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ABSTRACT

By screening a rabbit reticulocyte library, an alternative
15-LOX transcript of 3.6 kb (15-LOX mRNA2) was
detected containing a 1019 nt longer 3 '-untranslated
region (UTR2) than the main 2.6 kb mRNA (15-LOX
MRNA1). In anaemic animals, northern blotting showed
that 15-LOX mRNA2 was predominantly expressed in
non-erythroid tissues, whereas 15-LOX mRNA1 was
exclusively expressed in red blood cells and bone
marrow. The 15-LOX 3 '-UTR2 mRNAZ2 contained a
novel 8-fold repetitive CU-rich motif, 23 nt in length
(DICE2). This motif is related but not identical to the
10-fold repetitive differentiation control element
(DICEL1) of 19 nt residing in the 15-LOX UTR1 mRNAL.
DICE1 was shown to interact with human hnRNP
proteins E1 and K, thereby inhibiting translation. From
tissues expressing the long 15-LOX mRNA2, two to
three unidentified polypeptides with molecular
weights of 53-55 and 90-93 kDa which bound to DICE2
were isolated by RNA affinity chromatography. A 93
kDa protein from lung cytosol, which was selected by
DICE2 binding, was able to suppress translational
inhibition of 15-LOX mMRNAZ2, but not of 15-LOX
MRNAL, by hnRNP E1. A possible interaction between
DICE1/DICE2 cis/trans factors in translational control
of 15-LOX synthesis is discussed. Furthermore, the
3'-terminal part of the highly related rabbit leukocyte-
type 12-LOX gene was analysed. Very similar repetitive
CU-rich elements of the type DICEL (20 repeats) and
DICEZ2 (nine repeats) were found in the part correspon-
ding to the 3 '-UTR of the mRNA.

INTRODUCTION

DDBJ/EMBL/GenBank accession nos*

mediators of inflammatory and anaphylactic reactiofs (
15-LOX has been implicated in red blood cell maturat®mafd
in the process of atherogenesiy4). For 12-LOXs, three
different independent isoforms have been described, which are
coded by different genes. The platelet-type 12-LGX i6
involved in platelet aggregatio®)( whereas functions for the
leukocyte-type ), the epidermal-type 12-LOX8) and the phorbol
ester-inducible 8-LOX9) are not well defined. Enzymology and
molecular biology of mammalian LOXs has been reviewéd ().
15-LOX is expressed at a high level in reticulocyfed and
airway epithelial cells1(3), but can also be detected in a variety
of other tissuesl@,15). 15-LOX mRNAs have to date only been
cloned from rabbit16) and man17). In contrast, other species
including mouse, pig and cow seem to express predominantly a
leukocyte-type 12-LOX. This finding suggested a functional
equivalence of reticulocyte 15-LOX and leukocyte-type 12-LOX
in different species1@). However, we recently showed the
simultaneous expression of 15-LOX and leukocyte-type 12-LOX in
rabbits, which supports the idea of an independent physiological
function for these two isoenzymesdj.

The tissue-specific expression of 15-LOX is highly regulated
at the transcriptional and post-transcriptional leval}. Bleeding,
phenylhydrazine administration or cholesterol feeding results in
15-LOX synthesis induction2(). In monocytes, 15-LOX
synthesis is controlled transcriptionally by IL-4 apidterferon
(22). During erythroid differentiation, 15-LOX synthesis is
regulated translationally by interaction of specific repressor
proteins (LOX-BP) with a repetitive CU-rich motif, called DICE
(differentiation_ontrol dement). DICE reside in thé-8ntranslated
region (3-UTR) of the mRNA 23). Two lipoxygenase mRNA
binding proteins (LOX-BP) involved in cytoplasmic mRNA
translation have been identified as the nuclear hnRNP proteins E1
and K @4). Although the phenomenon of 15-LOX induction is well
known @,21) molecular details have hardly been investigated. In

Mammalian lipoxygenases (LOX) are classified into 5-, 8-, 12this paper, we show that anaemia induction results in the
and 15-LOXs, according to the positional specificity by whicHformation of two different 15-LOX transcripts differing in their
they catalyse the oxygenation of the substrate, arachidonic acRtUTRs. They have different tissue specificities and are formed
5-LOX is involved in the synthesis of leukotrienes acting ady alternative polyadenylation. The longet-U3R of the
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non-erythroid 15-LOX mRNA harbours a novel CU-rich repetitiveinto the plasmid vector pCR Il (Invitrogen, ITC Biotechnology
motif related to DICE. Its protein-binding properties andGmbH, Heidelberg, Germany) and sequenced as described above.
involvement in translational regulation are investigated.

The genomic organisation of mammalian arachidonate lipoxy=loning and expression of rabbit hnRNP proteins E1 and K
genase genellpx) is highly conserved. All genes analysed so far o ] .
constitute 14 exons interrupted by 13 intraig.(The genes span A rabbit reticulocyte cDNA library (see above) was screened with
between 7.3 kb in the case of the moAkexe gene 25) and  rabbit-specific hnRNP E1 and hnRNP K cDNA PCR fragments.
>82 kb for the humanlox5 gene £6). We have published the These were generated by amplification of rabbit-specific sequences
complete sequence of the rabbit 8.0 kb l&mox15gene 7).  from the library by use of human-specific primers selected from
Because alternative transcripts have been described, we nB\@ Published sequences for hnRNP E) and hnRNP K30).

