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We have reported recently that a small element within
the mouse histone H2a-coding region permits efficient
cytoplasmic accumulation of intronless-globin cDNA
transcripts. This sequence lowers the levels of spliced
products from intron-containing constructs and can
functionally replace Rev andthe Rev-responsive element
(RRE) in the nuclear export of unspliced HIV-1-related
mRNAs. In work reported here, we further investigate
the molecular mechanisms by which this element might
work. We demonstrate here through bothin vivo and
in vitro assays that, in addition to promoting mRNA
nuclear export, this element acts as a polyadenylation
enhancer and as a potent inhibitor of splicing. Surpris-
ingly, two other described intronless mMRNA transport
elements (from the herpes simplex virus thymidine kin-
ase gene and hepatitis B virus) appear to function in a
similar manner. These findings prompt us to suggest that
ageneralfeature ofintronless mRNA transport elements
might be a collection of phenotypes, including the inhibi-
tion of splicing and the enhancement of both polyadenyl-
ation and mRNA export.
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Introduction

present within the target mRNAs (reviewed in Tagtal.,
1997). In the case of simple retroviruses such as the Mason-
Pfizer monkey virus, efficient cytoplasmic accumulation of
unspliced mMRNAs may depend on the interaction ofsa
acting RNA element with adenosine’-Biphosphate-
dependent RNA helicase A (Brayt al,, 1994; Tancet al,
1997) or with other cellular factors (Pasquinelial., 1997;
Gruteret al., 1998).

A number of naturally intronless messages are trans-
ported to the cell cytoplasm without being spliced (Kedes,
1979; Nagatat al., 1980; Hentschel and Birnstiel, 1981;
Koilka et al., 1987; Hattoret al., 1988). This is in contrast
to mRNAs transcribed from cDNAs of many intron-con-
taining genes which fail to be exported to the cytoplasm in
the absence of splicing (Hamer and Leder, 1979; Kedes,
1979; Nagataet al., 1980; Hentschel and Birnstiel, 1981,
Koilka et al,, 1987; Hattoriet al, 1988; Neuberger and
Williams, 1988; Ryu and Mertz, 1989; Jonsgiral., 1992;
Nesicet al, 1993). Recently, a growing body of data has
suggested that efficient nuclear export of intronless mess-
ages is facilitated by specific sequences present within these
messages. Examples include the herpes simplex virus thym-
idine kinase (HSV-TK) message (Liu and Mertz, 1995), the
hepatitis B virus (HBV) message (Huang and Liang, 1993;
Huang and Yen, 1995) and the mouse histone H2a message
(Huang and Carmichael, 1997). HnRNP L, which interacts
specifically with the HSV-TK element, has been implicated
in the nuclear export of HSV-TK messages (Liu and
Mertz, 1995).

The naturally intronless higher eukaryotic histone genes
can be divided into two classes: replication-dependent his-
tones and replacement variants (Stial., 1984). Replica-
tion-dependent histone messages are expressed pre-
dominantly in the S phase of the cell cycle and théir 3
termini form a stem-loop structure processed by a mechan-

Most higher eukaryotic messages contain introns that areism different from polyadenylation (Marzluff, 1992). The

removed by splicing prior to mRNA transport to the cyto-

replacement variant messages, on the other hand, are polya-

plasm. Since unspliced messages usually do not leave thedenylated and expressed primarily in quiescentand differen-

nucleus, splicing is widely thought to be intimately associ-
ated with mRNA transport. One mechanism which might

tiated cells (Steiret al., 1984).
Histone stem—loop'3end processing has been shown to

prevent the transport of unspliced messages would be thatplay an important role in cell cycle regulation of histone
such transcripts are retained in the nucleus due to theirexpression (Sittmaret al, 1983; Harriset al, 1991).
association with splicing factors (Chang and Sharp, 1989; Replacement of the histon€-8nd processing sequences
Legrain and Rosbash, 1989; Huang and Carmichael, 1996b) with polyadenylation signals leads to cell cycle-independent
Many retroviruses, however, require unspliced and partially histone expression (Leviret al., 1987; Chengt al., 1989;
spliced viralmessagesto be transported to the cell cytoplasmKirsch et al, 1989). In addition, some histone messages

during their life cycle. This bypass of the requirement for
splicing is often accomplished by specific interactions
betweencis-acting mRNA transport elements and corres-
ponding viral or cellular factors (Cullen, 1992; Brayal.,
1994; Ogertet al,, 1996; Tanget al.,, 1997). For example,
nuclear export of unspliced and partially spliced HIV-1
MRNAs is facilitated by the interaction between the viral

undergo an alternative pathway in thefreéhd processing,
depending on cell type or growth state. For example, in
growing cells the predominattenopudH2a mRNA ends

at the stem—loop characteristic of replication-dependent
histone mRNAs. In non-growing cells the predominant H2a
MRNA is polyadenylated (Mannirorét al., 1989). Sim-
ilarly, amouse histone H1 gene forms stem-loop-processed

