The Ig Heavy Chain 3 End Confers a Posttranscriptional Processing Advantage
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to Bcl-2—IgH Fusion RNA in t(14;18) Lymphoma

By Alexander Scheidel Petrovic, Robert L.Young, Bernadette Hilgarth, Peter Ambros,
Stanley J. Korsmeyer, and Ulrich Jaeger

The chromosomal translocation t(14;18) in lymphoma leads
to an overproduction of the Bcl-2 protein on the basis of
increased Bcl-2 mRNA levels. Whereas the juxtaposition of
Bcl-2 with the Ig heavy chain locus causes a transcriptional
activation, 70% of the lymphomas also produce Bcl-2-Ig
fusion RNAs with Ig 3’ ends. Using S1 nuclease protection
assays that can discriminate between nuclear RNA precur-
sors and spliced mRNA, we found that the fusion RNAs in
t(14;18) cell lines exhibit an additional posttranscriptional
processing advantage. Transfection experiments with artifi-

this effect is (1) related to RNA splicing and/or nucleocytoplas-
mic transport; (2) independent of transcriptional activation
by the heavy chain enhancer; (3) dependent on the presence
of the J4-Cy and C-y1 Ig introns; and (4) tissue specific for B
cells. This constitutes a novel mechanism of oncogene
deregulation unrelated to transcriptional activation or half-
life prolongation. The data further support the existence of a
tissue-specific posttranscriptional pathway of Ig regulation
in B cells.

© 1998 by The American Society of Hematology.

cial genes containing various Bcl-2 or Ig 3’ ends show that

HE CHROMOSOMAL translocation t(14;18)(g32;921) plasia generate fusion RNAs between genes on their chromo-
constitutes the molecular hallmark of human follicular somal partners. Notable examples include BCR-ABBML-

lymphoma. The breakpoint on the derivative 14 chromosomeRARa,** DEK-CAN,*® LYT-10-Cal,® and MLL-AF41!7 to
juxtaposes the Bcl-2 proto-oncogene from 18g21 with one ofname a few. Similarly, breakpoints within the mbr but not the
six Ig heavy chain joining ¢) regions of 14q32:23 The  mcr of Bcl-2 result in a Bcl-2—Ig fusion RNAS2.1°However,
pathologic consequence is the overexpression of both Bcl-@ne notable difference exists between the Bcl-2—Ig example and
RNA and protein in cells bearing this translocatfidhTrans-  most of the aforementioned fusion RNAs. Most fusion RNAs
genic mice bearing a Bcl-2—Ig minigene established that thifound in neoplasias encode a chimeric protein product provid-
translocation was of primary pathogenic importance in lym-ing a clear rationale for the selection of clones bearing these
phomagenesis. Bcl-2 mice demonstrate B-cell follicular hyper-events. In contrast, the mbr of Bcl-2 is located within tHe 3
plasia that progresses to high-grade lymphdiha. untranslated region of the gene and translocations into it result

The breakpoints on chromosome segment 18721 are not raiR Bcl-2—Ig hybrid RNA but not a chimeric protein. Yet, the
domly distributed. Approximately 70% occur within the major majority of Bcl-2 translocations involve this region and gener-
breakpoint region (mbr), where most cluster within 158%itlp to ate Bcl-2—Ig fusion RNAs, suggesting that this event may also
20% of breakpoints are found approximately 30 kb further telomerichave a selective advantage. The most obvious potential mecha-
within the minor breakpoint region (mcéJ° Although both break-  nism would be an alteration in mRNA half-life. This was
points are associated with follicular lymphoma, important questionsttractive, because the native Bcl-2 RNA had a relatively short
remained concerning the precise mechanisms that deregulate BclFalf-life of 2.5 hours within B cell§, whereas Ig RNAs
production. We and others have shown that the rate of Bcl-Zemonstrated a longer half-life approaching 20 ha##s.
transcription is increased in t(14;18)-bearing cell lines and constiHowever, experiments showed that the Bcl-2—Ig fusion RNA
tutes one mechanism of deregulatféh? However, whether the exhibited an unaltered half-life of 2.5 hotfrs.
magnitude of this transcriptional enhancement fully accounts for the Posttranscriptional control by differential RNA splicing or
log-fold increase in steady-state levels of Bcl-2—Ig fusion RNA transport has been documented for a variety of genes. A number
within t(14;18) cells is uncertain. of organisms show tissue specific splicig? Cellular trans-

