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Herpes simplex virus genes are predominantly intronless. We identified cis-acting elements in the intronless
herpes simplex virus type 1 thymidine kinase (TK) gene that facilitate intron-independent gene expression. TK
sequences functionally replaced the hepatitis B virus (HBV) posttranscriptional regulatory element (PRE) by
inducing the expression of the intronless HBV surface message. TK also activated the pDM138 assay by
inducing the cytoplasmic accumulation of intron-containing RNA. Multiple cis-acting RNA sequences, or
subelements, that induce cytoplasmic localization of unspliced RNA were mapped within the TK gene. The
presence of multiple RNA subelements within the TK gene is reminiscent of the multiple subelements in the
HBV PRE required for the cytoplasmic accumulation of intronless HBV RNAs. Similar to HBV PRE subele-
ments, duplication of a single TK subelement resulted in greater-than-additive increases in activity. A reporter
chimera containing a single TK subelement juxtaposed to an HBV PRE subelement demonstrated a commen-
surate increase in activity. These results suggest that viral intronless genes utilize a similar strategy for
intron-independent gene expression that requires multiple cis-acting RNA signals. Furthermore, like HBV
PRE-containing RNA, TK cytoplasmic localization is not sensitive to leptomycin B, a drug that inhibits the
export of proteins containing nuclear export signals. From this, we conclude that proteins that bind TK and
facilitate its cytoplasmic accumulation do not travel through a CRM1-dependent RNA transport pathway.

The study of intron-dependent gene expression has, in large
part, been inseparable from that of intron-independent gene
expression. Several groups that investigated the intron depen-
dence of b-globin gene expression also studied the intron in-
dependence of the thymidine kinase (TK) gene from herpes
simplex virus type 1 (HSV-1) (3, 10). They concluded that
b-globin gene expression absolutely requires the presence of
an intron but TK expression is intron independent. In fact, the
TK gene induced the cytoplasmic accumulation of unspliced
RNA when placed 59, but not when placed 39, of a b-globin
intron (10). The ability to generate cytoplasmic intron-contain-
ing RNA in an orientation-dependent manner suggested that
TK may utilize an intronless RNA-processing pathway, distinct
from that utilized by intron-containing messages, that lacked
splicing. The groups concluded that sequences within the TK
gene may be responsible for intron-independent gene expres-
sion, yet none of the groups mapped any activity to a specific
region. A report by Liu and Mertz was the first to precisely
map a positive cis-acting RNA sequence within TK that en-
ables intron-independent expression of intronless b-globin
(18). The 119-nucleotide sequence, designated a pre-mRNA-
processing enhancer (PPE), was shown to interact with heter-
ogeneous nuclear ribonucleoprotein (hnRNP) L from nuclear
extracts in a sequence-specific manner. The PPE was postu-
lated to increase the efficiency of intronless mRNA expression
posttranscriptionally.

Besides the TK PPE, the only other known viral cis-acting
RNA sequences responsible for the cytoplasmic accumulation
of intronless RNAs are the hepatitis B virus (HBV) and wood-
chuck hepatitis virus posttranscriptional regulatory elements,

HBV PRE and WPRE, respectively (5, 14, 16, 17). The HBV
PRE has a bipartite structure composed of two subelements, a
and b, while the WPRE is composed of three subelements, a,
b, and g (4, 5). Similar to the PPE, the PREs function inde-
pendently of any virus-encoded proteins.

We investigated whether the TK gene and the PREs func-
tion similarly. The PPE of TK seemed a likely candidate for a
cis-acting RNA element homologous to a PRE subelement.
Liu and Mertz alluded to the possibility that more than one
PPE is present within the TK gene. Furthermore, if there were
multiple PPEs within the TK gene, we hypothesized that they
would act cooperatively in facilitating cytoplasmic localization
of unspliced RNA similar to PRE subelements (4, 5). By study-
ing cis-acting RNA sequences within TK, we sought to deter-
mine whether the TK gene contains positive cis-acting se-
quences besides the PPE element capable of facilitating
cytoplasmic accumulation of intronless RNA and whether the
TK sequences behave similarly to PRE subelements.