present a revised model of this gene. Furthermore, we show da#2€ following primer pairs were used:ATCATTGGGAAG-
on the structure of the hitherto unknown rabbit leukocyte-typ@AAGGGGAGTCG-3 and 3-ATGGGCTGGTACGGAATG-

Alox123-terminal gene region_ GTCA-3 for hnRNP El, 5CTCCCGCTCGAATCTGATGCT-
GTGG-3 and 5GGTGGTGGTGGAGGAAGAGGAAGAT-3
for hnRNP K. Positive phage clones were excised as pBK-CMV
MATERIALS AND METHODS plasmids and sequenced as described above.
N . . For bacterial expression the coding sequences were cloned
Rabb|t'ret|culocyte ¢DNA and genomic DNA library in-frame into the expression vector pET-22b (Novagen) for
screening for 15-LOX cDNAs and thehlox15 gene transformation ofEscherichia colBL21 (DE3). AhnRNP El/rab

Lipoxygenase cDNA clones were isolated by screening a rabBicd—Hindlll fragment was ligated intdlcd/Hindlll-digested
reticulocyte custom library (Stratagene) obtained by clonin§E I-22b- To create a novelNcd site in the hnRNP K/rab cCDNA

poly(A)* RNA from rabbits (adult Chinchilla crossbreeds) madéeduence the following PCR primers were useACAAGAC-
anaemic by bleedingg) into theEcaRI/Xhd arms of the ZAP ~ CATGGAAACTGAACAGCCGGAGG-3 (forward) and 5GGT-
Express vector. The library contained .4 p.f.u. pimary GCTGGTGGAGGAAGAGGAAGAT-3 (reverse). The resulting

plagues. As a hybridisation prob&2-labelled rabbit 15-LOx PCR fragment was restricted bigd andHindlll (534 bp) and
cDNA was used 16). LOX-positive primary plagues were ligated intoNcd/Hindlll-cut pET-22b. This partial CONA clone

purified by two to three rounds of screening. For furthel@S completed by addition of thgindlll-Xhd fragment of
manipulation and sequencing, the recombinants were excisedPBK-CMV-K/rab (1319 bp). ) )

vivoas pBK-CMV plasmids as described in the Stratagene protocol,Transformed bacteria were grown in LB medium &G3and

LOX plasmids were subjected to conventional restriction enzyn@ter 3 h expression of recombinant proteins was induced by

and PCR mapping techniques to detect length differences to fagdition of IPTG (0.4 mM final concentration) for another 3 h.
main 2.6 kb 15-LOX mRNAZE). The cells were pelleted and lysed in 50 mM Tris pH 8.0, 2 mM

Genomic recombinants of the rabbit 15-LOX gene wer&DTA, 0.1 mg/ml lysozyme, 0.1% Triton X-100 for 15 min at
obtained by screening a commercially available rabbit genomigd°C and sonicated for 2 min with a Branson sonifier in the
phage library in the vector DASH Il (Stratagene 945950) as Presence of 0.1% PMSF and 10 mg/ml leupeptin. After centri-
described above. The DNA used for cloning waa@Al partial ~ fugation at 12.00@ for 15 min at 4C, hnRNP proteins E1 and K
digest from heart of 2—14-day-old New Zealand Whites an#€re isolated by RNA affinity purification on biotinylated LOX
cloned into theBanH| site of the vector. For further analysis, 3-UTR transcripts (10 repeats) and streptavidin—agarose beads as
EccRI-Xhd fragments of theélox15gene inserts were subcloned described 42).
into the Bluescript SK plasmid vector (Stratagene). Double-
stranded sequencing was performed by the dideoxy chaiNA blot analysis

termination method with Sequenase v.2.0 (US Biochemic , - Co
Corp.) or by cycle sequencing with fluorescence Iabellezmal RNA of various rabbit tissues, frozen in liquid nitrogen, was

. . isolated by the guanidine thiocyanate method after the manufac-
nucleotides using the ABI sequencer, model 373. turer’s protocol (RNA-Clean; AGS, Heidelberg, Germany).
Poly(A)* RNA was isolated by batch-wise binding to poly(U)—
Genomic PCR cloning of 12-LOX genomic sequences Sepharose (Pharmacia, Uppsala, Sweden) as descfibpd (

o ] Samples of 1.Qug poly(A)" RNA were electrophoresed in 2.2 M
For the amplification of rabbiflox12l gene fragments, two formaldehyde—1.2% agarose gels after denaturation in DMSO/
12-LOX-specific primers were designed. They correspond t@rmamide and transferred to nylon membranes (Hybond N;
nucleotides 2438-2458 of the 1.12-LOX cDNAY. The  Amersham Buchler, Braunschweig, Germany) according to the

upstream primer (LX10H) has the sequent€GCCGAC- protocol of the manufacturer. Filters were hybridized with a
CTCCTAAGGCGTCA-3 and the downstream primer (LX10R) 32p_|apelled 15-LOX cDNA probel).

