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ABSTRACT

The expression of the salvage pathway enzyme
thymidine kinase (TK) is very low in resting mammalian
cells, but increases dramatically when growth-
stimulated cells enter S phase. The 30-fold rise in TK
MRNA levels in response to growth factors is due to a
well-characterized transcriptional activation and less
defined post-transcriptional mechanisms. A minigene
containing the murine TK promoter and the TK cDNA
showed a 3-fold increase in TK mRNA levels after growth
induction in stably transfected mouse TK-deficient L
fibroblasts. Introduction of the first three TK introns
resulted in a 10-fold regulation of TK expression which
was predominantly due to repressed TK mRNA levels
in serum-deprived cells. Removal of intron 3 from this
construct or replacement of the TK promoter by a
constitutive SV40 promoter led to a reduced, but still
significant increase in TK mRNA levels during the
onset of proliferation. These results indicate that both
the TK promoter and specific TK introns contribute
independently to the growth-dependent regulation of
TK mRNA expression. To examine the regulatory
mechanisms in more detail we analyzed TK transcription
rates and steady-state levels of nuclear transcripts from
an SV40 promoter-driven minigene that contains introns
2 and 3 of the TK gene. Using a set of single-stranded
probes we detected TK-specific antisense transcription
that was up-regulated in resting cells. Similarly, anti-
sense transcription of the endogenous TK gene in
Swiss 3T3 cells rose during serum deprivation while
sense transcription was regulated in the opposite way.
Luciferase reporter assays revealed the presence of a
putative antisense promoter in intron 3 of the murine TK
gene. These results suggest a negative role for intron-
dependent antisense transcription in the regulation of
TK mRNA expression in mouse fibroblasts.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. AJ010394

and proliferating cell nuclear antigen that are involved in DNA
synthesis and precursor production. The expression of these
genesis low in resting cells but increases to high levels when cells
traverse the G1/S boundary. Multiple regulatory mechanisms ensure
the exclusive expression of these enzymes in replicating cells.

For instance TK mRNA levels are regulated in part by a
growth-dependent rise in transcription rate. It was demonstrated
that upstream elements that are recognized by protein complexes
containing E2F, pRB, cdk2 and SP1 are crucial for the trans-
criptional activation of the TK gené4). However, the 3-5-fold
rise in TK transcription rate measured by run-on experiments is not
sufficient to explain the 20-50-fold increase in TK mRNA levels
after growth stimulation5-7). Therefore, a part of this induction
has been attributed to post-transcriptional events, but the exact
molecular mechanisms are poorly understood. The fact that TK
transcript levels were constant during growth induction when TK
cDNA was expressed from a heterologous promoter argues against
regulated mRNA stability and points toward a nuclear post-
transcriptional mechanisrg){ Pardee and colleagué3 found that
the level of nuclear TK precursors rose dramatically when
growth-induced BALB/c 3T3 cells progressed from G1 into S
phase. Sequential intron excision from these TK pre-mRNAs was
more efficient in S phase cell®) @nd occurred in a preferred order
(20). Previously, we have identified two DNase hypersensitive sites
within intron 2 of the murine TK genéX). The presence of these
sequences in chloramphenicol acetyltransferase reporter genes
positively modulated the activity of the TK promoter, but their role
in the growth-dependent induction of TK expression was unclear.

In the present study, we attempted to investigate the mechanism(s)
responsible for post-transcriptional regulation of TK mRNA
expression. This was carried out by investigating the expression
of TK minigenes under control of the original TK promoter or the
constitutive late SV40 promoter in stably transfected TK-deficient
L cells (LTK= cells). Our results demonstrate that the TK
promoter and TK introns 2 and 3 are independent determinants of
growth-specific regulatory mechanisms. Furthermore we show
that the ratio between sense transcription and antisense transcription
changes from higher sense transcription in cycling Swiss 3T3
fibroblasts to predominant antisense transcription in serum-deprived
cells. These data indicate that regulated antisense transcription