MATERIALS AND METHODS

Plasmids. The chloramphenicol acetyltransferase (CAT) reporter plasmid
pDM138 (henceforth referred to as 138) has been previously reported (13). The
TK gene fragments tested in this study were amplified by 40 cycles of PCR with
an HSV TK (strain CL101) plasmid clone as a DNA template. To construct the
TK reporter derivatives, 34-base oligonucleotides were synthesized and used to
PCR amplify the fragment of interest from the TK DNA template. The oligo-
nucleotides contained either one of two possible 59 sequences (GCGCTCGAG
AATCGAT or GCGGGATCCATCGAT), followed by 18 bases of the TK se-
quence. All TK nucleotides are numbered relative to the transcription initiation
site (27). The PCR products were purified on a 2% agarose gel, digested with
ClaI or BamHI, and ligated into either the ClaI or the BglII site of 138. The
TK119LSO mutation was generated by PCR mutagenesis. The cytomegalovirus
(CMV) surface gene expression construct HSAg (HBV surface antigen) was
synthesized by amplifying nucleotides (nt) 135 to 1685 by utilizing HBV (acces-
sion no. D00329) DNA as the template. The amplified fragment was digested
with SacI and BglII and ligated into a SacI-BglII-digested CMV expression
construct. The HBV PRE was then removed from HSAg by digestion with
EcoRV, and the vector was religated to yield the DR5 surface expression vector.
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TK(60-1242), TK(641-841), and WPRE PCR-amplified fragments were gel pu-
rified, digested with ClaI, and then ligated into the ClaI site of DR5.

Cell culture and transfections. 293 and CV-1 cells were grown at 37°C (5%
CO2) in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum. For transfection, a confluent 10-cm-diameter plate was split 1:250 into the
wells of a 24-well plate approximately 24 h before transfection. For CAT assays,
293 cells were transfected in triplicate with 80 ng of the reporter plasmid, 10 ng
of the b-galactosidase expression vector (pCH110; Pharmacia), and 310 ng of
pUC118 via the CaPO4 method. 293 cells were transfected by adding the DNA-
CaPO4 mixture to the medium. The medium was changed 16 h after transfection.
Cells were harvested 36 to 48 h after transfection with Reporter Lysis Buffer
(Promega), cellular debris was pelleted, lysates were normalized for transfection
efficiency with b-galactosidase, and normalized amounts of lysate were used for
CAT assays as previously described (4). For CAT assays utilizing leptomycin B
(LMB), CaPO4 transfections were done as mentioned above, except that the
precipitates were divided in half and added to cells that would be treated with
and without LMB. At 18 h posttransfection, the medium on the cells was changed
with fresh medium containing 5 nM LMB or medium alone. The cells were
harvested 24 h later in Reporter Lysis Buffer and processed as described above.
For HBV surface gene expression assays, CV-1 cells were transfected in dupli-
cate via the CaPO4 method with 25 mg of surface expression reporter and 5 mg
of CMV secreted alkaline phosphatase reporter. To prepare CV-1 cells for
transfection, a confluent 10-cm-diameter plate was split 1:8 into 10-cm-diameter
plates 24 h prior to transfection. To transfect CV-1 cells, the medium was
removed and the DNA-CaPO4 mixture was added directly to the cells. After 10
min, 6 ml of medium was placed onto the cells. The medium was changed
approximately 16 h after transfection. The medium was harvested 48 h later and
assayed for HSAg.

CAT assay. 293 cells were resuspended in 200 ml of Reporter Lysis Buffer
(Promega). The lysates were spun briefly to pellet insoluble debris. An aliquot of
each lysate was assayed for b-galactosidase activity, which was then used to
normalize each lysate for transfection efficiency. The normalized lysates were
equalized with Reporter Lysis Buffer and incubated at 37°C for 1 h to several h
with 1.5-nCi/ml [14C]chloramphenicol (50 to 60 mCi/mmol) and 1 mM acetyl
coenzyme A in 50-ml volumes. The substrate and products were resolved by
thin-layer chromatography and quantitated by a PhosphorImager (Molecular
Dynamics). The mean percent acetylation was calculated from the percent con-
version of each repeated point. The standard error of the mean was calculated by
dividing the standard deviation of a datum set by the square root of the number
of samples within the datum set. All experimental points were assayed in tripli-
cate, each experiment was repeated at least twice, and representative results are
presented.

