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ABSTRACT

The erbAa gene encodes two a-thyroid hormone
receptor isoforms, TR al and TRa2, which arise from
alternatively processed mRNAs, erbA al(al)anderb a2
(a2). The splicing and alternative polyadenylation
patterns of these mMRNAs resemble that of mMRNAs
encoding different forms of immunoglobulin heavy
chains, which are regulated at the level of alternative
processing during B cell differentiation. This study
examines the levels oferbA o mMRNA in eight B cell lines
representing four stages of differentiation in order to
determine whether regulation of the alternatively
processed al and a2 mRNAs parallels the processing
of immunoglobulin heavy chain mMRNAs. Results show
that the pattern of ol and a2 mRNA expression is
clearly different from that observed for immunoglobulin
heavy chain mRNAs. B cell lines display characteristic
ratios of al/a2 mRNA at distinct stages of differentiation.
Furthermore, expression of an overlapping gene,
Rev-ErbA a (RevErb), was found to correlate strongly
with an increase in the ratio of al/a2 mRNA. These
results suggest that alternative processing of erbA a
MRNAs is regulated by a mechanism which is distinct
from that regulating immunoglobulin mRNA. The
correlation between RevErb and erbA o mRNA is
consistent with negative regulation of a2 via antisense
interactions with the complementary RevErb mRNA.

INTRODUCTION

alternative processing of thééhd of its pre-mRNA transcript
(5-7). These mRNAs give rise to receptor isoforms with
antagonistic functionsal codes for thea-thyroid hormone
receptor (TRi1l), whereaso2 codes for an orphan nuclear
receptor (TR2) which does not bind T®,/). TRa2 competes
with TRal and TH for specific DNA binding sites, thereby
antagonizing T3 actiorB]. Because the erlmAgene produces
both a transcriptional activator (8®) and its specific inhibitor
(TRa2), regulation of the alternative processingdfanda?2
MRNA may provide an important mechanism for determining the
cellular response to thyroid hormone.

Alternative processing of thé-8nd of erbAx RNA transcripts
involves competition between splicing and polyadenylation.
Polyadenylation at an upstream site yi@ddsmRNA, whereas
processing from a Splice site (ss) within the final exonmf to
a downstream'3s produces2 mRNA. The levels afil ando2
vary in different tissues and at different developmental stages
(9,10). However, the mechanisms which regulate expression of
the alternatively processed mRNAs are not well understood.

Two general models have been described for the regulation of
alternative splicing and polyadenylatiofhl). In some cases
alternative processing is regulated by transcript-specific factors
which alter the efficiency of either splicing or polyadenylation. In
other instances, the activity of one or more constitutive components
of the mRNA processing apparatus is altered. In the latter case, the
processing of many unrelated transcripts may be affected.

The organization of the erlm®gene and the alternative mRNA
processing of its transcripts appear similar to that of the
immunoglobulin (Ig) heavy chain genes. The Ig heavy chain gene
produces two functionally distinct mMRNAs which encode heavy
chains for the membrane-bound (mb) and secreted (sec) forms of

Thyroid hormone receptors (TRs) mediate the cellular responsg Like al, Ig sec mRNA processing utilizes an upstream
to thyroid hormone (T3) by regulating target gene transcriptiopolyadenylation site. Similar ta2, |g mb mRNA processing
(1-3). In all vertebrates TRs are the products of two differenttilizes a 5ss in the last common exon to splice to a downstream

genes, erb& and erbA (4). The mammalian erbd gene
produces two mRNAs, erlsfl (1) and erbA2 (02), through

exon. Regulation of Ig heavy chain mRNA processing in B
lymphocytes has been well characterized. In early stages of B cell
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development downstream splicing of Ig mb mRNA is equal to an2 common sequence was prepared from pB3EOP which
greater than that of Ig sec mRNA processing. At later stagesntains the 162 msi—Ecd)109I erbAx DNA fragment cloned
upstream polyadenylation of Ig sec mMRNA predominatés (  between thépa—Psi sites of pBluescript KS This fragment of
Several studies suggest that the balance between splicing dhe erbAx gene spans the2-specific 5 ss within the 3most
polyadenylation required for processing of Ig mb and sec mRNAexon ofal. pB3EOP was linearized witkbd and transcribed