5-TGACGCCTTAGGAGGTCGGCG-3 These primers were
combined with primers common to 12-LOX and 15-LOX exon
10 (LX1327H, 5GGAGCCTTCTTAACCTATCG-3) or 14b
(LX-1.5X-R7, 3-CTCTGCAAGCCTGTTTGTGA-3. Tissues of normal animals or animals made anaemic by bleeding
For genomic PCR, 500 ng of rabbit liver DNA isolated with &a28) were homogenised with a knife homogeniser (Ultraturrax)
Nucleon DNA extraction kit from Scotlab Biosciences (Wieslochin a buffer containing 10 mM HEPES, pH 7.2, 1.5 mM MgCl
Germany) were used in a fbassay (PCR kit; InViTek, Berlin, 10 mMLICl, 0.5 mM DTT, 0.5 mM PMSF, 1 mM pepstatin A and
Germany). Amplification was performed with a Trioblock from 1 mM leupeptin (1 vol tissue/1.5 vol buffer). The homogenate
Biometra (Gottingen, Germany). PCR products were subclonedas centrifuged twice at 10 0@0for 10 min. The supernatant

Distribution of 15-LOX in rabbit tissues by immunoblotting
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containing 1040 mg protein/ml was directly used for immunoblotthese techniques have been described in detail e&Herl

ting. An aliquot of 30ug protein mixture per tissue and slot wastranslation inhibition experiments 30—60 ng recombinant proteins
separated by 15% SDS—PAGE, electroblotted onto Immobilon P1 and K affinity purified by binding to LOX-3JTR1 transcript
membranes (Millipore) and developed using a guinea pig antir rabbit lung protein affinity purified by binding to LOX
rabbit reticulocyte 15-LOX polyclonal antiserum as descriBéjl (  3'-UTR2 transcript were added per 1@l5ssay.

HPLC analysis of LOX reaction products Preparation of polysomes, mRNPs and RNA for RT-PCR

RP-HPLC was carried out on a Nucleosil C-18 column (KSRabbits were made anaemic by five consecutive daily injections
system, 25& 4 mm, 5 mm particle size; Macherey/Nagel, Direnof phenylhydrazine (7 mg/kg) and killed at day 7. Reticulocyte
Germany). A solvent system of methanol/water/acetic aci§sate was prepared according to Thigial (28). Heart lysate
(85:15:0.1 vivlv) and a flow rate of 1 ml/min were used. Thevas prepared by homogenising 10 g heart muscle tissue in 30 ml
absorbance at 235 nm was monitored. For quantification, @S buffer (20 mM HEPES, 250 mM sucrose, 250 mM KCl,
calibration curve (five point measurements) for 13-hydroxys mm MgCh, 2 mM DTT, 1 mg/ml heparin, pH 7.5) with a knife
9Z,11E-octadecadienoic acid (conjugated dienes) was establishegymogeniser on ice and centrifugation at 4968 10 min. The

The fractions containing the oxygenated polyenoic fatty acidsupernatant was made 1% in Triton X-100 and/rhl RNasin
were pooled, the solvent was evaporated, the residues wepharmacia) was added. This mixture was centrifuged for 15 min
reconstituted in a mixture af-hexane/2-propanol/acetic acid at 10 000g. Polysomes were pelleted from the supernatant by
(100:2:0.1 v/viv) and injected into straight phase and/or chirgdentrifugation through a 1 M sucrose cushion in PMS buffer for
phase HPLC columns. Straight phase HPLC (SP-HPLC) of theh at 100 00@. The post-polysomal mRNP fraction consisting
hydroxy fatty acid isomers was carried out on a Zorbax Sllef (3% mRNP particles and 97% ribosomal subunits was
column (KS system, 25 4 mm, 5 mm particle size; sedimented from the 100 0§8upernatant by further centrifugation
Macherey/Nagel, Duren, Germany) with a solvent systergt 3 000 00@ for 3 h.

consisting ofn-hexane/2-propanol/acetic acid (100:2:0.1 v/v/V) Polysomal and mRNP pellets obtained from 5 ml reticulocyte
and a flow rate of 1 ml/min. Chiral phase HPLC was carried out aby heart |ysate were resuspended in 0.5 ml PUB buffer (0_1 m
a Chiralcel OD column (258 4.6 mm, 5 mm particle size; Diacel NaCl, 10 mM Tris, 10 mM EDTA, 1% SDS, pH 7.4) and digested
Chemical, distributed by Baker, Gro3-Gerau, Germany) with fr 20 min at room temperature with 25 ml proteinase K
solvent system of hexane/2-propanol/acetic acid (100:5:0.1 VAV mg/ml). The mixture was extracted once with phenol, phenol/

and a flow rate of 1 ml/min. For detection of the hydroxy fattychloroform and chloroform and RNA was ethanol precipitated.
acids the absorbance at 235 nm was recorded.

o ) Reverse transcriptase polymerase chain reaction (RT-PCR)
UV cross-linking analysis

A 241 ntBall-Hadl fragment containing the DICE1 motif of Reverse transcriptase (RT) reactioA 14 yl RT reaction
15-LOX 3-UTR1 (Fig.5; DICEL = 10 repeats) was subclonedcontained 1ug total RNA, 12 pmol each of 18S rRNA and
into the Sma site of pBluescript and a 328 Bglll-AWNI  15-LOX reverse primers (18SR and LX1600R)pl45x first
fragment containing the DICE2 motif of 15-LOX-8TR2  strand buffer (Gibco BRL), g1 0.1 M DTT, 1yl 10 MM dNTPs
(Fig.5; DICE2 = 8 repeats) into thBanHI site of the same and 1ul Superscript Il revertase (Gibco BRL). Incubation was for
vector. Plasmids were linearised witbdR| and transcribed with 50 min at 42C and for 15 min at AT.