Surface gene expression assay. The medium from duplicate transfections was
assayed for secreted alkaline phosphatase, which was then used to normalize
each supernatant for transfection efficiency. Normalized amounts of supernatant
were then assayed for the presence of HSAg with the Ausria II kit (Abbott
Laboratories), and the HSAg was quantitated in a gamma counter. All experi-
mental points were assayed in duplicate, each experiment was repeated at least
twice, and representative results are presented.

RNA analysis. For Northern blot analysis, 293 cells were transiently trans-
fected with 10 mg of 138TK and 10 mg of 138RRE. A 1-mg sample of b-galac-
tosidase reporter was included in each transfection. Two DNA-CaPO4 precipi-
tates were prepared for each reporter and used to transfect two plates (10-cm
diameter) each. This was done to achieve similar transfection efficiencies for all
reporters. The cells were harvested and lysed in cytoplasmic lysis buffer (10 mM
HEPES [pH 7.8], 10 mM KCl, 0.1 mM EDTA, 20% glycerol, 0.5% Nonidet
P-40). The lysed cells were spun at 8,000 3 g, and the supernatant was recovered
and spun for an additional 5 min at 14,000 3 g. The supernatant was then
transferred to 1 ml of RNA Stat-50LS (Tel-Test). The nuclear pellet from the
first spin was resuspended in 1 ml of cytoplasmic lysis buffer and spun at 8,000 3
g for 3 min. The supernatant was discarded, and the pellet was resuspended in
800 ml of nuclear buffer (10 mM Tris [pH 8.4], 1.5 mM MgCl2, 140 mM NaCl,
20% glycerol). The sample was centrifuged at 8,000 3 g, and the supernatant was
discarded. The pellet was resuspended in 300 ml of nuclear buffer and lysed with
1 ml of RNA Stat-50LS. The manufacturer’s RNA Stat-50 protocol was followed.
After RNA purification, the samples were treated with DNase for 15 min at 37°C.
Nuclear (5 mg) and cytoplasmic (10 mg) RNAs were run on a 1% agarose–
formaldehyde gel and transferred to a nylon membrane (Stratagene). The North-
ern blot was prehybridized in QuikHyb (Stratagene) for 1 h at 65°C and then
hybridized with 32P-labeled CAT and glyceraldehyde-3-phosphate dehydroge-
nase probes for 2 h at 65°C. The blot was washed in 23 SSC (13 SSC is 0.15 M
NaCl plus 0.015 M sodium citrate) at room temperature and then in 0.13 SSC
at 65°C and exposed to X-ray film, and an autoradiograph was obtained.

RESULTS

The TK gene can functionally replace the HBV PRE in an
HSAg expression assay. To assess whether the TK gene can
functionally replace the HBV PRE, we utilized an intronless
HSAg expression construct that is dependent on the HBV

PRE for cytoplasmic localization of surface RNA (16). Previ-
ous studies have demonstrated that efficient HBV surface gene
expression requires the PRE (16). We used an HSAg con-
struct, DR5, with HBV PRE deleted to construct the surface
reporter vectors (5). WPRE and TK nt 60 to 1242 (relative to
the transcription start site [27]) were inserted into DR5 in the
sense and antisense orientations (Fig. 1A) and transfected into
CV-1 cells, and the supernatants were assayed for surface
protein 48 h after transfection. The results in Fig. 1B demon-
strate that DR5TK induced surface protein expression to levels
similar to those of the positive HSAg control and DR5WPRE.
The DR5 reporter with the TK gene in the antisense orienta-
tion had no increase in activity over that of the DR5 vector
alone. We concluded that the TK gene can functionally replace
PREs and induce cytoplasmic localization of intronless surface
transcripts in an orientation-dependent manner.