is regulated by a change in the level of a general polyadenylatiarith T3 RNA polymerase to produce a 209 nt probe. Of this
factor (L3-16). In view of these findings, it is possible that etbA probe, 162 nt are complementaryotb mRNA and 135 nt are
MRNA processing may parallel that of Ig heavy chain mRNAomplementary ta2 mRNA. The RevErb riboprobe was made
during B cell development. from pB4E6 which contains 303 nt oBglll-BsuB6l fragment

A distinguishing feature of the mammalian ecbgene locus from pB4-1 (L7) cloned into pBluescript K'S pB4E6 was
is the presence of a third gene, Rev-Exl{RevErb), encoded on linearized withXbd and transcribed with T3 RNA polymerase to
the DNA strand opposite erlo’(17,18). The 3 exon of RevErb produce a 360 nt probe, 130 nt of which are complementary to
overlaps with the2-specific 3exon but not witl1 sequence. RevErb exon 6. RNA probes were uniformly labeled with
The unusual organization of these genes reswidamd RevErb  [a-32P]JUTP and purified by electrophoresi@?). Plasmids
mRNAs which are complementary at theieBds allowing the pa2AC-Sac/stop and pB4-1 were generously provided by M.A.
possible formation of antisense/sense RNA duplexes. Sutlazar, University of Pennsylvania.
basepairing interactions between the RevErb @hdnRNAs
could negatively regulate2 mRNA levels, and therefore offer a RNA isolation and northern analysis
transcript-specific mechanism by whizh ando2 mRNA levels
are regulated.

In this study, we examine the expressionbfanda2 mRNA
from B cells representing different stages of differentiation. Wi
find that the thyroid hormone receptor, ¥R and the orphan
receptors TR2 and RevErb are expressed at all stages
differentiation but at varying levels in the different cell lines. Ou
results indicate that the regulation of alternative RNA processi
of al andn?2 is distinct from that of Ig sec and mb RNA processin
regulation. However, changes in the relative levelslonda?2
correlate strongly with variations in levels of RevErb mRNA.

Cytoplasmic RNAs were isolated by detergent lysis and phenol/
chloroform extraction as previously describ&€é)( The RNA was
assed over oligo(dT) columns to isolate pol§(ARNA.
lectphoresis of 1-3pug of poly(AY RNA on a
Jr0% agarose—0.22 M formaldehyde gel was run in buffer
containing 0.22 M formaldehyde. The RNA was transferred by
pillary action to Nytran (Schleicher and Schuell, Inc.) after
hich the RNA was UV-irradiated and hybridized to labeled
robes 23). RNA size markers (GIBCO-BRL) were included on
the gel and stained with methylene blue after transfer to Nytran
(22).

MATERIALS AND METHODS RNase protection assays

Cell lines Labeled probes were hybridized to 10489 target RNAs as

All cell lines are from the mouse B cell lineage and were growRr€viously described). The resulting hybrids were digested
as previously described.,14,19,20). 702/3.12 represents a With 1.5u RNase (1 mg/ml RNase A, 20 000 U/ml RNase T1,
pre-B cell stage line with equal amounts of sec and mb |g,@mb|on, In_c.) at 30C for 1 hr. Protected RNAs were denatured
MRNA (20). WEHI-231 is an early B cell with equal amounts of " formamide and resolved on 5.5% polyacrylamide-urea gels.
sec and mb IgM20). The M12 cell line represents an early B cellBand intensities were quantified by radioanalytic scanning with
which has lost its endogenous heavy chain but expressddAMBIS 100 Image Analyzer. Background was subtracted by
approximately equal amounts of sec and mb IgM mRNA wheHSINg regions of identical size located immediately above each
transfected with an IgM gen@3). The A20 and 2PK3 cell lines €Xperimental band. RevEd# ratios were computed from
are memory B cells and produce about equal quantities of sec é’gﬂ)e_r iments in which probes were prepared in parallel using
mb IgG heavy chain mRNALE). 4T001 is a plasmacytoma cell ! entical mixes of labeled and unlabeled nucleotides to ensure
line which secretes large amountg2i,k molecules of IgG1(4). identical specific activities. The specific activity of the probes
S194 is a plasmacytoma cell line which has lost its endogenof@9€ed from & 10Pto 2x 10° ¢.p.m./nmol between experiments.
heavy chain but produces a large excess of sec over mb mRrIyRlar ratios were calculated after correcting for length and
when transfected with an IgM geng3)(. J558L is a plasma- COMPosition of the protected RNA fragments.