Many interchromosomal translocations responsible for neoport mechanisms have been proven to be important in the
expression of viruses such as human T-lymphotrophic virus
(HTLV) | and 11,2325 influenza virus NS26 or hepatitis B?728
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Cell culture. Cell lines were maintained in Iscove’s modified
Dulbecco’s medium (GIBCO, Grand Island, NY) supplemented with
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10% fetal calf serum, penicillin, streptomycin, and 50 mmoL To generate the backbone of tAépr-fusion vectors, this fragment
mercaptoethanol at a G@oncentration of 7.5%. The following cell was supplied with aistl linker on both ends and inserted into t8stl
lines were used: Nall-1 (pre38; SU-DHL9 (mature B); SU-DHL-6  site of Bluescript (Stratagene, La Jolla, CA) pKS (¥75'; termed
[t(14;18) bearing mature B]; K562 (erythroleukemia); 70z/3 (mouse plasmid p229.6; see Fig 2). Thus, 95 nt of polylinker from the acceptor
pre-B*); and S194 (mouse myeloma, ATCC TIB 10, 1985). splice site to the uniquEcaR| site become part of exon Il of this vector.
Construction of plasmids and transfectionA 1.4-kb Sstl/BanH| The different 3ends include (1) a 5.6-KbBcaR| genomic fragment from
human@-actin promoter fragment was excised fromgp&Pr-1 (kindly a normal Bcl-2 allele 3of the EcaRl site (at position 1858)in Bcl-2
provided by L. Kede®¥-39. This fragment contains 472 nt of ianking exon I128(BApr-Bcl-2); (2) an 11.6-kkEcaR1 genomic fragment from
region, theB-actin promoter, exon |, IVS | including th@-actin a Bcl-2-lg fusion allele (SU-DHL-% BApr-1g); (3) a 2.4-kbEcaRI
enhancer, and an acceptor splice site and has been shown to retain 78NA fragment from SU-DHL6fused to the Cyl membrane genomic

of promoter activity when transfected into Hela céfls. 3’ end including its polyadenylation sign@Apr-lgAintrons); and (4) a
A DHL-9 DHL-6 B DHL-9 DHL-6
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E)l(ﬁn Intron E)l(ﬁn 180 nt _ B son
1ONt :— 406nt Spliced RNA
Spliced RN?A Nuclnear Precursor ' Nuclear Precursor

Fig 1. Comparison of nuclear precursors, spliced nuclear mRNA, and cytoplasmic RNA. Single-stranded S1 nuclease protection probes and protected
fragments are shown at the bottom. The m13-probes were uniformly labeled. The lack of visible bands at nt 735 (Bcl-2) and nt 183 (B-actin) indicates that
nuclease digestion is complete and that only RNA is detected. Cohybridization of the same sample with a B-actin probe controls for equal amounts of
RNA. Note that the B-actin probe used here contains only exon sequences (no precursor). (A) Bcl-2 intron Il-exon Ill border. (B) Exon Il-intron Il border.
Precursor protection of the upstream exon is much stronger and probably reflects increased polymerase loading at the 5’ end.
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2.5-kbEcaRI cDNA fragment as in (3) with the exception that a 134 nt 410-nt Sstl/Bgl Il fragment across the Bcl-2 exon Il/intron Il donor
non-lg intron (IVS Il of the humaB-actin gene) was inserted into the splice site were subcloned into m13 to generate single-stranded,
2.4-kb EcaRl cDNA as a substitute for they8 to C«yl intron synthetically labeled probes. A 183-BanHl/Sal | human B-actin
(BApr-lgointron). These fragments were inserted into BeRI site of cDNA fragment®was protected as a control for RNA amount within the
p229.6 to form the finalBApr-fusion vectors. All constructs were same tube.
partially sequenced to identify the correct orientation and checked for The probes for the protection assay on RNA from transfected cell
single-copy integration by restriction mapping. lines were derived from p229.6. This plasmid was end labeled at the