Thymidine kinase (TK) belongs to a group of enzymes such asight contribute to the accumulation of TK transcripts in
dihydrofolate reductase, thymidylate synthase, DNA polymearase growth-induced fibroblasts.
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MATERIALS AND METHODS cross-linked to membranes using a Stratalinker (Stratagene). The
. . 1.2 kb mouse TK cDNAIQ), the 600 bgst fragment of mouse
Construction of plasmids TK intron 2 (L1), the 600 bgpnl fragment of TK intron 313)

A series of TK minigenes were constructed by combining regiord the 300 bpihal—EcaRI fragment of mous,-microglobulin

of the murine TK cDNA {2) and genomic sequences from CDNA (16) were used as probes.

TKcosmid A (L3) that carries the entire mouse TK gene. MO was

derived from plasmid pE/A-CAT 1¢) by replacing the |sglation of nuclei

chloramphenicol acetyltransferase gene with the murine TK

cDNA. This minigene comprises the TK cDNA fused to theNuclei were isolated as described.(Cells were harvested,
EcaRI-Asp700 fragment of the murine TK gene known towashed and suspended in lysis buffer containing 60 mM KCl,
contain full promoter activity. Plasmid M1+2+3 was constructe®0 mM NacCl, 0.15 mM spermine, 0.5 mM spermidine, 15 mM
by digesting MO withNcd (cutting at position —173 in the HEPES, pH 7.5, 14 mM8-mercaptoethanol, 0.15 M sucrose,
promoter and at position 278 of the cDNA within exon 4). Thé.25 mM EGTA, 1.0 mM EDTA and 0.1% NP-40 and incubated
short fragment was replaced by the corresponding gemdéenic  on ice for 5 min. The suspension was layered over a cushion of
fragment, the resulting minigene M1+2+3 contains introns 1-3.2.5% sucrose and nuclei were pelleted at @0 4°C for
Triple ligation of the genomidpa—Hadl (nt 172 in exon 3) 8 min. For run-on assays, nuclei were stored in glycerol buffer
fragment with theHadl—-Clal fragment of TK cDNA and the (20 mM Tris, pH 8.0, 0.5 mM EDTA, 75 mM NaCl, 0.85 mM
large fragment of thapa + Clal-digested minigene M1+2+3led DTT and 50% glycerol) at a concentration of 10 nucleiful.

to minigene M1+2. This minigene contains introns 1 and 2. For

construction .of minigene MSVO the qun_ted mouse TK CDNAPreparation of nuclear RNA

was cloned into th&ma site of eukaryotic expression vector

pSVL (Pharmacia) downstream of the constitutive SV40 lat&he nuclei were washed twice in RSB/K buffer (10 mM
promoter. The pSVL vector contains the SV40 VP1 intron folfris—HCI, pH 7.9, 20 mM NaCl, 10 mM Mg&1100 mM KCI)
better expression. The minigene MSV2+3, which contains iand resuspended in HSB buffer (10 mM Tris—HCI, pH 7.4,
addition introns 2 and 3, was constructed by replacingyiae 500 mM NacCl, 50 mM MgGl 2 mM CaC}) supplemented with

(nt 144 in exon 2)Clal (nt 344 in exon 4) fragment of MSVO by 200 U DNase | (Boehringer) and 100 U RNasin (Promega). After
the corresponding genomigpa—Clal fragment. Luciferase 30 min incubation at room temperature, the nuclei were lysed in
reporter constructs containing TK intron 3 were obtained bgn equal volume of extraction buffer containing 10 mM
cloning of the respective PCR products fragment 1 (nt 1-515)ris—HCI, pH 7.4, 20 mM EDTA, 1% SDS. Proteins as well as the
fragment 2 (518-1013), fragment 3 (1025-1482), fragment #émaining DNA were removed by two extractions with phenol/
(1490-1953) and fragment 5 (1953-2478) in antisense directiNETS (50% v/v phenol, 10 mM Tris—HCI, pH 7.4, 100 mM NaCl,

into pGL2 (Promega). 10 mM EDTA, 0.2% SDS) for 10 min at 5. The aqueous
phase was transferred to a new Eppendorf tube and precipitated
Cell culture with 2 vol 96% ethanol. RNA was quantified and its quality