T3 polymerase (DICE1 motif) or witkba and transcribed with ] ) )

T7 polymerase (DICE2 motif). UV cross-linking analysis using®CR A 50pl reaction contained (il RT reaction, ul 10x PCR
32p_Jabelled transcripts and fractions of RNA-binding protein®uffer (InViTek), 3.5ul MgCly (50 mM), 2l of each primer
was performed as described earli€@3)( Briefly, 1-2 ng (24 pmol) LX1327H, LX1600R, 18SH and 18SR, @l30 mM
representing 100 000 c.p.mM2P]JUTP-labelled transcripts were dNTPs and 0.5ul Taq polymerase (2.5 U; InViTek). PCR
incubated with 40—120g cytosolic protein extract or 50-100 ng conditions were 1 min at 9&, 1.5 min at 62C, 1 min at 72C
recombinant hnRNP proteins E1 or K for 15 min at roonfor 15-24 cycles (FigZ) and 8 min extension at 7€. Primers:

temperature in 10 MM HEPES pH 7.2, 3mM Mg6% glycerol  18SH, 5GTC CCC GCC CCT TGC CTC TCG:;318SR,
and 1 mM DTT, in the presence ofji@mIE.colirRNAinatotal 5-CCG GTC GGG TCA TGG GAA TAA CG‘3LX1327H,

volume of 10ul. Heparin was added to a final concentration of ' -GGA GCC TTC TTA ACC TAT CG-3 LX1600R, 3-GTG
mg/ml. Then the samples were exposed to UV light (255 nm) for ACA AAG TGG CAA GCC TG-3 _
min on ice, treated with RNase A @@/ml final concentration) and ~ The plasmidALOX (Fig. 7) was constructed by an in-frame

RNase T1 (750 U/ml final concentration) for 15 min at@and ~ deletion of a 705 bpst fragment (amino acids 263-497) from a
subjected to 15% PAGE and autoradiography. rabbit 15-LOX cDNA plasmid lacking its-B/ TR as describe®().

In vitro transcription/translation DNA sequence data

15-LOX cDNAs and 3UTR fragments were cloned into the Novel sequences have been deposited in the EMBL database
transcription vector pBluescript SKy vitro transcripts were under the following accession nos: rabbit hnRNP protein E1
generated using the Stratagene kit and purified by phenoDNA, AJ003023; rabbit hnRNP protein K cDNA, AJ003024.
extraction. In vitro translation was performed in the rabbit The novel 3UTR2 of the rabbit 15-LOX cDNA has been
reticulocyte lysate system in the presencé¥]nethionine. Al submitted as an update to accession no. M27214.
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Figure 1. RNA blot analysis of rabbit reticulocyte poly{ARNA. An aliquot y
of 1.0 pg rabbit reticulocyte poly(d) RNA was electrophoresed on a .
formaldehyde—agarose gel, blotted onto Hybond-N and hybridised to a 2.6k —
32p-labelled rabbit 15-LOX cDNA plasmid probe (16). As a length standard
18S and 28S rRNA were run.
- | € westem
|. H ! —‘ LOX ipp.
RESULTS
15-HETE 56 & 220 2 & 21 8 11§ 7 D LOX Froducts
Description of an alternative transcript of the Alox15 gene 12-HETE |01 01 0.7 02 01 04 01 01 01 01 [HPLC)

Northern blots of rabbit reticulocyte poly(ARNA probed with

a segment of the 15-LOX coding sequence show above the main

well-characterised 2.6 kb transcript at least three larger minori Ure 2. Distribution of 15-LOX MRNAS and brotein in rabbit fissues

bands Wh,ICh could represent LOX MRNAs of unknown Strl'lc'[urégly(N) RNA was isolated from various rabbitptissues of animals made

and function or unspliced transcripts (Fiy. anaemic by bleeding (12), electrophoresed on formaldehyde—agarose gels,
To investigate these minor transcripts, a rabbit reticulocytelotied onto Hybond-N membranes and hybridised #Palabelled rabbit

cDNA phage library was constructed and screened for LOX5-LOX coding probeA) or after stripping to a probe corresponding to the

cDNAs differing from the main 2.6 kb 15-LOX cDNA by plaque 3:;UTR2 of the rabbit 15-LOX mRNAZ). An aliquot of 1g of poly(A")
) RNA was applied per slot. Cytosolic proteins were prepared from the same

hybridisa_ti_on using a 15-LOX coding probe. Among _abo_Ut 25(issues and analysed by western blotting as described in Materials and Methods
LOX-positive clones six clones were found containing inSersc). The same cytosolic fractions were analysed for enzymatic activity by

>2.6 kb. All were analysed by restriction enzyme mapping andhcubation with arachidonic acid and the products 12-HETE and 15-HETE
sequencing. were separated by reverse phase HPLC. The quantification was performed by

One group of clones represented cDNAs in which the codin@fﬁ’nznoﬁtﬁgfgz;gé%gﬁg‘:i';'szgflg“n”;ﬁnca' values correspond to the production