Cell transfection and selection of stable integrant3ransfection of ~ EccRl or Xbal site and used to detect the corr@eéctin initiation site.
human and murine cell lines was performed by electroporation with aA 145-ntBal I/EcoRI fragment spanning the acceptor splice site in the
1.9-mm gap cuvette electrode and a Transfector 300 (Biotechnologies &olylinker was subcloned into Bluescript pKS and end labeled at the
Experimental Research, Inc, San Diego, CA). Log phase cels1l') EcaRl site, giving a probe length of 2.9 kb, a precursor protection of 145
were washed and resuspended in 400 pL of serum-free RPMI 164@t, and an exon protection of 95 nt.
(GIBCO). They were mixed with 100 L RPMI 1640 containing 5 ug of ~ S1 nuclease protection assayS1 protection with single-stranded
RSVned® and a 2 molar excess of linearized construct DNA togetherreverse complementary DNA probes was performed as deséibed.
with 125 pg of salmon sperm DNA. Transfection of the various cell end labeled probes were generated using 1 pg of linearized and
lines was performed at the optimal voltage and capacitance (200 to 25@8ephosphorylated plasmid, 60 U of T4-polynucleotide kinase (US
V and 450 to 800 UF). After 24 to 48 hours, cells were selected in 1 g/LBiochemicals, Cleveland, OH), and 100 uCi gt¥ P] ATP (Amer-
of G418 (Geneticin; GIBCO). Whereas half of each transfection wassham, Arlington Heights, IL}> RNAs were hybridized overnight with
selected as a bulk, the other half was plated in 2-mL tissue culture well X 1% cpm at the appropriate temperature (52°C) in 15 pL of a juice
at a density of 1®to 10* cells to obtain oligoclonal subpopulations. containing 80% formamide, 40 mmol/L PIPES (pH 6.4), 400 mmol/L
Transfectants were harvested after 10 to 14 days and assayed ft+aCl, and 1 mmol/L EDTA. Samples were digested with 200 U S1
construct expression by S1 nuclease protection. nuclease (Boehringer Mannheim, Indianapolis, IN) and analyzed on 6%

RNA preparation. For the preparation of nuclear and cytoplasmic polyacrylamide gels.
RNA, cells were lysed in a hypotonic buffer containing 0.5% NP-40 and  Nuclear run-on and primer extension assays.og phase cells (X
separated on a sucrose gradi€ntytoplasmic RNA from the superna- 107) were washed in RPMI 1640 and resuspended in 10 mL ice-cold
tant was prepared by this standard protocol, including DNasel digeshypotonic lysis buffer (10 mmol/L HEPES, pH 8.0, 1.5 mmol/L MgClI
tion. The nuclear pellet was resuspended in 4 mol/L guanidinel0 mmol/L KCI). After 10 minutes on ice, cells were lysed by two to
thiocyanate and nuclear RNA was purified on a 7.5 mol/lL @sCl three passages through a 22G needle. Nuclei were washed and
gradient3® Total RNA from transfected cells for run-on assays was resuspended in 220 pL of transcription buffer containing 20 mmol/L
prepared by a guanidine-thiocyanate-acid-phenol miniprep méthod. Tris (pH 8.0), 6 mmol/L Mg (GH305)2, 84 mmol/L KCI, 10 mmol/L
S1 probes that can discriminate between RNA and DNA detected ndNH,CI, 0.3 mol/L EDTA, and 10% glycerol. The run-on assay was
DNA contamination in these minipreps. performed as describdt 30°C for 30 minutes using 250 uCi aff2

DNA probes for S1 nuclease protectiorA 406-nt Hindlll/Hincll P] GTP as label. After the reaction was completed, RNA was extracted,
fragment across the Bcl-2 intron Il/exon Il acceptor splice site and aethanol-precipitated, and resuspended in hybridization buffer (50%

S SXR R Kb
—
MBR
BAPr-Bcl-2 [ vy »
BAPT Bok2
S SXR X R
BAPr-Ig |—' ¥ |
v L ™
pAPr Bok2Jg Ey Sw
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Fig 2. Constructs for transfection. A 1.4-kb Sst |
S S\"/R R (S) fragment of the human B-actin promoter plus
APrlaAl MBR B-actin IVS-l was fused to various 3’ ends at the
PAPr-IgAlntrons v EcoRlI (R) site: BAPr-Bcl-2 contains the normal ge-
nomic Bcl-2 3’ end, including the Bcl-2 poly(A) sites

and 3’ flanking regions; BAPr-Ig contains a translo-
cated allele cloned from SU-DHL-6, including the
Bcl-2 mbr as well as the J,-Cy, and Cy, introns and the
Cy1l poly(A) sites and flanking regions; BAPr-
IgAintrons contains a translocated cDNA from SU-
DHL-6 and the genomic Cy1l membrane (M) poly(A)
signal and flanking regions; BApr-ilgeintron corre-