encoded Rev protein and the Rev-responsive element (RREistone 3-ends in S phase cells but polyadenylated mRNAs
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in quiescent cells (Chengt al,, 1989). For avian H2a, (Figure 1B, compare lanes 3 and 4 with 1 and 2). The
H2b and H3 genes, mRNAs are always polyadenylated in increased RNA levels are notdue to increased RNA stability
spermatocytes, butare stem—loop-processedin somatic cell®r transcription rates; rather, they are largely due to the
(Challoneret al., 1989). The mouse histone H2a message suppression of cryptic splicing events (see below). These
described in this work also undergoes an alternativer®l results are consistent with our previous observations that a
processing pathway. In somatic cells, the H2a message endsingle 101-nt histone sequence was capable of significantly
in a stem—loop structure, while in spermatid cells itis polya- elevating the cytoplasmic accumulation of globin mRNA
denylated (Moset al., 1994). Importantly, both messages (Huang and Carmichael, 1997). The purpose of using two
are transported to the cytoplasm where they are translatedandem elements instead of only one in this assay is that the
into proteins (Mosgt al., 1994). Since mouse histone H2a former has a modestly stronger effect than the latter in
message can be polyadenylated and exported to the cytopromoting mRNA transport (data not shown).
plasm under physiological conditions, we considered itan To determine whether '&nd processing of mRNAs
ideal model system to study export of intronless mMRNAs. might contribute to this phenomenon, a&hd probe was
We have shown previously that polyadenylated mouse used instead of the internal probe (Figure 1A). This probe
histone H2a messages are efficiently transported to the cyto-spans the polyadenylation site of the globin mRNA, hence
plasm of COS7 cells (Huang and Carmichael, 1997). We it distinguishes between properly cleaved/polyadenylated
have gone on to identify a 101 bp sequence within the H2a- RNAs and readthrough globin transcripts (Figure 1A and C).
coding region that induces efficient nuclear export of human Oligo(dT)-affinity chromatography confirmed the presence
B-globin cDNA transcripts, which otherwise accumulate of poly(A) in the pA" fractions (Figure 1D). Only a smalll
predominantly in the nucleus (Huang and Carmichael, fraction of the globin transcripts (32%) is found in the pA
1997). In this study, we have further examined the mechan- fraction (Figure 1C and D, lanes 1 and 2), suggesting that
ism of action of the histone element and have unexpectedly polyadenylation of the globin transcripts is inefficient. As
found that, in addition to promoting mRNA transport, this expected, the readthrough transcripts are localized exclus-
element exhibits strong activity not only in inhibition of ively to the nucleus (Figure 1C, lanes 1 and 2). In marked
splicing, butalso in stimulation of polyadenylation. Surpris- contrast, when the histone sequence is present, 95% of the
ingly, the reported mRNA transport elements from HSV- transcripts are cleaved/polyadenylated (Figure 1C and D,
TK (Liu and Mertz, 1995) and HBV (Huang and Liang, lanes 3 and 4).
1993; Huang and Yen, 1995) act in the same manner. More-
over, each of these three elements can promote unsplicecElevated levels of polyadenylated mRNAs are due in
MRNA export as well as lower the levels of spliced products part to improved polyadenylation
in an HIV-1 based system. We therefore hypothesize that aTo rule out the possibility that augmented levels of polyad-
general feature of transport elements from intronless mess-enylated mRNAs result from increased mRNA stability, an
ages might be to perform three functions: inhibit splicing, actinomycin D time-course analysis was performed
enhance mRNA 3end processing and promote nuclear (Figure 1E). The plasmids indicated were each transfected
export. into COS7 cells. Forty-eight hours after transfection, actino-
mycin D was added to the cells. Nuclear and cytoplasmic
RNAs were isolated at the time points indicated, followed

Results by RNase protection assays using tHeeBd probe. The
The histone element increases the level of half-lives of the nuclear and cytoplasmic polyadenylated
polyadenylated 3-globin cDNA transcripts globin mMRNAs are ~4.5 and 10 h, respectively, while the

We have previously shown that a 101-bp sequence from half-lives of the nuclear and cytoplasmic polyadenylated,
the mouse histone H2a gene (nt 201-301 relative to theelement-containing globin mRNAs are ~3.5 and 4 h,
transcriptional start site) significantly stimulates the cyto- respectively (Figure 1E). Hence, the globin mRNA itself is
plasmic accumulation of humdaglobin cDNA transcripts no less stable than the globin messages containing any of
(Huang and Carmichael, 1997). To understand further how the elements. In other control experiments, the half-lives of

this sequence might work, plasmid construct @8; in non-polyadenylated species were measured and were found
which two tandem repeats of the 101-bp sequence wereto be comparable to those of the polyadenylated species
inserted into the Buntranslated region of a hum@rglobin experiments (data not shown). For reasons that are not yet

cDNA construct, was created (Figure 1A). As always, clear, the presence of the histone element appears to render

inserts were created so as to avoid possible effects of non-globin transcripts slightly less stable than transcripts lacking

sense codons on mMRNA stability (Huang and Carmichael, the element. Nevertheless, these results argue that enhanced

1997). This plasmid, together with an internal control polyadenylation efficiency contributes to the elevated level

plasmid H-X3G, was transiently transfected into COS7 of polyadenylated mRNAs.

monkey kidney cells. The nucleocytoplasmic distribution

of RNAs was examined by an RNase protection assay. The histone element stimulates cleavage/

RNAs expressed from the globin cDNA constru@1- polyadenylation in vitro

)2(-) were examined in a parallel assay. To further investigate the role of the histone element in
As shownin Figure 1B, the steady-state cytoplasmiclevel mMRNA 3'-end processingin vitro cleavage/polyadenyl-

ofintronless globin mMRNA fromthe cDNA constructislow, ation analyses were performed. Two plasmid constructs

indicated by the low c/n ratio as well as the overall low were used. As a reporter construct, B-SV was made by

levels of globin mRNAs (lanes 1 and 2). Inclusion of the inserting the 101-nt histone element into the well-character-

histone sequence in the mRNA, however, dramatically ized plasmid pSVL, which contains the SV40 late poly-

increases the c/n ratio and the apparent mRNA levels adenylation site (Figure 2A). The histone sequence was
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Fig. 1. The histone element stimulates polyadenylation and nuclear export of globin mRNRIgsmid constructs. The open boxes indicate either

human orXenopug-globin cDNA sequences. The solid rectangle depicts the polyadenylation signal of the Bugindnin gene. The hatched box

denotes the mouse histone H2a sequence (nt -2 to 494 relative to the H2a transcription start site). The arrows indicate directions of transcription. The
thick bar below the human globin gene construct represent tandem repeats of the histone element inserted in the sense orientation. The riboprobes used in
RNase protection assays and the protected bands are indicated. The tilted portions of the probes depict non-homologous sequences derived from plasmid
vectors. In B1(-)2(-), the uniquélcd site is marked. The control plasmid HB& is described in Materials and methods. Sizes are not to scale. (B, C, D

and E) Autoradiograms of RNase protection assays of RNAs expressed in cells transfected with the indicated plasmids. The 432-nt internal probe was
used in B), and the 360-nt'3end probe was used i}, (D) and (E). D) The nuclear RNAs were oligo(dT)-selected before analy&sA¢tinomycin D

time course analysis of nuclear and cytoplasmic polyadenylated mRNAs. Plagitiigd2{—) and 2B3G were each transfected into COS?7 cells, along

with the control plasmid H-RBG. For the purpose of better quantitation, the amount of DNA used in transfection was doubled in the ga¢e)a{-p)

DNA. At 48 h after transfection, actinomycin D was added to the media to a final concentratiguyhb Nuclear and cytoplasmic RNAs were isolated

at 0, 4 and 8 h after drug addition and subjected to RNase protection assays usingrideBbe. Only cleaved/polyadenylated mMRNAs are shown.