Mouse LTK fibroblasts and REF52 cells were cultured in 7.5‘V(§gg(r:|g§g ;ﬁ_ethidium bromide staining on denaturing 0.8%

CO, at 37C in Dulbecco’s modified Eagle’s medium supplemented

with 10% fetal calf serum (FCS) and antibiotics (30 mg/l .

penicillin, 50 mg/l streptomycin sulfate). Nuclear run-on transcription assays
Cells were growth arrested by reduction of the seru

concentration to 0.2% for 3 days and stimulated by addition

fresh medium containing 20% FCS. The growth state of cells w

routinely controlled by cytofluorometric determination of DNA

content.

rIfanscription reactions were performed for 20 min in the
resence ofg-32P]JCTP (800 Ci/mmol) as described previously
?). Equal amounts of transcripts (usuallyg 107 ¢.p.m.) were
hybridized to single-stranded DNA probes immobilized on
0.45um BA 85 nitrocellulose filters (Schleicher & Schuell) for
o 3 days at 42C. Hybridization was performed in the buffer
Transfection into LTK ~ cells described for northern blot hybridization (above). Filters were
Logarithmically growing cultures of LTK fibroblasts were Washed in  SSC, 1% SDS at room temperature and twice in

transfected by the calcium phosphate method and selected in H&2* SSC, 0.2% SDS at 56 for 10 min. Subsequently filters
(hypoxanthine/aminopterine/thnymidine) medium as describeyyere incubated for 20 min in 10 mM Tris-HCI, pH 7.5, 0.3 M
(8,15). After 2 weeks pools of 100-200 colonies were collecte@l@Cl, 10ug/ml RNase A. Filters were rinsed and exposed to

and propagated for further analysis. X-ray films at =70C. _ _ _
The following fragments were subcloned in both orientations

in M13 derived vectors and used as single-strand DNA probes:
The 700 bpEcaRI-Hindlll fragment of the mouse TK cDNA
Cytosolic RNA isolation and northern blot analysis were performe(lL?) that recognizes exons 1-6 of the TK gene, the 500 bp
as described’]. Equal amounts of RNA (3@) were separated on Hindlll-EcadRI fragment of the mouse TK cDNAZ) as exon 7

a 1.2% denaturing agarose gel containing formaldehyde amdobe, the 600 bpst fragment of mouse TK intron 27), the
transferred to GeneScreen plus nylon membranes (Du Pont-Né@0 bpKpnl fragment of TK intron 3 13) and the 600 bp
England Nuclear). To assure the transfer of high molecular weighthal—-EcaR| probe of3,-microglobulin (L6) and a 1.5 kb cDNA
RNA the gel was treated with 50 mM NaOH for 15 min andragment specific for the subunit R2 of murine ribonucleotide
subsequently neutralized with 0.3 M sodium acetate. RNA wasductasel(7).