region was highly related but not identical to the 15-LOX cDNA. It
differed in six amino acids and in the structure of thedTR. The
2.8 kb cDNA contained a LOX-BP binding motif ffdrentiation
control dement, DICE) £3) of 20 repeats instead of 10. Bacterialsignal. Probes designed from genomic sequences up to 5 kb
expression and product analysis identified this protein as dbwnstream of the&nd of 3-UTR2 failed to hybridise specifically
leukocyte-type 12-LOX19) to reticulocyte poly(A) RNA in northern blots. Primer extension
A second group of cDNAs represented transcripts of 3.6 kénalysis gave no indication for multiple longer transcripts extending
with a coding and'suntranslated region (®JTR) identical tothe  upstream to the 27 nt long-BTR (not shown).
formerly published main 2.6 kb 15-LOX cDNA1LG) but
containing a 1019 nt longe-BTR (3-UTR2). The sequence of ; i ; } TSN
the complete’3UTR2 of the 15-LOX cDNA2 has been depositedleiSru;_SJ)-?;glc expression of 15-LOX mRNAs differing in
in the EMBL database as an update to accession no. M27214. 'H%e
3'-UTR contains a remarkable motif of eight 23 bp repeats relatfithe existence of alternative transcripts ofAlex15gene raised
to the repetitive CU-rich 19 bp DICE motif df@TR1 which has the question of their functional significance. Therefore, the tissue
been shown to mediate translational control in LOX synthesipecificity of their expression was investigated. Northern blots
(23,24). A comparison of the structures of both types of repetitivanalysing poly(AJ RNAs of 10 different tissues of rabbits made
motifs of 15-LOX mRNAs and those which have been found imnaemic by bleeding (reticulocytes, bone marrow, leukocytes,
the Alox12gene (see later) is shown in FigGre brain, lung, trachea, gut, testis, bladder and heart) were hybridised
In the northern blot (Figl) a third minor signal of b kb is  with a 15-LOX coding probe (Fig@A), stripped and rehybridised
visible. It is unknown if this corresponds to a yet undetected LOMith a 15-LOX 3-UTR2 probe (Fig2B). It is evident that only
MRNA variant, a partially spliced 12/15-LOX pre-mRNA the blood cells expressed the short 2.6 kb mMRNAL, whereas all
intermediate or represents a non-specific cross-hybridisatiather tissues synthesised the long 3.6 kb mMRNAZ2. In reticulocytes



1832 Nucleic Acids Research, 1999, Vol. 27, No. 8

the dominant 2.6 kb signal can be seen exclusively, whereas borgbbit 15- LOX Gene

marrow and leukocytes show both signals. The alternative e Bon e aa Bron 4b AATAAR
15-LOX mRNA2 represented a minor species in the reticulocyte ~ -l—E—E T ow ] T g
99 103 mt 10R $R

library. In a bone marrow cDNA library constructed later, it was
found to be the main 15-LOX mRNA (not shown here). To see  1510x anal s'vUTREH]l]@‘P
if MRNA expression is followed by protein expression LOX
protein was quantified by immunoblotting. For the western blots 140 & -t LI ' T
a polyclonal guinea pig anti-rabbit 15-LOX antiserum was used.
The result confirmed the northern blot analysis, all tissues'®t0* ¥UTRI/10% 15-10X 3'UTR28 R
contained various levels of lipoxygenase protein (). gg;éﬁcggigxcggg; AA g S R
However, if one compares the expression at the mMRNAZA)g. cor CCCHCTTECCCEAA CACACCCTCTTCTCCTTGGGA)
CCCCAA CACACCCTCTTCTCCTTGGAG
CACACCCTCTTCTCCTTGGGA]
cacllccckleTTeTceTTaGAG

CACACACTCTTCTCCTTGGGA
CACACCTCATTCTC

CCCOATCCTCTT

and the protein level (Fi®gC and D) it is evident that bone gcccaccererrocce- aa
. CCCG -

marrow cells express only moderate amounts of protein (Westergeccaaocrorrooce. an

g

signal and LOX products), although they contain the highestccccgeeererTeceaent

amount of mMRNA.

Because of the high similarity of 15-LOX and the leukocyte-type
12-LOX neither the RNA nor antibody was able to differentiate
between both lipoxygenases. Therefore, the lipoxygenases of thRupbit 12- 10X Gene

different tissues were investigated by product analysis using reverse ) N Ein 14 ATAAA Eon 1 oA
phase HPLC which separates the 12- and 15-LOX products well— g gy s T oo R T s
Figure 2D lists the measured amounts of 15- and 12-HETE oo e 20R IR

synthesis. It is obvious that all tissues tested predominantly — 1:iox oxa 3o OO ]
expressed 15-LOX. 20R

12-LOX 3'UTRI1/20R 12-10X 3'UTR2/9 R

cl-- CEfETTCTCTC GGA

CACTCCCCLTTCTCCTTGGA

CACACCCTCTTCTCCTTGGGA
CACACCCTCTTCTCCTTGGGA
CACACCCTCTTCTCCTTGGA
CACACCCTCTTCTCCTTGGGA
cacfllcccgerTeTCCTTG Agg
CACACCCTCTTCTCCTTGGGA
CACACCITCATTCTC

Genomic organisation of the 3terminal parts of the rabbit
15-LOX and the leukocyte-type 12-LOX gene

From our earlier studies it was known that the rablox15gene
consists of 14 exons and 13 introns and that'tea@ correlates
with exon 14 containing the cDNA-8ITR1 (27). To isolate the
region of theAlox15gene which corresponds to thed 3 R2 of the
newly discovered 15-LOX mRNA2, we isolated recombinants from gectiacce. rerrorlcoaad
a rabbit genomia phage library. Comparison of the sequence of CCC%CCCT@T Tocccaag

. .. CCCTGCCC-[TCTTCCCCAAG
a genomic clone containing sequenteac3dthe knownAlox15 %ccc CCC- CTTTCCCCAAG

gene sequence with the sequence of the 3.6 kb LOX cDNA2 clon gggégggbérllcgggﬁéf

confirmed the assumption that the 1019 nt UTR2 is linked to SgScatce Sartcecennss