Numbers above the gels are the time point when RNAs were isolated. The approximate half-lives of the indicated mRNAs are shown in the columns on
the right. ¢ or cyto., cytoplasmic mRNAs; n or nucl., nuclear mRNAs; globin, reporter mMRNAs from the indicated plasmids; control, mMRNA from the co-
transfected control plasmid HBG; probe, undigested 575-nt probe for the internal control mMRNA (probes for other indicated mRNAs are not visible in

the gels); c/n ratio, cytoplasmic and nuclear reporter mRNA distribution ratio after being normalized using the internal control mR#GIgdved/
unpolyadenylated transcripts from the indicated plasmids;, mheaved/polyadenylated transcripts from the indicated plasmids; % pércentage of
cleaved/polyadenylated mRNAs in total mRNA fractions;p&n ratio, cytoplasmic and nuclear distribution ratio of cleaved/polyadenylated mRNAs.

placed 135 nt upstream of the AAUAAA element of the with the internal probe (Figure 1C and D). Intronless globin
SV40 poly(A) signal. For control purposes, the same histone transcripts are defective in nucleocytoplasmic transport
sequence was inserted into pSVL, but in the opposite direc- regardless of whether they are polyadenylated (Figure 1C
tion, to make Ba-SV. Our previous studies showed that this and D). Taken together with the experiments discussed
element exhibited no activitin vivo when placed in the  above, these data suggest that the low level of cytoplasmic
opposite direction in all constructs tested (Huang and Carm- accumulation of globin mMRNA as measured by the internal
ichael, 1997). To address whether the histone element stimu-probe is due to at least two defects: poteBd processing
lates cleavage/polyadenylation vitro assays were carried and inefficient nucleocytoplasmic transport. The histone
out as described in the Materials and methods. As expected sequence corrects both defects.

the histone element significantly enhances cleavage/polyad-

enylation of the SV40 poly(A) signal when placed in the The histone element suppresses cryptic splicing

sense orientation (Figure 2B). The stimulation activity was Early in our studies we noticed that the overall level of
observed as early as 15 min after the start of incubation andglobin cDNA transcripts appears to be extremely low in
continued throughout the incubation period (Figure 2B and comparison with that of the histone element-containing tran-
C). In multiple repeated experiments, similar results were scripts (Figure 1B, C and D). This raised the concern that
obtained. The parental construct lacking the histone insertthe histone element might also influence transcription rates,
exhibits cleavage activity comparable to construct Ba-SV but closer examination revealed that this is unlikely to be
(data not shown). In additionin vitro polyadenylation the case. The globin cDNA construct in fact produces high
assays showed similar results, but were more difficult to levels of RNA, most of which are cryptically spliced and
guantitate owing to the heterogeneity of poly(A) addition polyadenylated, yielding productsthatwere missedin previ-
(data not shown). Taken together, these results stronglyous assays. As shown in Figure 3, lanes 3 and 4, a 50-nt
suggest that the histone element acts to enhance poly-bandisdetectedin RNA samples from cells transfected with

adenylation/cleavage of nascent RNAs. the globin cDNA construct and not in the RNA of cells
transfected with the element-containing globin construct

The histone element facilitates nuclear export of (lanes 1 and 2). Insertion of the histone element in the

polyadenylated mRNAs antisense orientation does not inhibit cryptic splicing

Although 3-globin cDNA expression exhibits an apparent (Figure 3, lanes 5 and 6). In addition, the same 50-nt band
3’-end processing defect, enhanced polyadenylation canis always seenin RNase protection assays of globin mRNAs
only partially account for the transport defects measured into which sequences from regions of the histone H2a gene
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—&— Ba-SV experiment was performed in the same way as that shown in Figure 1C,
except that the bottom of the gel is also shown to reveal the cryptically
spliced products. Lanes 1 and 2, cytoplasmic and nuclear RNAs from
cells transfected with construct 2B>. Lanes 3 and 4, cytoplasmic and
nuclear RNAs from cells transfected with construgL-)2(-). Lanes 5
and 6, cytoplasmic and nuclear RNAs from cells transfected with
construct Bg3G, which contains the 101 nt histone element in the
antisense (nonfunctional) orientation. Cryptic splice, the 50-nt fragment
representing a cryptically spliced mRNA species from the globin cDNA
construct; *, non-specific background bands which appear variably in all
lanes. Other labels are the same as described for Figure 1C.

% cleavage

that cryptic splicing occurs, removing the globin coding
region as an intron, hence resulting in the lower levels
of the properly polyadenylated globin mRNA. Moreover,
when corrected for the fact that the probes used in the RNase
°0 o 0 0 0 o protection assays are internally labeled, the abundance of
the 50-nt protected fragment suggests that the globin cDNA
construct expresses the same, or even slightly higher levels
Fig. 2. The histone element stimulates cleavage/polyadenylation ofthe ~ Of transcripts compared with the cDNAs into which the
SV40 late poly(A) site. &) Constructs. The open boxes represent the histone element has been inserted. A simple interpretation

101-nt histone element sequence. Arrows inside the boxes indicate the  for these observations is that the presence of the histone
orientation of the element relative to the direction of the transcription element suppresses cryptic splicing.

which is marked by the angled arrows. The solid ovals depict the SV40

Minutes

poly(A) site and the thin lines indicate bacterial vector sequences. The In order to Conﬁrm cryptic spliqing, an_d to map'the site
sizes of the substrate RNAs and the cleaved products are also shown  Of the putative cryptic event within globin transcripts, we
beneath the constructs. Figures are not drawn to s&jl&iifie course used a series of probes spanning the eftigdobin tran-