Cytosolic RNA isolation and northern blot analysis
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Figure 1. Structures of TK gene and TK minigenes. The TK gene is expressed Figure 2. Regulation of TK expression in L cells containing the complete TK
from a cosmid described as TKcosmid A in Seiel (13). The intron-less gene. LTK cells stably transfected with the entire TK gene were arrested by
TK minigene MO consists of the 440 IjeoRI-Aspr00 genomic fragment serum reduction for 3 days and then restimulated for 12 h with fresh medium
containing the mouse TK promoter and the murine TK cDNA (14). Minigene containing 20% FCS. Arrested cells (GO phase) and stimulated cells (S phase)
M1 contains the same elements as MO plus the TK intron 1 while the constructwere analyzed for TK enzyme activity, TK mRNA expression and TK
M1+2 includes both TK introns 1 and 2. M1+2+3 combines the mouse TK gene transcription rate. Protein extracts were prepared and TK enzyme activity was
up to exon 4 with the residual TK cDNA. MSVO was derived from the determined as described in Materials and Methods. Enzymatic activities were
eukaryotic expression vector pSVL (Pharmacia). The minigene includes the plotted relative to the 0 h value set as 1 (black bars). Cytosolic RNA was
mouse TK cDNA expressed from the constitutive SV40 late promoter. It also extracted from arrested and stimulated cells and equal amoupty (FIRNA
contains SV40 intron VP1 and an SV40 polyadenylation signal. MSV2+3 was were resolved by electrophoresis and blotted onto a nylon membrane.
constructed by cloning TK introns 2 and 3 into minigene MSVO0. The cosmid Hyhbridization of northern blot was performed wi#iP-labeled probes for TK
was microinjected into LTK cells, while the minigenes were transfected by andp2-microglobulin. Signals from both hybridizations were determined by
calcium phosphate precipitation. Tkells were selected in HAT medium and  densitometric scanning and normalized to faenicroglobulin signal. TK
(1100 clones were pooled for further analysis. mRNA levels were depicted relative to the value of arrested cells (taken
arbitrarily as 1, gray bars). To determine TK transcription rates nuclei were
isolated from arrested and induced cells. Equal amourits \ofro labeled
transcripts were hybridized to single-stranded M13 plasmids immobilized on

Protein extraction and thymidine kinase enzyme assay nitrocellulose. The plasmids contained thé&&aRI-Hindlll fragment of the
mouse TK cDNA, the 300 bBghal-EcdRI fragment of mousB,-microglobulin

Cytoplasmic protein extraction was performed as described byDNA or no insert at all (M13). Control hybridization to single-stranded DNA
Sherley and Kelly 18). Protein concentrations were determined showed no background. Values for TK transcription rates are shown relative to
using the BioRad protein assay as described by the manufacturdif Pzmicroglobulin signal as described above (white bars).

Thymidine kinase activity in cell extracts was measured as described

8).

Transient transfection and luciferase assay
afenous TK gene. As depicted in FigRithe enzymatic TK activity

Transient transfection of REF52 fibroblasts by calcium phosph : .
co-precipitation and Iuciferase activity assays were done creased 35-fold when cells harboring the TK cosmid enter S phase.

described9). B-Galactosidase activity (as a control for transfection 2, €X@mine TK mRNA levels during growth induction we prepared
efficiency) was assayed using the Lumines@eGalactosidase cytosolic RNA from resting and stimulated cells and analyzed it by
Detection kit from Clontech northern blot hybridization. TK-specific transcripts were very low in

The mouse TK intron 3 sequence was determined by stand um-starved cells but reached 30-fold levels after 12 h serum

methods and deposited in the EMBL nucleotide sequenddduction (Fig.2). To assess the contribution of transcriptional
database (accession no. AJ010394) mechanisms to this rise in TK gene expression in transfected LTK

cells, we performed run-on assays with nuclei of arrested and
restimulated cells. Equal amounts of labeled transcripts were
RESULTS hybridized to immobilized single-stranded M13 plasmids containing
the B Hindlll fragment of the murine TK cDNA, the mouse
B2-microglobulin cDNA or no insert. As shown in Fig2eTK
transcription rate was 3-fold induced when cells reached S phase.
Initial studies were carried out to determine the suitability of thédditional run-on experiments with nuclei isolated after shorter
LTK~ system for investigating growth-dependent regulation of THnduction periods revealed that transcriptional activation was at no
mRNA. For this purpose, we analyzed the expression of TK im LTKtime >3-fold (data not shown). These results are in good agreement
fibroblasts stably transfected with the entire murine TK geneXFig. with data of several groups which showed that the induction of TK
top panel). Cells were arrested by reduction of the seruexpression is due in part to a 3-5-fold increase in transcription rate
concentration in the medium to 0.2% for 72 h and stimulated {&—7). As a control we also included a plasmid bearing a cDNA
proliferate with medium containing 20% FCS. FACS analysis anfilagment of the murine ribonucleotide reductase M1 subunit. As
measurement of DNA synthesis by thymidine incorporation showegkpected the transcription rate of this S phase-specific gene is also
that cells reach S phase after 8-12 h serum stimulation (data mmtuced (6-fold), while an M13 plasmid without insert gave no
shown). Measurements of TK enzyme activity in extracts preparaignal at all (data not shown). Taken together the data clearly
from resting and S phase cells demonstrated that regulation of Té€monstrate that LTKcells contain all the factors essential for the
expression was indistinguishable from cells harboring an endeegulation of TK mRNA expression.