cytoma cell line which has lost its endogenoueavy chain but

when transfected with an IgG gene sec mRNA is expressed fFESULTS

excess over mb mRNALP). Structural organization and expression of erbAx

mMRNAs in B cell lines

Recombinant plasmids and RNA probes . .
In mammals, a single locus codes for the two alternatively

The erbAx probe used for northern analysis was prepared froqrocessed erbd mMRNAs and the overlapping RevErb mRNA

a 600 nXbad—Sad DNA fragment excised from plasmid@HN.  (Fig. 1A). To determine if the erbddmRNAs are expressed in B
pa2HN contains aicdRl-Hincll fragment which is common to lymphocytes, we assayed anda2 mRNA levels in two mouse
both a1 andoa2. This fragment was isolated from plasmidB cell lines representing different stages of differentiation. The
pa2AC-Sac/stop 41) and subcloned in pBluescript KS cell line 70Z/3 is a tumor line arrested in the pre-B cell stagje (
(Stratagene). The probe was uniformly labeled with4P]dCTP  and J558L is a myeloma cell line representing a late-stage B cell
by random oligonucleotide-primed synthesi®)( For RNase or plasma cell linel©). The C6 rat astrocytoma cell line, which
protection assays, a single-stranded antisense riboprobaoél  is well-characterized for erlbA mRNA levels §), was also
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Figure 1. Expression of erbé& and RevErb in B cell linesA) Structural 0
organization of the overlapping c-erbAocus. Arrows indicate the direction Cell Line: 70Z WEHI- Mi2 2PK3 A20 4T001 S194 J558L
of transcription, boxes represent exons, lines represent introns. Shaded boxes 231
represent 5and 3 untranslated regions. Vertical, dotted lines demarcate Stage: pre mature memory plasma

RevErb andi2 complementary sequence. THea2 and RevErb poly(A) sites
are noted. The alternative splicing of tf&specific exon is represented by the

angled line above the map. Probes used in RNase protection assays a igure 2. Differential erbAx alternative RNA processing in B cell lines
indicated as bars beneath the sequence with length of the protected fragmen <9 . . . L p g n
indicated in nt. B) Northern blot analysis of ig 702/3 (lane 1), fig J558L representing various stages of differentiatidy). RNase protection assays of

: o B cell cytoplasmic mRNA using the erbAand RevErb-specific probes shown
&iﬂeazz)%%de%%gir(llg?sg?c))ﬁ?gﬁ;yé%gg?g&gl\m' Blots were hybridized in Figure 1A. Assays were carried out with i@ J558L RNA, 2Qug 70Z/3,

M12,4T001, S194 RNA and 3@ WEHI-231, 2PK3, A20 RNA. Assays were
carried out in parallel except for those shown in lanes 3 and 7 which were

. ) " analyzed in a separate experiment. Lanes 9 and 10 show results of the same
analyzed. Northern blot experiments using an arisfecific  experiment in lanes 4 and 5 except for a 2-fold increase in exposure time. The

probe show the expected 5.5kbmRNA and 2.6 kb2 mRNA specific B cell lines and their representative stage in differentiation is indicated

which correspond to the documented sizes of Céidetinda2 above each lane. The protected fragments correspondidga@ and RevErb
RNA (Fia.1B) (17). Th lts d trate that both erbA mMRNASs are indicated at lefB] Comparison of the ratio ofL/a2 mRNA and

m ( 1g. ) ( 7) ese results demonstrate that both ar Ig sec/mb mRNAs (13,14,19,20) is shown schematically.