The TK gene can localize unspliced reporter RNAs to the
cytoplasm. To delineate cis-acting RNA sequences within the
TK gene, we employed a well-characterized reporter system
used to map PRE subelements (4, 5) and the RNA export
elements of complex retroviruses (12, 13, 19). The system uti-
lizes pDM138, a plasmid reporter derived from the second
intron of human immunodeficiency virus type 1 (HIV-1) in
which the HIV env gene is replaced with the CAT gene (13).
When pDM138 is transiently transfected, the CAT gene is
translated only if unspliced RNAs accumulate in the cyto-

FIG. 1. (A) Schematic illustration of HBV surface vector DR5 and derivative
reporter constructs containing the WPRE and the TK gene in the sense and
antisense (AS) orientations. (B) Surface protein assay demonstrating the effect
of TK gene sequences on surface protein expression. The TK gene induces
surface gene expression to levels comparable to those produced by WPRE and
the HSAg control which contains the HBV PRE. The TK gene in the antisense
orientation has no effect over that of empty vector DR5.
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plasm. Export of unspliced HIV-1 Rev response element
(RRE)-containing RNA depends on the presence of HIV-1
Rev.

To generate reporter plasmids, TK fragments were inserted
into 138. TK gene nt 60 to 1242 were inserted into 138 in the
sense orientation (Fig. 2A). The resulting reporter, 138TK, was
transiently transfected into 293 cells, which were subsequently
assayed for CAT activity. To compare the relative strength of
the TK gene with regard to that of known cis-acting RNA
elements, we also transfected 138 constructs containing the
HBV PRE (138PRE) (4) and the HIV-1 RRE (138RRE) with
pRSVRev. The results in Fig. 2B demonstrate that 138TK
induces CAT activity comparably to 138PRE. The HBV PRE
functions more efficiently than RRE/Rev due to the activation
of PRE enhancer I in 293 cells. The 138 reporter with the TK
gene in the antisense orientation did not induce any significant
CAT activity (data not shown).

To verify that 138TK CAT activity was due to the appear-
ance of unspliced RNA in the cytoplasm, a Northern blot was
performed on nuclear and cytoplasmic RNAs isolated from
293 cells transiently transfected with 138TK and 138RRE. Fig-

ure 2C illustrates that CAT-containing transcripts in the nu-
cleus and cytoplasm derived from 138TK are unspliced.

TK can function within the intron or exon of unspliced RNA.
The HBV PRE is position independent, since it induces cyto-
plasmic accumulation of unspliced RNA when placed within
the intron or exon of 138 (4). To determine whether TK is also
position independent, TK was inserted into the BglII site within
the 39 exon of 138 (Fig. 2A). 138, 138TK, and 138TKBglII were
transiently transfected into 293 cells, which were subsequently
assayed for CAT activity. The results in Fig. 2D demonstrate
that, similar to the HBV PRE, 138TK reporters induced CAT
activity to similar levels whether positioned within the intron or
the exon. The position independence of the TK gene in 138
further supports the hypothesis that sequences within the TK
gene that facilitate cytoplasmic accumulation are functionally
similar to the HBV PRE.

Deletion analysis of the TK gene. To test whether the PPE
functioned as a cis-acting minimal element in the CAT assay,
we constructed a 138TK reporter with a mutation in the PPE
(119LSO) reported to knock out its function (18). This re-
porter (138TK119LSO), 138TK, and 138 were transiently

FIG. 2. (A) Schematic illustration of the pDM138 constructs containing the TK gene, the HBV PRE, and the RRE. Base pairs are numbered from the transcription
start site (27). SD, splice donor; SA, splice acceptor; LTR, long terminal repeat. (B) pDM138 CAT assay demonstrating induction of the cytoplasmic localization of
unspliced, intron-containing RNA by TK gene sequences. The TK gene induces CAT expression to levels comparable to those induced by the HBV PRE. (C) Northern
blot analysis of nuclear and cytoplasmic RNAs from 293 cells transiently transfected with 138TK and 138RRE. The blot was hybridized with a probe that detects
CAT-containing RNAs. Both the TK- and RRE-containing CAT RNAs are present in the nucleus and cytoplasm at the predicted sizes for full-length, unspliced RNAs.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (D) pDM138 CAT assay demonstrating the ability of TK gene sequences to induce cytoplasmic localization of
intron-containing RNA when positioned outside the 138 intron. The TK gene induces CAT expression to similar levels when positioned outside or within the intron.
SEM, standard error of the mean.
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transfected into 293 cells, which were then assayed for CAT
activity. The 138TK119LSO reporter induced CAT activity
84% compared to 138TK (Fig. 3). A small but significant de-
crease in CAT activity was observed in the absence of PPE
function. However, the large amount of remaining CAT activ-
ity in 138TK119LSO is evidence that the PPE is not the sole
cis-acting RNA sequence within the TK gene and that other
elements exist.