UTR1 without being interrupted by an additional intron. We

designated the two parts of exon 14 representidif®1 and

3-UTR2 14a and 14b (Fi®). The revised length of the rabbit

AIOXngelne IS n|OW gdothtegg_ Olf 8i<0 KoY. Figure 3. Structure of St'em]inal regions of_the rabbit 12- and 15-LOX genes
Recently we cloned the rabbit leukocyte-type 12-LOX cDNA and cDNAs. The organisations of tHet@minal parts of the rabbit leukocyte

which is highly related to the 15-LOX cDNA19). However,no  type 12- and the 15-LOX genes and of th&)BRs of the 12-LOX cDNA and

cDNA clone of a putative 12-LOX cDNA2 with an extended the 15-LOX cDNAs 1 and 2 are shown. Introns 12 and 13 are depicted by

‘- ; horizontal lines, coding exons by filled boxes and the untranslated parts of
3-UTR2 was found. To see if the COI’fESpOI‘]dA‘nglZ gene exons 14 as open boxes. The repetitive CU-rich differentiation control elements

might contain a homologous sequence eI_emen‘t_—hbTB!_Z W€  (DICEs) are designated 8R, 9R, 10R and 20R (vertical bars) according to the
created genomic PCR fragments of this region using primers fromumber of repeats. Identical nucleotides are boxed. Alignments were performed

a region of exon 10 common to 12- and 15-LOX cDNAs and asing the Macintosh program MegAlign. The 12-LOX 9R element was only
reverse primer from the 15-LOX exon 14b. Regions that werdound as a genomic sequence.

derived from theAlox12gene were then amplified using 12-LOX-

specific primers from exon 10 (Materials and Methods). A fragment

including introns 12 and 13 and the region corresponding to

3’-UTR1.and 3UTR2 (exon 14a/b) was se_quenced (no_t shown). Aorotein binding to DICE motifs in LOX 3'-UTRs

schematic presentation of the sequencing results is shown in

Figure3. The results indicated that tAox12gene does contain As we showed previously, hnRNP proteins E1 and K act as
the same element corresponding to thBBR2 of exon 14b of translational inhibitors by binding specifically to the 10-fold
theAlox15gene. It was highly related to the cop@adingAlox15  repetitive CU-rich motif residing in the'-BITR of 15-LOX
gene segment (94% sequence identity), exept for two remarkabtdRNA (DICEL) @4). To investigate if the two types of DICEs
differences: (i) the 23 bp CU-rich repetitive element whictdiffer in their protein binding properties, UV cross-linking was
corresponds to the-BITR2 in theAlox15gene was composed of employed using recombinant rabbit hnRNP proteins E1 and K
nine repeats instead of eight; (i) the polyadenylation signal wasd cytosolic protein extracts from different rabbit tissues. For
mutated from AATAAA to AATGAG. our recent studies rabbit DICE RNAs were used in combination



Nucleic Acids Research, 1999, Vol. 27, No. 81833

Lung Cytosal - - - - * * = - = - LOX mAMA1 : LOX mRNAZ
Testis Cytosol = = = = = = o = = LOX-3' UTR1-BP | — — - - |
Brain Cytosal B LOX-3 UTR28P | - - +_.:I s b
Recomb. hnANP-E1|- = + + = = = = = = .
Recomb. hnBNP-K [+ + - = = = = = = -
LOX-3'UTR1 rep. + = 4+ = % = % = % =
LOX-3'UTR2 rep. - 4 = 4+ = 4 = + = &
—9a7 LOX - - 66
= T T
hnRNP-K — —-——— [Srpe—— — :' — 66 ALOX- &
g i
: = 46 i amsli «r'-‘; il ]
e b ﬁ ! {ii i AR L) - a0
m 1 2 3 4 5 8 7 8
| .’ /.

Figure 5. Translational inhibition of 15-LOX mRNAs 1 and 2 by\BTR1 and
2 binding proteinsin vitro transcribed rabbit 15-LOX mRNAs 1 or 2 were
co-translated with the 15-LOX transciyitOX (deletion of 3UTR and amino
acids 263-497 from 15-LOX mRNA1) in the presence of rabbit recombinant
. o . - . o LOX 3'-UTR-binding protein hnRNP E1 (LOX-®/TR1-BP) or rabbit lung
Figure 4. Binding of protein I itive differentiation control elemen . . 0 ! i o
B e A toms e Ofsoic prtin iy ptfied by bcing (o 8 GTRZ fepctof LOX
32p-labelled RNA transcripts representing rabbit 15-LOXUBR1 repeats MRNAZ (LOX 3-UTR2-BP) in the rabbit reticulocyte lysate cell-fiaaiitro
(10R = DICEL) or 15-LOX BUTR2 repeats (8R = DICE2) (Fig. 3) were translatl_on system in the presence388]methionine as described (2_2). Newly
incubated with recombinant rabbit hnRNP proteins E1 and K (lanes 1-4) or with synthesised proteins were analysed by SDS-PAGE and autoradiography.
cytosol of lung, testis or brain (lanes 5-10) as indicated and subjected to UV
cross-linking and RNase digestion. The cross-linked proteins were analysed by
15% SDS—PAGE and autoradiography. The positions of proteins mentioned in the
text are marked by arrows and marker proteins are indicated in kDa.

15 cycles 18 cyclas 21 cyclas 24 cycles

Retic,, Polysomes |+ - - =||l+ - - -||+ - = = +
Retic., RNP N Y | S | R

Heart, Polysomes
with His-tag modified human recombinant E1 and K proteins Hear, Rip
(24). To prevent any misinterpretation resulting from possible ;s
interspecies differences and the His tags, we decided to clone ai mnafragmant—
express the homologous rabbit proteins without His tags whict gﬁ;‘*g:ﬂ:;;ﬁjﬁ’”
could interfere with RNA binding. Instead, the very efficient 12 34 5876 940 11 1213 14 15 168 17
RNA affinity purification via biotinylated transcripts of the
binding motif (DICE1) was use@®).