Growth-dependent regulation of TK gene expression in
transfected LTK™ cells
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Specific introns contribute to the repression of TK mRNA
levels in resting cells

>

S = KN W a O~ OO

Subsequently, we proceeded to investigate the role of specific TK
introns in the growth-dependent expression of TK mRNA. TK
minigenes were constructed by replacing parts of the TK gene
with the corresponding cDNA fragments (Figy. The first set of
minigenes contained the authentic TK promoter linked to TK
genes with no intron (M0), the first 2 introns (M1+2) and the first

3 introns (M1+2+3) as depicted in FigdreTwo independent pools

of stably transfected cells were investigated for each construct and
essentially yielded the same results. Cytosolic RNA was extracted
from growth-arrested cells and cells stimulated for different periods
of time and analyzed by northern blot hybridization. TK mRNA
transcribed from the minigene MO, already detectable in resting
cells, increased 4-fold after 6 h serum stimulation when cells B ?2
reached S phase and was slightly reduced at 12 h induction
(Fig. 3A). The timing and extent of the increase in TK mRNA
levels was nearly identical in cells transfected with a minigene
containing the first 2 introns (M1+2) (FigA). Cells expressing

the minigene M1+2+3, in contrast, showed a more pronounced
rise of TK-specific transcripts during growth stimulation. TK
MRNA levels were very low in resting cells but increased after 3 h 0
stimulation and reached 10-fold levels after 6 h serum treatment.

These results suggest that intron 3 plays a significant role in the

regulation of TK mRNA expression. The 4-fold induction of TK

transcnpt.s from intron-less minigenes or minigenes C(.)mp”sm&igure 3. Growth-dependent expression of TK minigenes in stably transfected
only the first 2 introns most probably reflects a similar rise in TK|_figroplasts. A) Tk minigenes under the control of the TK promoter. Cells
transcription (Fig2). The difference in TK mRNA regulation expressing TK from minigenes MO (white bars), M1+2 (gray bars) and
between MO and M1+2+3 expressing cells is mainly due tdV1+2+3 (black bars) were arrested by serum withdrawal and restimulated with

significantly lower levels of TK mRNA in the resting state. This 20% FCS for the duration indicated in hours. Cytosolic RNA was prepared and
9 y 9 nalyzed by sequential hybridization with a TK cDNA probe and a

would _SqueSt_ that the presence of mtr_on 3 is important for th% -microglobulin fragment. Signals were quantified by densitometric scanning
reduction of minigene M1+2+3 expression in GO cells. and relative amounts of TK mRNA were normalized to the corresponding
signals for3o-microglobulin and plotted. In each cell line the TK mRNA level

e . - at 12 h induction was defined as 1) TK minigenes under control of the
The regulatory effect of specn‘lc TK introns is mdependent SVA40 late promoter. Serum-arrested cells expressing minigenes MSVO0 (white

of the TK promoter bars) and MSV2+3 (black bars) were restimulated for 0, 3, 6 and 12 h. Cytoplasmic

RNA was analyzed by northern blot hybridization with radiolabeled probes for TK
Consequenﬂy, we replaced the TK promoter by_ the g_rOWthand Bo-microglobulin. TK mRNA levels were quantified and plotted as
independent SV40 late promoter to determine if the introndescribed under (A).