Several 59 and 39 deletions of the TK gene were cloned into
138 (Fig. 4A and C). These TK deletion constructs and 138
were transiently transfected into 293 cells, and they were as-
sayed for CAT activity. The TK gene fragment including nt 60
to 541 contains the PPE (nt 361 to 479). As can be seen in Fig.
4B, 138TK(60-541) induced CAT activity 10% compared to
138TK. The larger 39 deletions, 138TK(60-841) and 138TK(60-
1041), induced CAT activity 36 and 66%, respectively, com-
pared to 138TK. The low-level CAT activity observed with the
PPE-containing reporter, 138TK(60-541), supports the conclu-
sion reached by others that the PPE is a minimal activity
element (18). Furthermore, the stepwise decrease in CAT ac-
tivity produced by the 39 deletions suggest that there are ad-
ditional cis-acting RNA sequences within the TK gene, 39 of
the PPE, responsible for cytoplasmic localization of unspliced
RNA.

The 59 TK deletion construct 138TK(541-1242) induced
CAT activity 80% compared to 138TK (Fig. 4D). Deletions 39
of nt 541 led to large decreases in activity. 138TK(841-1242)
and 138TK(1041-1242) retained only 15% of the CAT activity
of 138TK. Similar to the results obtained with 138TK119LSO
(Fig. 3), a significant decrease in CAT activity was caused by
deleting the PPE. These results further support the conclusion
that the PPE is a minimal activity element. Conversely, the
large amount of activity induced by 138TK(541-1242) and the
stepwise decrease in CAT activity caused by the 59 deletions
indicate that there are additional cis-acting RNA elements
within this region, a conclusion also reached with the 39 dele-
tions. Therefore, extensive deletion analysis was performed to
map the remaining minimal cis-acting RNA elements in the
TK gene.

The TK gene contains three cis-acting subelements. TK de-
letion analysis localized the cis-acting sequences to three re-
gions in the gene. One cis-acting sequence maps to TK nt 60 to
541 and contains the PPE (Fig. 4B and data not shown). The
other two previously unreported elements map to TK nt 641 to
841 and 941 to 1141 (Fig. 5B). Several similar experiments
were performed to confirm the minimal activity of the TK

FIG. 3. pDM138 CAT assay demonstrating the effect a PPE mutation has on
the level of TK-induced CAT activity. The reporter containing the PPE-mutated
TK gene, 138TK119LSO, has reduced activity (84%) compared to 138TK. SEM,
standard error of the mean.

FIG. 4. (A) Schematic illustration of the pDM138 constructs containing the
TK gene and several 39 deletions. (B) pDM138 CAT assay demonstrating the
stepwise decrease in activity of the 39 TK deletions. (C) Schematic illustration of
the pDM138 constructs containing the TK gene and several 59 deletions. (D)
pDM138 CAT assay demonstrating the stepwise decrease in activity of the 59 TK
deletions. For definitions of abbreviations, see the legend to Fig. 2.
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subelements (data not shown). Each region separately induced
a minimal amount of CAT activity in the 138 CAT assay, i.e.,
two- to threefold activation compared to 138 (Fig. 5C). Se-
quences that induce minimal CAT activity are defined as cis-
acting RNA subelements. Activities similar to those reported
here for TK subelements have been reported for HBV PRE
and WPRE subelements (4, 5).

To test whether a single TK gene subelement defined by the
138 assay would induce intronless surface RNA expression, we
constructed a DR5 reporter that contained TK gene nt 641 to
841. This construct, DR5TK(641-841), was transiently trans-
fected into CV-1 cells and then assayed for surface gene ex-
pression. As can be seen in Fig. 6, a single TK gene subelement
induced surface gene expression 41% compared to DR5TK.