(in minutes) of the reaction. The substrates were incubated under

conditions as described in Materials and methods for the indicated time scribed regionin RNase protectionassays. Results presented

points and the experiments were performed in triplica? Quantifi- in Figure 4 re\_/ealed that, indeed, a cryptlcgﬁ)h_ce site
cation of the time course reaction. The cleavage efficiency is presented asmMaps 1o a position 51 nt downstream of tded site that
the percentage of the cleaved products. was used for the insertion of all transport elements. The

globin cDNA construct (Figure 4B, lane 2) expresses high
which do not have effects on globin mRNA transport have levels of RNAs that are cryptically spliced from this site.
been inserted (data not shown). Interestingly, this 50-nt When corrected for the small size of this band and the U-
product is detected only with the 575-nt internal control content of the protected radiolabeled probes, this spliced
probe, which harbors part of the plasmid vector sequencesspecies is actually slightly more abundant than the full-
and which has the potential to form base-paired interactionslength species, which includes both polyadenylated and
with globin cDNA transcripts that may have extended into non-polyadenylated RNAs. In numerous other assays, con-
the bacterial plasmid vector sequences downstream of thestructs that showed defects in the cytoplasmic accumulation
globin polyadenylation site. Since cleavage/polyadenyl- of globin mRNAs also displayed the cryptic band (data not
ation of the cDNA transcripts at the normal site occurs at shown), and constructs which contain functional transport
low efficiency (Figure 1), it was therefore highly likely that elements always lack this band (Figure 4B, lanes 3-5; data
the bulk of the globin cDNA transcripts are cryptically not shown). Other RNA probes spanning the globin gene
polyadenylated downstream of the normal poly(A) site, and failed to reveal the presence of any other major site of
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in the experiments of Figures 1A and 6A. Bottom, the sequence of the
cryptic 5 splice site is shown below the diagram of fhglobin

construct. B) RNase protection assay of total cellular RNAs isolated
from cells transfected withfp1(-)2(-), lane 2; 283G, lane 3;

p2XTK119B 1(-)2(-), lane 4; and HB\B G, lane 5. Lane 1 is

molecular weight markers. In lane 2, 4-fold more total RNA was used

antisense orientatiof?P-labeledin vitro-transcribed sub-
strate RNAs were incubated with HeLa cell nuclear extracts
under splicing conditions for the indicated time periods.
The splicing activity of the reporter RNAs was compared
with that of the control RNAs. Spliced products and splicing
intermediates accumulate as the incubation time increases
for the control substrates BSAd1 RNA (Figure 5, lanes 1—
4), and Ba-BSAd (lanes 5-8), which contains the histone
element in the antisense orientation. In striking contrast,
however, B-BSAd RNA, which contains the histone element
in the sense orientation, failed to produce detectable
amounts of splicing products (Figure 5, lanes 9-12). The
same results have been seen when the histone element was
inserted in othein vitro splicing cassettes (data not shown).
These results, taken together with those described above,
strongly suggest that the histone element acts to inhibit
splicing in an orientation-dependent manner.

Two viral mMRNA transport elements share

functional similarity with the histone element

Two viral transport elements, a 119-nt sequence from the
HSV-TK gene (Liu and Mertz, 1995) and a 534-nt sequence
from HBV (Huang and Liang, 1993; Huang and Yen, 1995;
Donelloet al., 1996) have been shown to stimulate cyto-
plasmic accumulation of humdgnaglobin cDNA transcripts.
Since both elements derive from naturally intronless genes,
we wondered whetherthey actin a similar way to the cellular
histone H2a element. To test this hypothesis, two plasmid
constructs containing either the TK or the HBV element in
the 3-globin cDNA vector [81(-)2(-) were used. Plasmid
pP2XTK11P1(-)2(-) contains two tandem repeats of the
119-nt TK sequence inserted int@—)2(-) (Figure 5A;

Liu and Mertz, 1995). In plasmid HBY3G, the 534-nt HBV
sequence was inserted at the same position (Figure 6A).
Each of the two reporter constructs was transiently trans-
fected into COS7 cells and the nucleocytoplasmic distribu-
tion of RNAs was examined by RNase protection assays
(Figure 6B and C).

As in the case of the histone element, the presence of the
TK or the HBV sequences leads to an increase in cyto-
plasmic levels of globin mRNAs as revealed using the
internal probe (Figure 6B, compare lanes 3, 5 and 7 with 1).
This is consistent with results reported by others (Huang

than in lanes 3-5 in the protection assays. Other unmarked bands evidentand Liang, 1993; Huang and Yen, 1995; Liu and Mertz,

in this panel were variable, non-specific protection results commonly
seen in our RNase protection assays.

cryptic splicing (data not shown). Note that in Figure 4B,
lane 2, 4-fold more total RNA was used than in lanes 3-5
in the protection assays.

The histone element inhibits splicing in vitro

To further examine the role of the histone element in spli-
cing, in vitro splicing experiments were performed
(Figure 5). The constructs B-BSAd and Ba-BSAd were
derived from plasmid pBSAd1, which was a generous gift

1995; Donelleet al., 1996). Strikingly, however, when the
3’-end probe was used, the two viral elements not only
appear to significantly enhance the level of polyadenylated
globin mRNA, but also to increase the c/n ratio of the
MRNA, as does the histone element (Figure 6C, compare
lanes 6—11with 4 and 5). The presence of poly(A) on cleaved
messages was confirmed by oligo(dT)-affinity chromato-
graphy (data not shown). Intriguingly, the presence of either
of the viral elements also leads to disappearance of cryptic
splicing products (Figure 6C, lanes 6—11; also see Figure 4B,
lanes 3-5). MRNA stability analysis indicated that the ele-
ment-containing, polyadenylated mRNAs are not more

from E.lzzauralde. The reporter construct B-BSAd has the stable than the globin mRNA itself in either compartment
101-nt histone elementinserted in the sense orientation into(Figure 6D).

the pBSAd1 intron region 91 nt downstream of theplice
site. RNAs transcribed from this construct consist of a 149-
nt intron which is flanked by a 92-nt exon at theehd and

a 101-ntexon atthe'@nd. Plasmid, Ba-BSAd, differs from
B-BSAd in that the histone element was inserted in the
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A , a decreased level of spliced mRNA (Figure 7B, compare
PR RRE o poly(A) signal lanes 3 and 4 with lanes 1 and 2).
pDM128 ‘E_!—@—_'-— Intriguingly, each of the three elements appears sufficient
Mscl * Bnoplicad 997 it to replace the function of Rev and RRE in construct
—— spliced - 185 nt pDM128. In the absence of Reyv, inclusion of any of these

elements leads to elevated cytoplasmic levels of unspliced
reporter mMRNAs. At the same time, the levels of the spliced
B.128 N {2t 201.301 mMRNAs are decreased (Figure 7B, compare lanes 5-10 with
- — istone ant - H H H
2TK-128 tandem repeats of HSV-1 TK nt 361-479 1and 2). Like RRE, each of the elements is functional only