S

BAPr-Igcintron

APr Bok-2Jg! CY M, ; sponds to ﬁAEr—lgAIntrons with th{e e>.<ctlaption thata

Vsl nonlymphoid intron (IVS-Il of B-actin) is inserted as a

R substitute for the Jy-Cy intron. The transcriptional

+ 84 PROBE p 240.1 start site is indicated by an arrow. The EcoRI (R) and
w81

Xba | (X) sites were used for the S1 protections and

X
——| 84 PROBEp 2206 primer extensions on the B-actin promoter.
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formamide, & SSC, 2< Denhardt's solution, 20 pg/mL tRNASsch-  (IVS | of B-actin) to insure that each transcript is targeted to a

erichia col], 50 mmol/L NaPQ [pH 7.4], and 0.1% sodium dodecyl spliceosome for processinGAPr-Bcl-2 or BAPr-Ig constructs

sulfate [SDS]). Equal counts (2 10° cpm) were hybridized to 2 ug of  \were cotransfected with RSV Neo R vector into the S194

slot-blotted single (histone H4) orodouble—strandﬁeh(:tin, RSVneo) murine plasmacytoma cell line by electroporation. Stable

En':‘:;fi sz gaﬁigzzeiea:'fou;; ?;;rz)efatm:Tﬁ;qaggscwgrle%wgggegntg "®4ransfectants were sele_ctt_ad with G41_8 and_demonstrated compa-
. rable rates of transcription from either integrated construct

twice for 20 minutes at 63°C with 0.1% SSC, 0.1% SDS. . A
Primer extensions were performed as descfiheing RNAs from when assessed by nuclear run-on analysis (Fig 3). The presence

transfected cell lines as template and a 20-nt oligonucleotide primePf the 19 heavy chain enhancer did not further augment newly
starting from theEcaRl site in the polylinker of p229.6. initiated transcription in this system.
RNA half-life experiments. Actinomycin D (Sigma, St Louis, MO) An S1 protection assay designed to assess thredion of
was added to cell lines growing in log-phase at a concentration of 1thumanf-actin showed that both th@APr-Bcl-2 and BAPr-Ig
Hg/mL. RNAwas extracted after 0, 1, 2, 4, 8, and 24 hours and analyze@onstructs demonstrated correctly initiated transcription (Fig
by S1-nuclease protection. 4A). A few minor initiation sites were noted surrounding the
B-actin promoter in the3-APr-Ig cell lines (Fig 4A). Two
RESULTS additional minor start sites were mapped by primer extension
Altered posttranscriptional processing of Bcl-2—Ig fusion @nalysis to IVS |, immediately upstream of the acceptor splice
RNASs in t(14;18) cell lines. S1 nuclease protection assays that Site (Fig 4B). S1 analysis indicated that these intron-initiated
cross the Bcl-2 exon Il-intron 11 or intron ll-exon 11l borders Sites (denoted as 117 and 125) were slightly augmented by the
were developed to determine the relationship between the levef§ €nhancer (Fig 5). However, the vast majority of transcripts
of Bcl-2 nuclear precursors, nuclear spliced message, and findY€re still correctly initiated upstream.
cytoplasmic mRNA in mature B-cell lines with or without the ~ Stable integrants of th@APr-Bcl-2 or BAPr-Ig constructs
translocation (Fig 1A and B). This assay uses probes across thithin the S194 plasmacytoma cell line were assessed for their
intron-exon borders, thereby hybridizing to the long, unsplicedefficiency of RNA processing. The inclusion of ttgeactin
precursor as 406 nt (Fig 1A) or 410 nt (Fig 1B) fragments asintron W|th|.n these constructs ena_ble_d th_e creation of a generic
well as the shorter spliced MRNA as 140-nt (Fig 1A) or 180-ntS1 protgctlon assay .that could dlstlngw.sh nuclear precursors
(Fig 1B) fragments. Precursors should only be visible in thefom spliced RNA (Fig 5). Both populations of stably trans-
nuclear lanes, whereas the spliced message is detected in tfFted S194 cells showed comparable amounts of nuclear
nucleus as well as cytoplasm. Bcl-2 transcription has previously
been shown to be increased in the t(14;18)-bearing cell line
SU-DHL-6, when compared with the nontranslocated SU-
DHL-9 line  As shown in Fig 1A and B, the steady-state level
of nuclear precursors was only slightly greater in SU-DHL-6
compared with SU-DHL-9 as detected by S1 nuclease protec-
tion. However, the amount of spliced cytoplasmic message was
fivefold to 10-fold higher in SU-DHL-6 compared with SU-
DHL-9. This occurred even though the Bcl-2—Ig RNA half-life
remained unchanged after translocafioAn approximately
threefold increase in spliced nuclear message was noted in
SU-DHL-6 versus SU-DHL-9. In addition, a twofold to three-
fold increase in the ratio of cytoplasmic to nuclear spliced RNA .
was noted in SU-DHL-6 compared with SU-DHL-9. These BAC“n(240|)
values were measured densitometrically and corrected to an R
equalizedB-actin signal. Using a separate S1 nuclease protec- RSV NeO o ‘ s
tion assay foi3-actin, which detecte@-actin precursors, we
verified that both cell lines processg@eactin pre-mRNA in an H4
equivalent fashion (data not shown). These observations sug-
gest a distinct posttranscriptional advantage for the Bcl-2—Ig
fusion transcripts compared with the normal Bcl-2 transcripts at