specific effect also occurs when the TK minigene is expressed

from a heterologous promoter. These constructs also contain ifhe efficiency of processing and export of nuclear TK transcripts
SV40 intron located upstream of the TK minigenes to improvghanges upon growth stimulation of MSV2+3 transfected fibro-
their expression. TK mRNA transcribed from a minigene withouplasts. Cells were arrested for 72 h and restimulated with fresh
TK introns (MSVO, Fig.1) was clearly detectable in resting medium containing 20% FCS for 1, 3 and 6 h. RNA was extracted
fibroblasts and its expression was even slightly reduced #om isolated nuclei, resolved on a denaturing gel and transferred
serum-stimulated cells (Fi@B). Introduction of TK introns 2 to a nylon filter. The efficient transfer of equivalent amounts of
and 3 into the minigene (MSV2+3, Fifj, in contrast, resulted nuclear RNA was confirmed by methylene blue staining of the
in a clear reduction of TK-specific transcript levels in resting cellinembrane (not shown). Hybridization of the northern blot with
(Fig. 3B). TK mRNA expression rose within the first 3 h seruma radiolabeled TK cDNA probe revealed that higher molecular
stimulation and reaché@®-fold levels at 12 h. These data confirm Weight TK precursors and mature TK mRNA were detectable at
that the repression of TK mRNA levels in resting cells iSow levels in the nuclei of serum-deprived cells and accumulated
associated with specific intron sequences. Moreover, it becamafier serum stimulation (FiglA). Rehybridization with probes
clear that the TK promoter is dispensable for the intron-dependesiecific for TK introns 2 and 3 showed ordered splicing without
effect. These resullts raise the question of which post-transcriptiorajidence for accumulation of unspliced precursors. Furthermore,
mechanism is responsible for the regulation of TK transcripte absence of high levels of mature TK transcripts in the nuclei
encoded by the MSV2+3 minigene. of resting cells argues against regulation of minigene MSV2+3 at
the level of nuclear export.

ral. mRNA levels

0 3 [ 12
time (hours)

rel. mRNA levels

0 3 6 12
time (hours)

Processing of TK-specific nuclear transcripts in MSV2+3
transfected cells TK-specific antisense transcription from minigene MSV2+3

In an initial attempt to reveal the mechanisms involved in th&lext, we analyzed TK sense and antisense transcription from the
intron-dependent regulation of TK transcript levels, we investigated SV2+3 minigene by run-on assays. After serum deprivation for



Nucleic Acids Research, 1998, Vol. 26, No. 24993

pronounced, for exon 7 (FigC). These results suggest that

A ALEEARIFAER antisense transcription from the MSV2+3 minigene might play a
—— T ﬁ a.r role in the regulation of TK mRNA expression levels. This
e o nnu - mechanism is linked to the presence of TK introns 2 and 3, since
22 regulated antisense transcription was absent in cells expressing
TKmRNA 5 g minigene MSVO0 (data not shown).

SRR Tt s Regulated TK antisense transcription in Swiss 3T3 fibroblasts

To confirm our findings concerning growth arrest-induced

B a a o s antisense transcription we decided to analyze TK transcripts in
EXONT- 6w - = = Swiss 3T3 cells that contain a functional and growth-regulated
l"““” e T TK gene (S.Bartl, Diploma thesis, University of Vienna).
ntron 2 - — -— — . . . .

inron: R SR Exponentially growing Swiss 3T3 fibroblasts were growth

arrested and harvested after different periods of time. Nuclei were
isolated and TK transcription rates were measured by run-on

c ¢ = | assays. As shown in Figuf\, deprivation of growth factors
g’ - resulted in a decrease in TK sense transcription and a simultaneous
E 2 increase in TK antisense transcription. Similar to the observations
g 2 with MSV2+3 cells we failed to detect significant arrest-specific
g, induction of antisense transcription with the exon 7 probe. Signals
S from TK sense and antisense transcription detected with the probe
E, "h_ - for exons 1-6 were determined by densitometric scanning and the
. [ O ratio of sense to antisense values were plotted for each time point
0 3 12 (Fig. 5B). Sense transcription was clearly higher than antisense