Duplications of TK gene subelements exhibit increased ac-
tivity. Donello et al. demonstrated that duplication of either
HBV PRE a or b subelements resulted in an element that is at
least twice as active as a single subelement (4). To examine
whether TK gene subelements function similarly, TK nt 641 to
841 were duplicated and inserted into the 138 reporter (Fig.
7A). This 138TK(641-841x2) construct, 138TK(641-841), and
138 were transiently transfected into 293 cells, and the cells

were assayed for CAT activity. The duplication of the TK(641-
841) subelement increased CAT activity twice more than as
much as a single subelement (Fig. 7B). While 138TK(641-841)
induced 12% of the CAT activity induced by 138TK, 138TK
(641-841x2) induced 35% of that induced by 138TK. Duplica-
tions of the PPE were also observed to increase reporter func-
tion in a greater-than-additive manner (18).

Chimeric constructs containing TK and HBV PRE subele-
ments exhibit increased activity. When duplicated, TK nt 641
to 841 behaved like HBV PRE subelements, suggesting that
they are functionally similar. We hypothesized that if these
different subelements are functionally similar, reporters con-
taining multiple subelements from different intronless genes
may induce activity similarly to reporters containing subele-
ment duplications. To test this hypothesis, we created chimeric
reporters containing an HBV PRE subelement juxtaposed to a
TK subelement.

The HBV PREb subelement was inserted 39 of the TK nt
641 to 841 subelement (Fig. 8A) in 138. This chimeric con-
struct [138TK(641-841)PREb, 138TK], 138TK(641-841), 138
PREb, and 138 were transiently transfected into 293 cells, and
the cells were assayed for CAT activity. The results shown in
Fig. 8B demonstrate that (i) 138TK(641-841) and 138PREb
induced CAT activity to similar levels, i.e., 6% of that of

FIG. 5. (A) Schematic illustration of the pDM138 constructs containing sev-
eral TK internal deletions. (B) pDM138 CAT assay demonstrating the activity of
several TK internal deletions used to map the remaining cis-acting elements in
TK. 138TK AS contains TK in the antisense orientation. (C) pDM138 CAT assay
demonstrating the activity of the three TK minimal cis-acting RNA subelements
mapped by deletion analysis. For definitions of abbreviations, see the legend to
Fig. 2.

FIG. 6. HBV surface gene expression assay demonstrating that one TK gene
subelement, nt 641 to 841, is sufficient to induce intronless surface gene expres-
sion.
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138TK, and (ii) when juxtaposed, TK 641-841 and HBV PREb
induced an increase in CAT activity that was greater than the
additive effects of the separate subelements. 138TK(641-
841)PREb induced activity that was 25% of that of 138TK. The
increase in activity of the chimeric subelement reporter sug-
gests that HBV PRE and TK subelements are functionally
similar.

TK function is not CRM1 dependent. The hnRNP L-PPE
interaction was postulated to possibly function analogously to
Rev export of RRE-containing RNA (18). Rev export depends
on the presence of a leucine-rich nuclear export signal (NES;
reviewed in reference 11). If TK RNA was actively exported
through an NES-dependent pathway, like Rev, the cytoplasmic
accumulation of TK RNA should be inhibited by LMB. LMB
has been shown to block Rev and other NES-containing pro-
tein export (9, 20, 25, 28) by binding the NES receptor, CRM1
(exportin 1), thereby preventing the NES-exportin 1-RanGTP
complex from assembling (8). LMB specifically blocks NES-
dependent RNA export but does not block the mRNA or
tRNA export pathway (8). Work in this laboratory has dem-
onstrated that LMB does not inhibit cytoplasmic accumulation
of Mason-Pfizer monkey virus constitutive transport element
(CTE) (2, 6, 7, 26, 30)- or PRE (21)-containing RNA. We
transiently transfected 293 cells with 138TK and 138RRE with
pRSVRev in the presence and absence of LMB. Figure 9A
demonstrates that while LMB inhibited Rev-induced CAT ac-
tivity of RRE-containing RNA, LMB had no significant effect
on 138TK CAT activity. To rule out the possibility that the
difference in LMB sensitivity between RRE-containing RNA
and TK RNA was dependent on the concentration of LMB
used (5 nM), we performed transient transfections and CAT
assays on 138RRE with pRSVRev and 138TK, in which the
LMB concentration was titrated over a broad range. As can be

seen in Fig. 9B, while Rev-dependent gene expression was
maximally inhibited at 2 nM LMB, TK RNA expression was
not significantly decreased over the range of LMB concentra-
tions. PRE-containing RNA included in the titration experi-
ments was also not affected by LMB as previously reported
(data not shown). We conclude that, like the PRE and the
CTE, TK RNA travels through a CRM1-independent RNA-
processing pathway.