, BAPr-Ig
{ BAPr-Bcl-2
RSV NeoR

the level of splicing and/or nucleocytoplasmic transport. S I 94
Processing constructs identify a posttranscriptional RNA
processing advantage for an Ig versus Bcl‘28Bd. A series Fig 3. Run-on assays showing equal transcriptional activity of

of constructs was designed to test the influence of various BCl_i&APr—BcI-Z and BAPr-Ig constructs in stable transfectants of a mouse
B-cell line. Nascent, labeled RNA extracted from S194 cell lines

or BC'_'Z__Ig moleculgs on pc_)stt_ranscrlptlonal processing (Fig 2)‘transfected with BAPr-Bcl-2, BAPr-Ig, or only the RSVneo vector was
To eliminate any differential influence from Bcl-2 promoter hybridized to DNA probes detecting the human B-actin RNA pro-
activity, all constructs used an identical strong promoter/duced by the Bcl-2 and Ig constructs (upper row), the RSVneo RNA
enhancer system, humanactin?“ Because-actin, Bcl-2, and produced by all (thrzzlcell Iir;es t;an;fected Wit?1 the neomycine

. resistance gene (middle row), and the mouse histone H4 gene
Ig genes are well conserved and _funCtlon cross-spéé?ese integral to the S194 cell line (lower row). The 145-nt B-actin fragment
generated human based processing constructs and transfeciggly 1) is specific for the BAPr-constructs and is therefore only seen

them into murine target cells. All constructs contain an intronin lanes 1 and 2.
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Fig 4. Mapping construct RNA initiation

sites. (A) S1 protections showing compa-

' rable amounts of transcripts correctly initi-

ated at the human B-actin promoter start

site (nt +1 corresponding to a protection of

-, 975 nt). A few minor start sites upstream of
: the promoter and in the IVS-I are flushed on
in the BAPr-Ig cell line. The 1.4-kb human

B-actin promoter fragment (34) in bluescript

(p229.6, see the Materials and Methods)

was end-labeled at the EcoRl site and used

for S1-protection of the transfected human

75 B allele. (B) The primer extension assay veri-
b fies the location of additional intron start
sites in the BAPr-Ig cell lines, which are also
E H E RI * seen as the middle bands on the S1 protec-
; xon CO tion in Fig 5 (BAPr-Ig). A 20-nt primer start-
: ing from the EcoRl site of the B-APr plasmid

3'94 Pr ! mer (p229.6) was used.