HBV-128 ——— human hepatitis B virus nt 1151-1684 in the sense orientation (Huang and Carmichael, 1997; data
not shown). Moreover, addition of Rev does not enhance
B the effects of these elements (data not shown).
-REV_ +REV__HIS TK HBV
C NC N CNIGC NG CNM . .
contror DR o At s - Discussion
US S s o G e G T a0 Until recently it has been unclear why naturally intronless
353 .
MRNAs, such as histone mMRNAS, are capable of accumulat-
ing abundantly in the cell cytoplasm, while messages from
-z cDNAs of many intron-dependent genes are not (Gruss
< 2 ol 150 et al, 1979; Hamer and Leder, 1979; Gasseal., 1982;
Callis et al,, 1987; Buchman and Berg, 1988; Neuberger
pd 23 e 8 .0 &8 1k M and Williams, 1988; Chung and Perry, 1989; Dexial,
%S 52 16 15 16 18 1989; Ryu and Mertz, 1989; Jonssehal., 1992; Nesic
% US exported 31 88 85 87 82 et al, 1993). We have reported previously that a 101-nt

) . ) sequence from the mouse H2a gene enables efficient cyto-
Fig. 7. The three intronless mRNA transport elements share functional . . . .
similarity with Rev/RRE. ) Structures of the plasmid constructs. The plasmic aC_CumUIauon O_f h_um&gl()bm_CDNAtranSC”ptS!
solid boxes and the thin lines in between denote the exon and the intron  and that this element mimics the function of the HIV-1 Rev/
sequences from the HIV-1 gene, respectively. The RRE sequence,the  RRE in promoting nuclear export of unspliced mRNAs

rIV-1 polyadenyfation sequence and the unigltad st are also (Huang and Carmichael, 1997). In work to be presented
marked. The thick bars underneath the second construct indicate the . .
inserted elements. The probe and the predicted protected bands are elsewhere (‘]'POdOk.)ff’ Y._I-_|uang and G'CarmIChae.l’ !n pre-
indicated. 3ss, B splice site; 3ss, 3 splice site. B) RNase protection paratlon)_, we have identified a similar element within the
assays of RNAs prepared from COS?7 cells transfected with the indicated mouse histone H3.2 gene.

plasmids. Lanes 1-4 are mRNAs expressed from the parental pDM128 In this study, we have further elucidated the mechanism

construct+Rev, with co-transfection of the Rev-expressing vector; — by which the H2a element works. Using internal and
Rev, without co-transfection of the Rev-expression vector. Lanes 5-10, )

MRNAs expressed from the indicated plasmids in the absence of Rev 3’-end prOb_eS in RNase protection assays, 90mb'”e‘?' V\_“th
expression. M, molecular markers in nucleotides; HIS, mRNAs from B-  in vitro studies, we have demonstrated that: (i) the majority
128; TK, mRNAs from 2TK-128; HBV, mRNAs from HBV-128; US, of globin cDNA transcripts are not polyadenylated at the
unspliced mRNA; S, spliced mRNA. The quantification of the gel is natural site; (ii) properly polyadenylated gIobin mMRNAs
shown at the bottom. PR . . .
are defective in nucleocytoplasmic transport despite being
polyadenylated; (iii) cryptic splicing and polyadenylation
downstream of the globin poly(A) site appear to partly
plays a similar role to the HIV-1 Rev/RRE in inducing account for the low level of correctly processed globin
efficient nuclear export of unspliced mMRNAs (Huang and mRNAs; (iv) the histone H2a element, when present in
Carmichael, 1997). It has also been reported that the HBV the globin construct, corrects all the defects; ifv)vitro
element mimics the function of Rev and RRE (Huang and experiments further support the conclusion that the same
Liang, 1993; Huang and Yen, 1995; Donedibal., 1996). element acts not only to stimulate polyadenylation, but also
We therefore wanted to know whether the three intronless to inhibit splicing; and (vi) two intronless viral mRNA
message transport elements (histone, TK and HBV) act in transport elements, the HSV-TK element and the HBV ele-
a similar manner to HIV-1 ReVv/RRE in our experimental ment, may share functional similarity with the histone
system. To this end, each of the three elements was inserteactlement.
into the HIV-1-based construct, pPDM128, in the sense ori-  Thatthe histone element, aswell asthe two viral elements,
entation (Figure 7A). Following transfections, intracellular functions to directly facilitate mMRNA nuclear export is sup-
RNA distributions were measured by RNase protection ported by several lines of evidence. First, the presence of
assays, either in the presence or absence of Rev. each of the elementi® cis is able to rescue the nuclear
Rev, through its specific interaction with the RRE, export defect of polyadenylated globin mRNA, and
enhances the nuclear export of unspliced mMRNAs expressecenhancement of polyadenylation alone does not fully
from subgenomic HIV-1 constructs, with a concomitant account for the elevated cytoplasmic level of globin mRNA
decrease in the level of spliced mRNAs in COS7 cells measured by theinternal probe (Figure 6B and C). Secondly,
(Malim and Cullen, 1993). Consistent with this, the cyto- each of the elements exhibits functional similarity to the
plasmic level of the unspliced mRNA from the reporter HIV-1 Rev/RRE in stimulating nuclear export of unspliced
construct is increased ~3-fold in the presence of Rev mRNAs (Figure 7B). It has been shown that the Rev protein
(Figure 7B, compare lanes 1 and 3). Importantly, the harbors a nuclear export signal (NES) capable of directly
increased level of the unspliced MRNA is accompanied by promoting nuclear export of RRE-containing, unspliced
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MRNAs (Kallandet al., 1994; Meyer and Malim, 1994; the control constructs already exhibit significant activity
Bogerdet al., 1995; Fischeet al,, 1995; Fritzet al,, 1995; and therefore cannot be stimulated more than several fold
Stutzet al., 1995). It will be intriguing to discover whether by the histone element. In an independent study, Liu and
each of the intronless mRNA transport elements interacts Mertz reported that the HSV-TK elementincreases the accu-
with NES-containing proteins. It should be noted that the mulation of polyadenylated globin mRNA (unpublished
HSV-TK element has been shown to interact functionally data cited in Liu and Mertz, 1995). These results taken
with hnRNP L (Liu and Mertz, 1995). Whether the H2a and together pointto the notion thatenhancement of polyadenyl-
HBV elements also interact with this protein remains to be ation might be an intrinsic and perhaps general property of
determined. intronless MRNA transport elements.