DISCUSSION

There has been much research regarding the role of introns
in gene expression. Several reports support the hypothesis that
introns, including b-globin introns, increase 39-end formation
and accumulation of polyadenylated RNA posttranscription-
ally (3, 10, 15, 29). Similarly, several groups have demonstrated
that TK sequences eliminate the intron dependence of intron-
less b-globin expression and facilitate the cytoplasmic accumu-
lation of polyadenylated b-globin–TK hybrid RNA posttran-
scriptionally (1, 10, 18). It appears that TK sequences induce
proper processing and cytoplasmic localization of the intron-
less hybrid RNA, presumably as it would for itself, in the
absence of splicing. These observations suggest that a pathway
or mechanism divergent from that used to process intron-
containing RNAs may exist in order to process intronless
RNAs. From transcription to export, these putative RNA-
processing pathways may act in parallel at some steps in pro-
cessing, while converging at others, including 39 cleavage and
polyadenylation.

Interestingly, TK sequences present upstream but not down-
stream of a b-globin intron suppress splicing of the intron and

FIG. 7. (A) Schematic illustration of the TK(641-841) subelement duplica-
tion construct in pDM138. (B) pDM138 CAT assay demonstrating that the
TK(641-841) subelement duplication, TK(641-841x2), induces more than twice
the CAT activity of a single subelement. For definitions of abbreviations, see the
legend to Fig. 2. FIG. 8. (A) Schematic illustration of the TK(641-841) subelement and HBV

PREb subelement chimeric construct in pDM138. (B) pDM138 CAT assay
demonstrating that the TK(641-841)PREb chimeric construct induces CAT ac-
tivity greater than the sum of the activities induced by individual subelements.
For definitions of abbreviations, see the legend to Fig. 2.
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transport the intron-containing transcript to the cytoplasm
(10). We also observed that TK induces cytoplasmic expression
of intron-containing CAT RNA. It seems that cis-acting TK
sequences are capable of driving intron-containing transcripts
through a processing pathway that lacks splicing when they are
upstream of or within an intron. However, when TK is 39 of the
138 intron, it still induces expression of intron-containing RNA
(Fig. 2D), contradictory to the report by Greenspan and Weiss-
man (10). This discrepancy in TK effectiveness when it is 39 of
an intron likely depends on the efficiency of the splicing intron.
The intronic and positional variables that affect the ability of
TK sequences to override splicing suggest that there is a post-
transcriptional competition between TK sequences attempting
to process through a pathway devoid of splicing and the more
conventional splicing pathway.

Our results support a hypothesis put forth by Greenspan and
Weissman, who suggested that a gene which has evolved to
express unspliced RNA may contain multiple regions that di-
rect nuclear export of the transcript without splicing (10). We
favor an alternative hypothesis in which the RNA subelements
of the TK gene are bound by cellular proteins that increase the
efficiency of RNA processing in the absence of splicing. In light
of evidence that introns increase the efficiency of 39 processing,
and since TK mRNA lacks introns, we speculate that TK sub-
elements may induce efficient 39-end formation. TK subele-
ments are capable of inducing the expression of intronless
mRNAs like DR5 and b-globin. These mRNAs apparently lack
some signals, like the PRE or an intron, required for expres-
sion. Additionally, the TK subelements are, in some instances,
capable of overriding splicing and inducing the expression of
intron-containing mRNAs. In these cases, despite the presence
of an intron, TK subelements may induce proper processing of
the mRNA without splicing, allowing it to be released from the
nuclear retention normally associated with introns.

Donello et al. concluded that there is a direct correlation
between the number of PRE subelements a 138WPRE re-
porter contains and the amount of CAT activity it induces (5).
We observed the same correlation with TK subelements in the
138TK deletion analysis and the duplication of subelements
(Fig. 4 and 7). It appears that the more TK or PRE subele-

ments an intron-containing mRNA has, the more likely it is to
be processed without being spliced. We speculate that the
same correlation exists in the intronless context of the HSAg
assay. One TK subelement induced a small amount of surface
protein expression, while the entire TK gene induced 2.5 times
as much activity (Fig. 6).