precursor RNA from eitheBAPr-Ig or BAPr-Bcl-2 constructs.  such as S194. Consequently, stable transfectants of the pre-B—
Yet, the constructs with an Ig’3nd had a marked processing cell line 70z/3 were generated with both constructs. The amount
advantage. Th@APr-Ig demonstrated log-fold greater amounts of of 95-nt spliced RNA detected by the S1 assay was markedly
spliced RNA product compared with tRAPr-Bcl-2construct (Fig ~ greater for theBAPr-lg compared with the8APr-Bcl-2 con-
5A). To insure that this difference in RNA processing was evident asstruct in this pre-B—cell line as well (Fig 5B). In contrast, no
a single-cell level, the stably transfected S194 bulk cell lines wereconsiderable processing advantage was noted for the g
cloned by limiting dilution. All subclones of S194 examined when the constructs were introduced into a non—B-lineage cell,
confirmed the same dichotomy in processing between constructhie K562 erythroleukemia cell line (Fig 5C).
bearing Ig versus Bcl-2'2nds (Fig 6). Thus, the posttranscriptional ~ The processing advantage is conferred by the introns of the Ig
advantage noted for the Bcl-2—Ig fusion RNA in t(14;18)-bearingheavy chain gene. As a first step to define the location of the
cells was reproduced in these processing constructs. processing effect conferred by the Ig &nd, a construct was
Lineage-specific processing of the Iged. We wished to  generated substituting an Ig heavy chain cDNA for theei3d,
assess whether the processing advantage conferred by the fg\Pr-IgAintrons (Fig 2). Removal of the Ig introns eliminated the
sequences was restricted to highly differentiated B-cell lineagegposttranscriptional advantage conferred by the completé tgil3
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Fig5. Lineage specificity and intron dependency. pks "Vl 3009 nt
The fragments protected by the end-labeled S1 50 95 S1PROBE
probe are shown at the bottom. Total RNA from R
transfected cell lines was used. (A) Mature B-cell Precursor |1‘ 145 nt
line; (B) pre-B-cell line; (C) non-B-cell (myeloid) line;
(D) mature B-cell transfected with the BAPr-

R
. 1
IgAintrons and BAPr-Ige Intron constructs. Spliced mRNA |, 95nt

when assessed in S194 (Fig 5D). Moreover, substitution of the DISCUSSION

46-Cy1 intron by an unrelated, non-Ig intron (the IVS Il of the  pggitranscriptional processing as a novel mechanism of
humanp-actin genepAPr-Igs intron Fig 2) did not significantly  ,cogene deregulation.Chromosomal translocations  fre-

improve processing of the fusion RNA, arguing that the responsiblequemly result in the deregulation of oncogenes through in-
mechanism is directly related to the presence of Ig introns on th%reased mRNA production. Transcriptional activation after

construct (Fig 5D)'. . . . . _juxtaposition with the Ig enhancer has been described for the
To prove the validity of the constructs in reflecting the processin
c-myc and Bcl-2 proto-oncogené$? In the case of c-myc,

of the cellular Bcl-2—IgH fusion genes, we determined the half-life : : .
. abrogation of an elongation block as well as a promotor shift
of the precursors as well as the spliced messages of the constructs/in

$194. The actinomycin D half-lives of all precursors were between.awe also beep notédHowever the e}lterat|on of posttranscrip-
1.5 and 2.5 hours (Table 1). The hal-life of the spliced RNA could 10N Processing of the Bcl-2-1g fusion RNAs represent a novel
only be determined in the case@APr-lg, whereas the basal levels mechanism of oncogene deregulation.

of the other RNAs were too low. However, the half-lifefAPr-Ig The Bel-2-1g RNA product of the 1(14;18) demonstrated a
was identical to that of the cellular Bcl-2—IgH RNA previously Postiranscriptional processing advantage when compared with
measured in t(14;18) cell iné&\e further investigated nuclear and "0rmal Bel-2 RNA. This marked difference was first noted by
cytoplasmic RNA from S194 cells transfected wpiAPr-Bcl-2, ~ comparing Bcl-2 precursor RNA with final spliced mRNA
BAPr-Ig, or BAPr-IgAintrons (Fig 7). Whereas the amounts of products in mature B-cell lines with and without the t(14;18).
precursor in the nucleus were similar, the level of spliced RNAwasT Nis processing difference appeared to be specific for the
higher inBAPr-Ig. Consequently, the cytoplasmic spliced messageBcl-2-1g fusion RNA, because both cell lines processed endog-
was predominantly present in the cell line containing this constructenous-actin RNA in an equivalent manner. An increased rate
The pattern of nuclear and cytoplasmic RNAs was very similar toof newly initiated transcription of the Bcl-2—Ig fusion gene in
that of the cellular counterparts shown in Fig 1B, suggesting that th&(14;18) cells compared with the normal Bcl-2 gene in mature
constructs closely reflect the processing of Bcl-2 or Iy RNA. B-cell lines lacking the translocation has been documehtéd.
Interestingly, theBAPr-IgAintrons construct produced much less To eliminate the influence of transcriptional differences, we
spliced message th@#APr-lg, despite having the same amount of generated a series of constructs to further evaluate the process-
nuclear precursor, suggesting again a processing advantage for thigg advantage of Bcl-2—Ig fusion RNAs. These used a heterolo-
intron-containing construct. gousp-actin promoter-enhancer that conferred equivalent rates
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Fig 6. RNA processing in oligoclonal subpopulations. S1 protec-
tion on total RNA from transfected cell lines. The probe (for sche-