MRNAs are expressed at early and late stages of B ceﬁ

differentiation.

seen for sec and mb mRNA from the Ig heavy chain gene
(Fig. 2B). For example, the levels of Ig sec (polyadenylated)
We next asked whether the balance between alternative procegRNA levels are nearly equal to those of Ig mb (spliced) mMRNA
sing ofal anda2 mRNA parallels that of Ig sec and mb mRNA at early stages of B cell differentiation but increase sharply as cells
at different stages of B cell differentiation. Cytoplasmic mRNAswitch almost exclusively to production of Ig sec mRNA in
was analyzed from eight mouse cell lines representing foyslasma cells. Although changes in the levels of arbARNAs
different stages of B cell development. In addition to the pre-Bluring B cell differentiation are opposite from the Ilg mMRNA
and plasmacytoma cell lines described above, mRNA from twalternative processing pattern, B cell lines representing distinct
mature B cell lines [WEHI-2320) and M12 (3)], two celllines  developmental stages display characteristic ratiosi 162
representing memory B cells [2PK3 and AZ2@)], and two mRNA (Fig.2B, Tablel).

additional plasma cell lines [4T0014) and S194 3)] were

examined to determine the levels of expressioulobnqu I]:]xpression of RevErbAx mRNA in B cells

MRNA. RNase protection assays of mMRNA from these eight ce

lines show that the pre-B cell line, 70Z/3, has the highest ratio @he complementary, overlapping organization of the erbAd
al/a2 mRNA, 3.6, indicating a predominance of upstreanRevErb genes may have importantimplications for the coordinate
polyadenylation over downstream splicing (F4.and B). The regulation of these genes. To determine whether the differential
lowestal/a2 ratios are seen in the plasma cell lines, S194 arekpression of erbé RNA processing during B cell differenti-
J558L and the mature B cell line, M12, which demonstrates ation correlates with changes in expression of RevErb, we
excess obi2 splicing over polyadenylation. The ratiosodfla2  assessed the levels of RevErb mRNA in parallel adtlando2
mMRNA in the different B cell lines are clearly distinct from thosenRNA in the same eight B cell lines. RevErb mRNA is expressed

Alternative mRNA processing of erbAad mRNA
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in all of the cell lines but at variable levels (F28\). The highest 4
expression of RevErb is seen in the 70Z/3 mRNA, which shows 7 pre 2PK3 ;
an 8-fold excess of RevErb owe2. Conversely, S194, J558L and mature & 702
M12 mRNA, the cell lines with the lowesi/a2 (1.0-0.8), also 3 | ® memory
have the lowest RevE2 ratio (0.5-0.9) though their absolute ® plasma &
levels of RevErb extend over a broad range. In general, increases
in the ratio of RevErif2 correlate strongly with increases in the @1 2
ratio ofal/a2 (Fig.3, Tablel). 02 @ 47001
WEHI-231
DISCUSSION ! o 9.
M2 Y558L

A20

B lymphocyte cell lines provide a unique system for investigating

the molecular basis of developmentally regulated alternative 0.1 ! 10

processing. Such processing has been intensively studied for Ig Rev-Erb/o2

heavy chain genes during B cell differentiation. In this study we

show that erb& mRNAs are expressed at different levels in Figure 3. RevErb mRNA expression in B cell lines related to changes in

B cell lines representing specific stages of development. The ratig1/a2 mRNA. The ratio of RevEra2 mRNA was quantified and compared

of al/a2 mRNA varies in amanner which suggests stage-specifi¢? o1/a2 mRNA D‘f"‘ta 'S” Ipres?r"r‘]te" in a scatter dp'OtIW'th eaﬁh po'”g

regulation of MRNA levels, but the pattern of expression is g:;ﬁiiﬂt'l?nge?Sslﬂzfé;fe%eby'gzemﬂﬁ ;?‘;:‘gf)le;tat've evelopmental stage for

clearly different from the variations in sec/mb mRNA levels.