It has been demonstrated that the specific interaction Forintron-containing messagess;t@rminal introns have
between Rev and the RRE is able to directly promote the been reported to enhance polyadenylation (Cadtisal,
nuclear export of unspliced mRNAs (Malim and Cullen, 1990; Huang and Gorman, 1990; Niwaal., 1990, 1992;
1993; Kallancket al., 1994; Meyer and Malim, 1994; Bogerd Pandeyetal.,, 1990; Liu and Mertz, 1993, 1996; Nesital.,
et al., 1995; Fischeet al., 1995; Fritzet al, 1995; Stutz 1993). Evidence exists that this enhancement is achieved
et al, 1995). Recently, the cellular export receptor for Rev, through direct interactions between splicing factors that
CRM1, has been identified (Nisht al., 1994; Wolffet al., bind to the terminal 3splice site and the polyadenylation
1997). CRM1 belongs to the importh-family and its machinery (Wassarman and Steitz, 1993; Lutz and Alwine,
gene product is the target for the cytotoxin leptomycin B 1994). Efficient nucleocytoplasmic transport of hunfan
(Fornerocktal,, 1997a,b; Gdich etal.,, 1997). Experiments  globin messages can be obtained by inclusion of introns
of microinjection intoXenopusoocytes have shown that (BuchmanandBerg, 1988; Colli$al., 1990) or by introdu-
export of both Revand U snRNA are blocked by leptomycin cing intronless transport elements (Huang and Yen, 1995;
B, indicating that Rev and U snRNA access the same exportLiu and Mertz, 1995; Huang and Carmichael, 1997;
pathway (Forneroét al., 1997a). Since the three elements Figure 6B and C). It is thus tempting to postulate that
discussed here all functionally mimic Rev/RRE in promot- intronless mRNA transport elements might function ana-
ing nuclear export of unspliced mRNAs, it is possible that logouslytotheterminalintronforthe recruitmentor stability
they might act by similar mechanisms. It would be interes- of the polyadenylation machinery. However, the histone
ting to find out whether export of these RNAs are also element along with the other two elements is unlikely to
sensitive to the inhibititory effect of leptomycin B. As Rev/ actually contain cryptic 3splice sites because (i) there
RRE has been reported to directly suppress splicing (Changappears to be no good 8plice site consensus sequences
and Sharp, 1989; Felbest al., 1989; Luet al, 1990; within these elements, and (ii) we have been unable to detect
Schwartzet al,, 1992; Stutz and Rosbash, 1994), which any use of a cryptic splice site when these elements were
might contribute to the lowered levels of unspliced mMRNAs cloned into the intron of the pDM128 vector (data not
(Figure 7B, compare lanes 3 and 4 with 1 and 2), we suggestshown).
thatthe three elements might each actto inhibitthe assembly In addition to stimulating polyadenylation and mRNA
or resolution of spliceosomes. This is further supported by export, our studies have revealed that the three elements
the notion that the histone element suppresses splicing bothexert negative effects on splicing. This is supported by the
in vitro andin vivo. Although less consistent with our results  following observations. First, each of the elements when
for the intronless MRNA elements, it has been suggestedpresent in the globin messages leads to the disappearance
that Rev/RRE may induce the export of unspliced mRNAs of a 51-nt band which most likely represents a cryptically
via a distinct pathway which precludes splicing (Malimand spliced product (Figure 4B). Secondly, the level of the
Cullen, 1993; Kallanét al., 1994; Meyer and Malim, 1994;  spliced product is significantly reduced from the HIV-1-
Bogerdet al., 1995; Fischeet al,, 1995; Fritzet al., 1995; related RNAs when each of the elements is pregents
Stutzet al., 1995). If this were true for the elements studied (Figure 7B). Finallyjn vitro splicing experiments indicated
here, then the lower levels of spliced products in Figure 7B that, when inserted into an intron, the histone element abol-
would be an indirect result of a transport phenomenon. ishes splicing from the substrate RNAs (Figure 5). It would
However, then vitro splicing results (Figure 5) would then  thus not be surprising if the two viral elements would also

remain to be explained. turn out to inhibit splicing in the samm vitro assays.
Polyadenylation has been shown to play an important Considering that naturally intronless messages may harbor
role in nucleocytoplasmic mMRNA transport (Eckretral., cryptic splice sites, the presence of these elements may help

1991; Huang and Carmichael, 1996a). The polyadenylation to prevent unwanted cryptic splicing events to odowivo.
machinery involves a multi-protein complex that specific- In so doing, these elements might also facilitate mMRNA
ally interacts withcis-acting elements present within the nuclear export, since splice sites and/or introns have been
target transcripts (reviewed by Collet al., 1990). Our shown to cause nuclear mRNA retention (Chang and Sharp,
transfection and RNase protection experiments have 1989; Legrain and Rosbash, 1989; Huang and Carmichael,
revealed that the histone element stimulates nuclear export1996b).

of globin cDNA transcripts partly by enhancing polyadenyl- It has been reported that inhibitory sequences (INS) pre-
ation. This is further confirmed by oum vitro cleavage/ sent within the HIV-1 messages prevent the messages from
polyadenylation studies. More intriguingly, twoviralintron-  being exported to the cytoplasm, and that interaction
less MRNA transport elements, the HSV-TK element and between Rev and RRE is able to overcome this inhibition
the HBV element, appear to act in the same manner (Rosenet al, 1988; Hadzopoulou-Cladaras al., 1989;
(Figure 6B and C). The stimulation of polyadenylation by Cochraneet al., 1991; Schwartzt al, 1992; Nasioulas
the histone elemeint vitro is only ~2-fold, while itappears et al, 1994; Mikddian et al, 1996). It is possible that

to be much greater than this vivo. In thein vitro assays naturally intronless messages may contain INS-like
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sequences as well and that the three elements studied her@anner. This construct was therefore used in all experiments as an internal