Clones for the hnRNP proteins E1 and K were isolated by

screening a rabbit reticulocyte cDNA library in the veat@AP Figure 6. Quantification of 15-LOX mRNAs in polysomes and post-polysomal
Express (Custom ||brary' Stratagene) with human E1 and KT’IRNPSbyRT—PCR.TOt&lRNAW&S isolat_edfrom rabbit_reticu_locytear_ld heart
cDNA probes. FuII-Iength clones have been sequenced and th lysomes or post-polysomal RNP fractions as described in M_aterlals a_md

. . ethods. RT-PCR was performed for 15-24 cycles as indicated with
sequences have been deposited in the EMBL database under B8 OX-specific primers and with primers specific for 185 rRNA in the same
accession nos AJ003023 and AJ003024. The deduced amino agiéction. DNA fragments were analysed by 1% agarose gel electrophoresis and
sequences of both proteins were identical to the correspondingpualised by ethidium bromide staining (lanes 1-17). Lane 17, DNA marker
human sequences except for Val205 of human E1 being replacé®f bp ladder (Gibco BRL).
by Ala and Phe238 of human K being replaced by Tyr.

Recombinant rabbit hnRNP proteins E1 and K expressed in

E.coli were then used in UV cross-linking experiments to studgytosolic proteins from cells known to express the 15-LOX2
their binding to the DICE motifs residing inf@TR1 and 2. As  mRNA. Instead, another set of polypeptides was bound migrating
Figure4 shows (lanes 1-4), recombinant proteins E1 and K binigh the range 90-93 and 53-55 kDa (lanes 6, 8 and 10, see arrows).
equally well to 15-LOX DICEL (10 repeats) and DICE2 (8 repeats).
Similar results were obtained with the appropriate elements of t e _ _hindi e i
Alox12gene (DICE1 20 repeats gnd DICE29 rep.eats) (results r{'%gnnsl}‘;;:&nnc; ggiﬁolfox $UTR-binding proteins in
shown). In contrast, with cytosolic extracts from tissues known to
express exclusively the long 3.6 kb 15-LOX mRNA (lung, testigo investigate their functional significance we tested the influence
and brain; Fig.2) the DICE2 motif of 3UTR2 exhibited a of recombinant hnRNP E1 and LOXBTR2-binding proteins
completely different protein-binding pattern than the DICEIpurified by RNA affinity chromatography on the translation of
motif of 3-UTR1 (Fig. 4, lanes 5-10). From all three tissue 15-LOX mRNAs 1 and 2 byn vitro transcription/translation
extracts the DICE1 motif binds predominantly the hnRNRexperiments (Fig). It is evident that not only the reticulocyte
proteins E1 and K (marked with arrows in lanes 5, 7 and 9). 185-LOX mRNAL, but also 15-LOX mRNAZ2, which is restricted
contrast to the results with purified recombinant E1 and K, thes non-erythroid tissues (lanes 2 and 6), is translationally
DICE2 motif failed to bind these proteins from a mixture ofrepressed by recombinant hnRNP E1. An UTR2 repeat-binding
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Figure 7. Model of translational control of 15-LOX synthesis tWJ3'R-binding proteins. The rabbit 15-LOX mRNAs 1 (shértUFR) (A) and 2 (long 3UTR)
(B) are not drawn to scale.

protein fraction isolated from lung cytosol, which is mainlymRNA1. PCR was performed under quantitatively comparable
constituted of a polypeptide 6B3 kDa (lane 10), did not on its non-saturating conditions. To demonstrate this the PCRs in which
own influence the translation of either mMRNA1 or mMRNAZ2 (lanesower number of cycles were used are also shown (lanes 1-12).
3 and 7). However, when it was added in combination witlQuantification was normalised by comparing samples with equal
hnRNP EL1 it prevented the translational inhibition of MRNA2amounts of rRNA, visualised as a 401 bp 18S rRNA PCR
but not of mMRNAL1 (lanes 4 and 8). This indicates thafragment.
UTR2-binding protein(s) antagonises the inhibitory effect of E1
but needs binding to the UTR2 repeat for its action. To exclud§scussion
general effects on the translational efficiency by adding RNA-
binding proteins co-transcription/translation has been performethe search for alternative transcripts ofAh@x15gene led to the
with a LOX recombinant in which the'-BTR was deleted detection of a 15-LOX mRNA with an alternativée-lBTR
together with a small in-frame deletion in the coding regiomextending the main 2.6 kb mRNA by 1019 nt (Flg. The
(ALOX) to allow its translation product to be distinguished fromfunctional significance of the longer alternative 15-LOX mRNA
those of the LOX mRNAs 1 or 2. As can be seen @ilgnes 2, was addressed by determining the tissue distribution of 15-LOX
4 and 6), a LOX mRNA lacking its regulatoril3TR is no longer mRNA1 and mMRNAZ2 by northern blotting, immunoblotting and
susceptible to the inhibitory action of thelBTR1-binding protein. product analysis in a selection of rabbit tissues @ign vitro