Characterization of mMRNA levels from the overlapping RevErb

gene shows that expression of RevErb mRNA correlates with

changes in thel/a2 ratio. These observations have importanpolyadenylation of erb& mRNAs is regulated in a manner

implications both for regulation of alternative processing and fandependent of Ig heavy chain alternative mRNA processing.

the role of thyroid hormone during B cell development. One possible mechanism for regulating expression ofcerbA
Molecular analysis of Ig heavy chain mMRNA processing hasiRNAs involves interactions with the RevErb mRNA. Since this

shown that regulation of polyadenylation and splicing depends @verlapping mRNA is complementary @2, but notal,

changes in the levels of essential processing factdysg). Of  variations in RevErb expression may differentially aftettand

particular interest to this study is the observation that unrelater? expression. The results presented here are consistent with such

pre-mRNAs which undergo similat-8nd processing are differ- a relationship. Despite wide variations in the levels at which these

entially processed throughout B cell differentiation in the sam@RNAs are expressed in the eight lymphocyte cell lines analyzed

manner as lg sec and mb heavy chain mRNAd.f). On the (Table 1), a strong correlation is evident between the ratio of

basis of these results, etpANRNA processing would also be RevErbf2 and the ratio ail/a2 (Fig.3). Specifically, when the

predicted to parallel that of Ig heavy chain mRNAs, with theatio of RevErbd2 is between 0.4 and 1.2, th#/a 2 ratio is <1.5,

al/a?2 ratio lowest in pre-B cells, highest in plasmacytoma celland when the RevEm2 is >2.0 thex1/a2 ratio is>2.5. Thus, an

and at intermediate levels in mature and memory B cells. Oimcrease from 1.5 to 2.0 in the RevErb/ratio may represent a

results show a different and more complex pattern of variation threshold associated with a 2- to 3-fold increaselifa2. Since

theal/a2 expression than predicted. Mature B cells and plasnibe ratio of RevEriw2 varies over a wider range than the ratio of

cells both have relatively lowl/a2 ratios while higher ratios are al/a2 and there is no evident correlation in the variation of

observed for memory cells and the pre-B cell line. These resuRevErb andx2 levels, interactions between these genes or their

suggest that the balance between alternative splicing anmtRNA products may be modulated by additional factors.

Table 1.Quantitation ofil, a2 and RevErb mRNA in B cell lines

Cell line al amol{ig o2 amolug RevErb amolig al/a2 (S.D.) RevErbf2 (S.D.)
70Z/3 55 1.7 12.9 3.6 (0.3) 7.9 (0.4)
WEHI-231 0.9 0.75 0.65 1.3(0.2) 1.0 (0.3)

M12 2.3 3.2 1.4 0.82 (0.16) 0.46 (0.04)
2PK3 0.85 0.22 0.5 3.3(1.0) 2.4 (0.4)

A20 0.6 0.3 0.5 25 2.0

4T001 2.4 1.6 1.8 1.5 (0.0) 1.2 (0.5)

S194 2.9 31 2.8 1.0 (0.2) 0.91 (0.00)
J558L 8.1 9.6 5.3 0.94 (0.12) 0.63 (0.18)

Levels of erbA and RevErb mRNAs determined by RNase protection assays as shown in Figure 2. A quantitative determinatibranfithe
a2 mRNA levels in each of the cell lines was obtained after correction for mRNA loading and specific activity of the praggouts. The
abundance of both erlmdAmRNAs is[D.1% that of MRNA from the housekeeping gene GAPDH (data not shown). RatibeimRNA repre-
sent the average of three or four experiments. Data from the A20 cell line represents a single experiment. AbsoluteRelleb@adatios
are the average of two experiments carried out in parallel with probes of identical specific activity.
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0l (24-26). Cycloheximide treatment of a particular pituitary
tumor cell line results in a coordinate increase in both RevErb and
theal/a2 ratio @4). Similarly, when adipocyte cells are induced
to differentiatein vitro, an increase in RevErb mRNA and the
al/a?2 ratio is observedf). The increase inl/a2 observed in REFERENCES
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