matic, see Fig 5) is specific for the transfected exon Il-intron | 95n"’. %
w5 ¥

sequences. The middle bands in the BAPr-Ig lanes correspond to
additional IVS-| start sites.

L . . . Fig 7. Distribution of precursor and spliced construct RNA in the
/
of transcription with either the Bcl-2 or Ig &nd. The analySIS nucleus and cytoplasm of S194. A high but equal amount of precur-

of precursor and spliced RNA products derived from thesors is present in nuclear RNA for all three constructs (BAPr-Bcl-2,
constructs in stable cell lines confirmed the processing advargAPr-Ig, and BAPr-IgAintrons), whereas spliced RNA is predomi-
tage conferred by Ig versus Bcl-2 sequences. We believe that thently presentin BAPr-Ig (nucleus and cytoplasm). Precursor bands in
constructs closely reflect the real processing mechanism, bébe cytoplasm represent low-level contamination with nuclear RNA.

cause th@@APr-Bcl-2 andBAPr-Ig constructs repeat the pattern ) ) ] )
of nuclear and spliced Bcl-2 versus Bcl-2-IgH RNA in Figs 1B provide evidence that intragenic sequences located downstream
and 7. of the J; regions play a role in splicing and transport. The

Posttranscriptional processing at the level of splicing oregulated production of secretory versus membrane f(_)rms of Ig
nucleo-cytoplasmic transport is an established mechanism d"RNAS has also 'be?n attributed to splicfhgr the choice of
normal gene regulation. Examples include the regulation ofP@lyadenylation site$. We have tested both the Bel-2 and C
HIV-1 expression by the rev or rex proteifii4-46the influenza membrane polyadenylgtlon sites with @mctln promoter in B
virus NS126 the polyoma early-late switc the ribosomal L1 cells and found no difference in their processing efficiency
protein of Xenopus laevi® and the human c-fgr proto- (U.J., unpublished results). Milcarek ef%ahave shown that
oncogené? The ratios of Bcl-2 RNA species in nucleus and changes in the nuclear to cytoplasmic ratio are associated with
cytoplasm indicated that splicing and/or nucleocytoplasmicdifferential expression of secretory to membrane-specifj@ty
transport are enhanced in the t(14;18) cell lines. The Iatterhea_Vy chain RNA. ThlS suggests that RNA processing may play
mechanism modulates expression in a number of g&fs, an important role in Ig regulation. Our data argue that these

Splicing and transport may be closely linked to each other b);jifferences in processing are directly related to the presence of

the association of the ribonucleoprotein complexes with thet® 19 introns. It has previously been shown that insertion of a

nuclear matrix456 There is evidence that nuclear architecture Part of the G/1 switch region resulted in high-level expression

and the organization of chromosomes are tissue spééfiend ~ ©f human IgH in transgenic mice, but not in transfected cell
that even two copies of the same gene can be processé@es§3Moreover,aspllcmg enhancer for Cu has been identified
differently in the same nuclede. in the IgM M2 exon sequenc.Removal of the ¢-Cy as well
Implications on Ig regulation. In 1985, Grosschedl and S the @ introns from our constructsB@Pr-IgAintrons)
Baltimore® showed that Ig RNA expression is regulated by at '¢Sulted in a dramatic decrease in the spliced RNA species,
least three regions, including the,romoter, the Ig enhancer, despite the fact that thg-actin intron | is still retained to avoid

and intragenic sequences lacking the enhancer. Our experimert§MPIetely intronless constructs that may not express RNA at
all.%> Neuberger and Willian§ have shown that Ig expression