overcome the inhibitory effects. This would help them to control both for transfection efficiency and for subcellular fractionation.
L. . . Plasmids foiin vitro cleavage/polyadenylation assays originated from
mimic the function of Rev/RRE (Flgure 6B)'_ pSVL, which contains the SV40 late polyadenylation sequence and was
In summary, we have shown that the histone element kindly provided by J.Wilusz (Wilusz and Shenk, 1988). B-SV was created
performs three functions: (i) it enhances cleavage/poly- by cloning the 101-bp histone element into pSVL (Wilusz and Shenk,
adenylation of the intronless globin mRNAs; (ii) it exhibits 1988) at theEcaRl site, 135 nt upstream of the AAUAAA sequence of the

splicing inhibition activity botfin vivoandin vitro; and (i) 220 POYD Sie (o 280, [ Sonstruct BarSV. the 401t element

it directly promotes nuclear export of both intronless and  constructs B-BSAd and Ba-BSAd finrvitro splicing experiments were
unspliced mRNAs. Curiously, the HSV-TK and the HBV  derived from the adenovirus major late transcription unit (Figure 5). The
elements act the same way in our assays. Itis not known yetréairent plaksimii éoFr{ it\TAe coinstructionts is pB_Sfdfl, a ?i?_nerious g(;ft frotm_ Dr
H 3 H H .1Zzzauralae. olymerase transcripts from tnis plasmid contain a
WhEtherthese three functions e.lre fulfilled by asingle protein 149-nt intron flanked Ey ¥WO short exons.pTo make BPBSAd, the 101-
factor or multiple factors that bind to these elements. In our 1, hisione H2a sequence was inserted pBSA1 St site, 92 nt
favored model, a single protein factor might bind to each downstream of the 'Ssplice site. Ba-BSAd differs from B-BSAd in that
element and might then oligomerize along the transcript in the 101-bp element was inserted into pBSAd1 in the opposite direction.
a manner reminiscent of the HIV-1 Rev protein on RRE-
containing transcripts (Zapgt al., 1991). Two important  Cells and transfections
by-products of this interaction could be the recruitment or COS7 cells were maintained and propagated as described previously

i at ; ; (Huang and Carmichael, 1997). Transfections were carried out with a
stabilization of polyadenylation machinery to the correct modified CaPQ DNA coprecipitation method (Cahill and Carmichael,

poly(A) site, and the interference with the association of 19gg) Approximately 16 h prior to transfection, cells were diluted 2-fold
spliceosomes to nearby splice sites. If this putative factor and replated in 150 mm plates. Five micrograms of reporter DNBA(f)
contained a NES, then the export of unspliced mRNAS to 2(-), 2BfG, p2xTK11981(-)2(-), HBVSG, pDM128, B-128, 2TK-128
the cytoplasm would be further facilitated. As the HSV-TK  ©r HBV-128], 2pg of the control DNA H-3G and 27.g of pBluescript

elementhasbeen shownto functionally interact withhnRNP t'?g‘nﬁfg[:t?;n?ev_ex'oress'ng plasmid pRSV-Rev were used per plate for

L (Liu and Mertz, 199_5), we further speculate that some but  Total, nuclear and cytoplasmic RNA preparation. RNAs were isolated
not all hnRNP proteins may possess these properties. An48 hafter transfection. For the preparation of cytoplasmic RNA, cells were
alternative model would be that a single protein may bind rinsed free of media with ice-cold phosphate-buffered saline and were then

e S disrupted with an NP-40 lysis buffer (10 mM HEPES pH 7.6, 10 mM
to the elements and initiate the binding of other factors that NaCl. 3 mM MgCh and 0.5% NP-40) on ice for 30 s, Cytoplasmic lysates

perform the functlons of splicing inhibition and enhance- \ere collected in new tubes and appropriate amounts of guanidinium

ment of polyadenylation. thiocyanate crystals were added to give a final concentration of 4 M.
It will be of great interest and importance to identify the Cytoplasmic RNA was then purified by centrifugation at 30 000 r.p.m.

factor(s) that specifically interacts with the histone element. through 5.7 M CsCl step gradient in an SW41 rotor. For nuclear RNA, the

. . above intact cell nuclei which were still attached to the plates were rinsed
Studies toward this goal are already underway and I‘esu'tswithice-cold NP-40 buffer followed by lysisin 4 M guanidiniumisothiocy-

will bef presented elsewhere. We have Qbserved that theanate, 20 mM sodium acetate pH 5.2, 0.1 mM dithiothreitol (DDT), and
three intronless message elements studied here share n0.5% N-lauryl sarcosine. For total RNA, cells were washed, then lysed
obvious sequence similarities, and we therefore suspect thagirectly with 4 M guanidinium isothiocyanate, 20 mM sodium acetate

; ; ; + pH5.2,0.1 mM DDT, and 0.5%l-lauryl sarcosine. As described above,
they might be recognized by different factors. However, it RNA was then pelleted through cesium chioride.

1S also equa”y plausible to hypothesize that. they might ", e actinomycin D time course analyses, nuclear and cytoplasmic

interact with a common factor(s) that recognizes the ele- RNAs were extracted 0, 4 and 8 h after treatment with jzgbnl final

ments based on their RNA secondary or tertiary structures. concentration of actinomycin D and were analyzed by the quantitative

Finally experiments are under way to determine whether RNase protection assays. Due to low levels of the mRNAs expressed from
2 - pB1(-)2(-), 10 rather than fig of pB1(-)2(-) DNA was used in the

the hISthe elemgnt_plays a,rOIe In nprmal HZaeBd transfections to facilitate quantitation.

processing, considering that in somatic cells, the mouse

histone H2a messages processed by a mechanism otherthaﬁNase protection assays

polyadenylation. Internally labeled RNA probes were madeihyitro transcription by T3

or T7 RNA polymerase in the presence at§2P]JUTP. DNA templates
were removed by RQ1 DNase digestion followed by phenol/chloroform
extraction. Internally labeled riboprobes were hybridized to target RNAs
at 60°C overnight, as described previously (Huang and Carmichael, 1997).
The hybridization products were digested with a T1/T2 mixture (Huang
and Carmichael, 1997) at 37°C for 1.5 h and the resulting samples were
resolved on 6% denaturing polyacrylamide gels. Routinely, 50% volume
of total nuclear and cytoplasmic RNA samples were used for each RNase
protection assay.