To address the possibility that cellular proteins bind TK
subelements and induce nuclear export of RNA similar to
Rev-induced export of RRE-containing RNA, we performed
138 CAT assays with 138TK in the presence and absence of
LMB. Our results demonstrated that, similar to that of the
PRE and the CTE (21–23), TK cytoplasmic localization was
not analogous to the CRM1-dependent, Rev-induced nuclear
export of RRE-containing RNA (Fig. 9). It is interesting that
the CTE, the PRE, and the TK gene all utilize cellular factors
and a CRM-1-independent pathway for cytoplasmic localiza-
tion.

Since hnRNP L is not reported to have a leucine-rich NES,
and hence may travel through a CRM1-independent pathway,
these results do not rule out the putative role hnRNP L has in
binding the PPE and inducing cytoplasmic localization. This
finding is striking in light of a report claiming that ICP27 binds
TK mRNA and facilitates its expression through an NES-
dependent pathway (24). The discrepancies in TK mRNA
pathway usage are most likely due to in vivo conditions that
vary between HSV infections and the transient transfections
that we and others have done to study TK expression. It is
plausible that HSV has evolved a protein, similar to HIV-1
Rev, that induces the expression of several of its intronless
mRNAs through an NES-dependent pathway at a time during
HSV infection when the majority of cellular transcripts are not
being expressed. However, in the absence of HSV infection
and ICP27, TK mRNA is still efficiently expressed in transient
transfections. Perhaps TK RNA expression proceeds through
an intronless mRNA pathway early in HSV infection and then
proceeds through an ICP27/CRM1-dependent pathway during
late stages of infection. Experiments are under way in our
laboratory that address the effect ICP27 has on TK expression
in the 138 and HSAg assays. We are also conducting experi-

FIG. 9. (A) Effect of LMB on TK-induced expression of intron-containing RNA in the pDM138 CAT assay. 138RRE was transfected with and without pRSVRev
in the presence and absence of LMB. 138TK was transfected in the presence and absence of LMB. LMB had no significant effect on TK-induced CAT expression, while
LMB inhibited Rev-induced CAT expression 72%. (B) Dose-response curve of LMB effects on Rev-dependent and TK-mediated gene expression in the CAT assay.
138TK (gray) and 138RRE and pRSVRev (dark gray) were transfected in the presence of increasing concentrations of LMB. As reported in reference 21,
Rev-dependent CAT expression decreased until maximally inhibited at 2 nM LMB. TK-mediated CAT expression was not adversely affected between 0 and 10 nM
LMB. SEM, standard error of the mean.
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ments to identify trans-acting factors, other than hnRNP L,
that bind TK subelements.

In either the intronless HSAg assay or the intron-containing
138 assay, the entire TK gene functions as well as the HBV
PRE. We have demonstrated that the coding sequence of the
naturally intronless TK gene possesses three cis-acting RNA
subelements. A single TK subelement increases RNA expres-
sion of intronless, as well as intron-containing, transcripts. Ad-
ditionally, TK and HBV PRE subelements function coopera-
tively when duplicated and in chimeric reporters. The data
support the hypothesis that TK and HBV PRE subelements
are functionally similar and utilize the same RNA-processing
pathway. We hypothesize that TK RNA travels through the
mRNA pathway without splicing under normal intronless con-
ditions. However, as has been shown by this laboratory and
others, in some instances, TK subelements are strong enough
to override splicing to localize intron-containing RNA to the
cytoplasm. This type of posttranscriptional regulation in an
intronless transcript has only been described previously in con-
junction with the HBV PRE and the WPRE (4, 5). From these
results, we hypothesize that the TK gene and the genes con-
taining PREs are the first members of an emerging family of
intronless viral genes that utilize multiple cis-acting sequences
to facilitate their cytoplasmic localization. It remains to be
determined at which stages of mRNA processing and export
the PRE and TK subelements exert their effects. With multiple
subelements and multiple steps in mRNA processing, there
exists the opportunity for both specialization and redundancy
of function for the subelements.
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