Table 1. Actinomycin Half-Lives of Processing Constructs in S194 !ncreases with the ad_dltlon of m_ore_ lg introns, YEt no SpeCIfIC
(Total RNA) intron was solely required. Substitution of theQy, intron by a
nonlymphoid intron (as irBApr-lgaintron) had no significant

t1/2 APr-Bcl-2 APY-I, APr-Alnti APr-ointi . . . . .
pAPrBorz  PAPMg  PAPraintrons  pAProintron effect in our experiments. However, it is still possible that
Precursor 18h 2.5h 2.4h 15h substitution of all G introns will improve expression. In
Spliced NA 25h NA NA addition, a complex interaction between the Ig introns may be

Abbreviation: NA, not applicable. necessary for efficient expression, as is the case in the human
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triosephosphate isomerase gene, in which upstream introns 8. McDonnell TJ, Korsmeyer SJ: Progression from lymphoid hyper-
have an effect on RNA’3®&nd formatiorf? plasia to high grade malignant lymphoma in mice transgenic for the
It remains to be determined whether the presence of intron¥14:18). Nature 349:254, 1991 _
affects only splicing or also RNA stability. Unfortunately, itwas _ 9- Cleary ML, Galili N, Sklar J: Detection of a second ((14;18)
impossible to determine the half-lives of the spliced message&réakpoint cluster region in human follicular lymphomas. J Exp Med
. . . . 164:315, 1986

except forBAPr-lg, which was identical to that of its cellular !

. 10. Sil GA, G ED, Y RL, Jockel JI, D PH,
Bcl-2—IgH counterpart. However, the fact that the intronless |verm§n A, Breen =0, Young ocket I, Domer
construct BAPr-IgAintrons) had almost no spliced nuclear Korsmeyer SJ: Meiotic recombination between yeast artificial chromo-

' . : somes yields a single clone containing the entire Bcl-2 proto-oncogene.
message while having the same precursor half-lif@ABr-Ig  p.oc Natl Acad Sci USA 87:9913. 1990

argues strongly in favor of a processing effect, because both 11, Reed Jc, Tsujimoto Y, Epstein SF, Cuddy M, Slabiak T, Nowell

spliced messages should look identical and have the same decgy:, Croce CM: Regulation of Bcl-2 gene expression in lymphoid cell

rates. lines containing normal #18 or t(14;18) chromosomes. Oncogene Res
Efficient processing of th@@ APr-Ig constructs was seen in 4:271, 1989

pre-B as well as mature B cells, indicating that this mechanism 12. Young RL, Korsmeyer SJ: A negative regulatory element in the

functions in various stages of B-cell differentiati#ftiowever,  bcl-2 5-untranslated region inhibits expression from an upstream

the lack of significant processing differences in the nonlym-Promoter. Mol Cell Biol 13:3686, 1993

phoid cell line K562 argues for a tissue specificity of this 13. Shtivelman E, Lifshitz B, Gale RP, Roe BA, Canaani E:
mechanism Alternative splicing of RNAs transcribed from the human abl gene and

. _ . . from the bcr-abl fused gene. Cell 47:277, 1986
In conclusion, posttranscriptional processing constitutes a 14. Pandolfi PP, Alcalay M, Fagioli M, Zangrilli D, Mencarelli A,

novel me_chanlsm of activation that may C_OnmbUte to the Diverio D, Biondi A, Lo Coco F, Rambaldi A, Grignani F, Rochette-
deregulation of oncogenes that produce fusion mRNAs afteEgly C, Gaube M-P, Chambon P, Pelicci PG: Genomic variability and

chromosomal translocations. In particular, fusion messages thafiiernative splicing generate multiple PML-RARtranscripts that
contain |g information, such as the LYT-10-Cal transcripts iNencode aberrant PML proteins and PML-RARsoforms in acute
the 1(10;14)(q24,932), could also be affected. In addition, anypromyelocytic leukaemia. EMBO J 11:1397, 1992

fusion RNA that juxtaposes messages with distinct lineage 15. von Lindern M, Breems D, van Baal S, Adriaansen H, Grosveld
specificity may prove to have altered processing. Moreover, ous: Characterization of the translocation breakpoint sequences of two
findings may have implications for the regulation of normal Ig DEK-CAN fusion genes present in (6;9) acute myeloid leukemia and a
production, indicating a B-cell-specific, efficient pathway for SET-CAN fusion gene found in a case of acute undifferentiated

the posttranscriptional handling of Ig RNA. leukemia. Genes Chromosom Cancer 5:227, 1992 N _
16. Neri A, Chang CC, Lombardi L, Salina M, Corradini P, Maiolo
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