To further verify the finding that the long MRNA seems to existranslation experiments (Figg) and investigation of their
in non-erythroid tissues in a translationally unrepressed state, \wgracellular distribution (Fig6).
analysed the distribution of 15-LOX mRNAs between the poly- The short 2.6 kb mRNA1 is the absolutely dominant form in
somal (translationally active) and post-polysomal (translationallgeticulocytes, whereas heart, trachea, lung, bladder, testis, gut and
inactive) compartment of reticulocytes and heart by sembrain express exclusively the 3.6 kb mMRNA2. In bone marrow and
quantitative RT-PCR. The results are shown in Figu@nly in ~ blood leukocytes both mRNAs can be seen. However, it is
reticulocytes are LOX-specific sequences, shown as a 273 Hjfficult to decide whether these tissues synthesise both mMRNAs
PCR fragment, localised to a substantial amount in the post-polyr whether the mRNAL signal originates from contaminating
somal RNP fraction[{60%), whereas in heart the long 15-LOX reticulocytes.
MRNA is found exclusively in polysomes (lanes 13-16; Recently, an alternative transcript of the humdox15gene
24 cycles). Increasing the number of cycles up to 30 did nbas been described which is very similar to the 3.6 kb rabbit
amplify LOX-specific sequences from heart RNP fractions15-LOX mRNA2 (32). The rabbit 15-LOX mRNA2 contains an
Repetition of the PCR reaction using 15-LOX2-specific primeradditional 3UTR sequence of similar length (1180 versus
designed from '3UTR2 revealed the same result with heartl019 nt), however, with a rather different structure. The elements
polysomes (not shown). Under identical conditions no LOXdiffer mainly in two features: (i) the presence of two Alu
MRNA2-specific sequences can be amplified from reticulocytesgquences in the human LOXUBTR2, which are absent in the
showing that the result obtained with this tissue is specific fambbit 3-UTR2; (i) the existence of the repetitive DICE motif in
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the rabbit sequence which is absent in the human sequence3'AJTR of GAP-43 mRNA has been describéd)( Interesting-
400 nt section of the' TR between the two Alu repeats is thely, the 85 kDa protein FBP_gf upstream elementraling
only region to show significant homology (70%) to the corresprotein) resembles hnRNP K and a 67 kDa protein shares
ponding part of the rabbit MRNA sequence, demonstrating thesequence homology with PTB, a polypyrimidine tract-binding
common evolutionary origin. protein. The analysis of the novel DICE2-binding proteins will
Analysing the genomic structure of thlex15gene confirmed show if they belong to the K-domain family or to another family
that UTR1 and UTR2 were not further interrupted by an intron butf RNA-binding proteins.
have different polyadenylation sequences. Many transcription A first insight into a possible role of DICE2-binding proteins
units contain multiple polyadenylation sites, however, little isn non-erythroid cells came from translation inhibition experiments.
known about the rules that govern choices between theRtom lung cytosol a polypeptide @B3 kDa predominantly
(reviewed in33,34). Generally, alternative’®JTRs can be boundtothe DICE2 of thé-BITR2 (Fig.4). It was able to prevent
generated by alternative splicing or alternative polyadenylatiomepression of translation of LOX mRNA2 by hnRNP E1, not
Human splicing factor PR264/SC35 is an example where bottowever of LOX mRNAL (Figb). Figure7 describes schematically
mechanisms operatg). In this case, alternative-BTRs result ~ a scenario of how the components could interact. It is striking that
in different mMRNA half-lives. Although alternative polyadenylationboth elements DICE1 and DICE2 have a repetitive structure.
is a common occurrence, few examples are found in the literatur@rlier titration experiments, in which we studied E1 binding to
showing tissue specificity in the choice between poly(A) siteDICE1, showed that the 10-fold repeat is able to bind up to
located in a single terminal exon. Three such examples are theé molecules of E1 or K (unpublished results). Obviously, the
mRNAs encoding translation factors elF-2E)and elF-5§7)and 93 kDa protein is only able to prevent translational inhibition
tyrosine hydroxylase ofDrosophila (38). However, there is when it is bound to DICE2, on LOX mRNAL1 it is without any
currently no information about the tissue-specific factors involvecgffect. This could be explained by a protein—protein interaction
The leukocyte-type 12-LOX gene also carries elements of teetween multiple E1 and 93 kDa polypeptides which is dependent
DICE1 type (20 repeats) and of the DICE2 type (nine repeat8) binding of the 93 kDa proteins to DICE2. Such a spatial
(Fig. 3). Although no functional MRNA2 of the 12-LOX mRNA arrangement could block the interaction of DICE1/E1 with the 5
has been found yet, it is obvious that the corresponding regiontanslation initiation complex, a necessary condition for the
the 12-LOX gene (exon 14b, F&§).does contain the same motif translational inhibition by hnRNP E1/RY). This, however, has
with nine subunits instead of eight in the case of the 15-LOXtill to be shown experimentally.
gene. Sequence analysis of the genomic region of the 12-LOXOur experiments analysing the intracellular distribution of
gene corresponding to exon 14b showed that the polyadenylatisRX MRNAL inreticulocytes and LOX mRNAZ in heart (F&).
signal AATAAA of the 15-LOX gene was mutated to AATGAG. support the view that LOX mRNAZ exists in non-erythroid
This could have caused a loss of functionality in polyadenylatiofissues predominantly in a translationally non-repressed state
and may explain why no 12-LOX cDNA containing a |ongcaused _by _the action of-BTR2-binding proteins. Whether the
3-UTR2 in analogy to 15-LOX cDNA2 has been detected. UWTR2-binding proteins themselves are subjects of control
cross-linking patterns witin vitro transcripts of the putative Circuits remains to be investigated.
control regions do not differ significantly from those obtained
with 15-LOX DICEs (not shown). Currently it is unknown if the ACKNOWLEDGEMENT
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