 548
amino acids with high similarity to an essen-

tial yeast RNA helicase (Dbp9b) involved in
the assembly of early pre-ribosomal par-
ticles. The corresponding transcript is ex-
pressed in a broad range of tissues in agree-
ment with the putative functional role in
ribosome biogenesis.

DDX26 is located on chromosome 7p12,
aregion of frequent chromosome rearrange-
ments in glioblastomas (12). The EGFR gene
is located in this same region which is ampli-
fied in 40% of glioblastomas together with
extensive amplicons including a number of
adjacent loci in some of these tumors. Re-
cently, Wang et al. (13) described a new
gene coding for a putative tyrosine kinase
substrate (GBAS) that was co-amplified with
EGFR in 2 of 12 tumors and in 2 of 3 cell
lines analyzed.

Chromosome rearrangements, amplifica-
tions and overexpression of different DEAD-
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box RNA helicases have already been re-
ported for different tumors (4-7). Neverthe-
less, co-amplification of DDX26 was not
detected in eight tumors with amplification
at the EGFR locus, excluding the involve-
ment of this helicase in glioblastoma devel-
opment.
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