Materials and methods

Plasmid constructs

Plasmids B1(-)2(-), pXTK11931(-)2(-) (Liu and Mertz, 1995),
pDM128, pRSV-Rev (Peterliat al., 1986; Hopeet al.,, 1990), B-128 and
H-XBG (Huang and Carmichael, 1997) have been described previously.
2B-BG was built by inserting two sense orientation tandem repeats of the
101-bp mouse histone H2a sequence (nt 201-301 relative to the H2a
transcription start site) into thecd site of p31(-)2(-) (Figure 1A). HBV- Quantitation of RNase protection data

BG was made by cloning the 534-bp human HBV PCR fragment (nt 1151— Protected bands were quantitated using a Packard Instant Imager. Back-
1684) into theNcd site of pP31(—)2(-) in the sense orientation (Figure 6A).  ground was subtracted using regions of identical size located immediately
2TK-128 and HBV-128 were made by inserting two tandem repeats of below each of the experimental bands. When bands within the same lane
HSV-1 TK sequence (nt 361-479 relative to the TK transcription start site) were compared, values were adjusted for length and uridine content,

and the 534-bp HBV PCR fragment into pDM128 opened viithd, because the radioactive probes used were internally labelePR{iUTP.
respectively (Figure 7A). H-BG (Figure 1A) was created by fusing a In order to accurately determine the subcellular distribution of various
Xenopus laevig-globin cDNA sequence immediately 8f the mouse RNAs, the c/n ratio of RNA expressed from the internal control plasmid

histone H2a sequence (nt -2 to 494 relative to the H2a transcription start H-X3G was used to normalize all experimental results. In different experi-

site without including the stem—loop processing sequence) (Huang and ments, this ratio varied slightly. We arbitrarily set 0.50 as a standard ratio
Carmichael, 1997). mRNAs expressed from this construct are polyadenyl- for normalization purposes, and values for other RNAs were adjusted by
ated and partition between the nucleus and the cytoplasm in a reproduciblethe same amount.
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In vitro experiments requirements within the humdhglobin gene and the dominant control
Nuclear extracts were prepared from HelLa cells by the procedure of region of high level expressioEMBO J, 9, 233-240.

Dignam et al (1983) with the modifications described by Wilusz and Cullen,B.R. (1992) Mechanism of action of regulatory proteins encoded
Shenk (1988). Substrate RNAs were transcribed by Sp6 RNA polymerase by complex retroviruseddicrobiol. Rev, 56, 375-394.

(Gibco-BRL) forin vitro cleavage reactions, or by T7 RNA polymerase Deng,T., Li,Y. and Johnson,L.F. (1989) Thymidylate synthase gene

for in vitro splicing reactions in the presence of BCi of [32P]CTP expression is stimulated by some (but not all) intrddacleic Acids
and m7GpppG. RNAs were gel purified, eluted and ethanol precipitated.  Res, 17, 645-658.

Briefly, cleavage reactions were carried outin a volume gfit®ntaining Dignam,J.D., Lebovitz,R.M. and Roeder,R.G. (1983) Accurate
58% Hela cell nuclear extract, 2.5% polyvinyl alcohol, 1 mMdATP, transcription initiation by RNA polymerase Il in a soluble extract from
1 mM EDTA and 2x10* c.p.m. of32P-labeled RNA substrates’-8ATP isolated mammalian nucleélucleic Acids Res11, 1475-1489.

was included to terminate the poly(A) addition in order to facilitate quant- Donello,J.E., Beeche , A.A., Smith,G.J.,lll, Lucero,G.R. and Hope,T.J.
itation of products that had undergone cleavage followed by addition of ~ (1996) The hepatitis B virus posttranscriptional regulatory element is
the first adenosine residue. The reactions were incubated for the indicated composed of two subelemends.Virol., 70, 4345-4351.

time period at 30°C and the resulting products were phenol/chloroform Eckner,R., Ellmeier,W. and Birnstiel,M.L. (1991) Mature messenger RNA
extracted and ethanol precipitated. The RNAs were resolved on 6% dena- 3’ end formation stimulates RNA export from the nucleE®BO J,
turing polyacrylamide gels. Splicing reactions were performedinavolume 10, 3513-3522.

of 20 pl containing 1.5% PEG, 0.1 mM ATP, 20 mM phosphocreatine, Felber,B.K., Hadzopoulou-Cladaras,M., Cladaras,C., Copeland,T. and
1.5 mM HEPES pH 7.9, 40% Hela nuclear extract, 2.5 mM Mg&id Pavlakis,G.N. (1989) rev protein of human immunodeficiency virus
2x10* c.p.m. of substrate RNAs. The reactions were incubated at 30°C  type 1 affects the stability and transport of the viral mRNeAoc. Natl

for the indicated times and resulting products were phenol/chloroform  Acad. Sci. USA86, 1495-1499.

extracted and ethanol precipitated. The RNAs were analyzed on 8% dena-Fischer,U., Huber,J., Boelens,W.C., Mattaj,|. W. and Luhrmann,R. (1995)

turing polyacrylamide gels. The HIV-1 rev activation domain is a huclear export signal that accesses

an export pathway used by specific cellular RNBsll, 82, 475-483.
Quantitation of in vitro reactions Fornerod,M., Ohno,M., Yoshida,M. and Mattaj,|.W. (1997a) CRML1 is
RNA products from processing reactions on polyacrylamide gels were ~ an export receptor for leucine-rich nuclear export sign@lisll, 90,
quantitated using a Packard Instant Imager.iRavitro cleavage assays, 1051-1060.

the processing efficiency was determined from the percentage of cleavedFornerod,M., Van Deursen,J., Van Baal,S., Reynolds,A., Davis,D.,
products. Substrates were prepared to the same specific activity to ensure Murti,K.G., Fransen,J. and Grosveld,G. (1997b) The human homologue

proper comparison. Experiments were repeated at least three times and ©f yeast CRM1 is in a dynamic subcomplex with CAN/Nup214 and a
representative results are presented. novel nuclear pore component Nup&\vBO J, 16, 807-816.

Fritz,C.C., Zapp,M.L. and Green,M.R. (1995) A human nucleoporin-like
protein that specifically interacts with HIV ReNature 376 530-533.
Gasser,C.S., Simonsen,C.C., Schilling,J.W. and Schimke,R.T. (1982)
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