transcription during the first 6 h but antisense transcription

became predominant after 12 h of serum. In perfect agreement
Figure 4. Nuclear TK RNA precursors and TK transcription rates in MSV2+3 jith these findings we observed a 4-fold rise of TK sense
transfected cells. Cells were synchronized by serum reduction for 3 days. g : : : : :
time 0 and at designated periods (indicated in hours) after restimulation Wifﬂ.ranscnptlon qunng. serum Stlmu.lat.lon (.)f resting Swiss 3T3
20% FCS-containing medium, nuclei were isolated and used for transcriptio/Ioroblasts while antisense transcription simultaneously (_jropped
assays and for analysis of nuclear TK transcripjeN(iclear RNAwasisolated  t0 very low levels (data not shown). These data confirm our
as described in Materials and Methods. Equal amounts of RNA were analyzegesults with the MSV2+3 expressing cell lines and demonstrate

on a norther blot by hybridization with *&P-labeled TK ¢cDNA probe. — hat nart of the endogenous TK gene is transcribed in the antisense
(B) Run-on transcription assay. Nuclear transcripts were elongated in the,. ti . with lated
presence offP]CTP. TK sense (s) and antisense (as) transcription rates Weréjlrec Ion in-a gro -regulated manner.

measured by hybridization to single-stranded plasmids containing’ the 5

EcaRI-Hindlll fragment (exons 1-6) and thé RindIll-EcdRI fragment Antisense transcription from TK intron 3
(exon 7) of the murine TK cDNA, a subfragment of TK intron 2 and a

subfragment of TK intron 3.Q) Values for each time point of the run-on  |n order to detect a potential antisense promoter, the entire intron 3

transcription assay obtained by densitometric scanning of TK—specifictranscriptiorbf the murine TK gene was cloned and the nucleotide sequence was
signals were plotted as ratio of sense to antisense signals. The relative valu

are shown for exons 1-6 (white bars), exon 7 (light gray bars), intron 2 (darléejSEtermmed- The transcrlptlonal aCt'_VW of five intron 3 .SUb'

gray bars) and intron 3 (black bars). fragments each coveringb00 bp (Fig.6A) was analyzed in
luciferase assays in resting and serum-stimulated REF52 fibroblasts
after transient transfection. A luciferase reporter under control of the
mouse TK promoter4) was included as control. As shown in

72 h, cells were growth stimulated and nuclei were isolated at Pigure6B, fragment 3 conferred significant transcriptional activity

3 and 12 h serum induction. Equal amounts of radiolabelad a |uciferase reporter in resting fibroblasts. This promoter

elongated transcripts were hybridized to immobilized singleactivity was[B-fold reduced in growth-stimulated cells. Fragment

stranded M13 plasmids. ABccRI-Hindlll subfragment of the = 3 contains a TATA box-like sequence and putative binding sites

mouse TK cDNA (exons 1-6) encompassing the first 6 exons afgt the transcription factors SP1 and TFIIA (F6§). The other

a small part of exon 7 served for examination of the total TKubfragments of TK intron 3 showed low and unregulated

transcription rate. In addition, strand-specific probes for intron romoter activity (fragments 1 and 4) or no activity at all

intron 3 and exon 7 were used to investigate transcriptiqfragments 2 and 5). These results support the idea that sequence:

elongation. Single-stranded M13 plasmids containing sensgthin TK intron 3 can act as an antisense promoter in resting

probes of all TK fragments served as probes for the detectionfifroblasts.

antisense transcription. As shown in FigtlBegeneral TK sense

transcription from the late SV40 promoter as measured with th§scyssion

probe for exons 1-6 was basically constant after serum stimulation

of resting cells. In contrast, TK antisense transcription was highhymidine kinase belongs to the group of enzymes involved in

in serum-deprived cells and significantly decreased during titee nucleotide salvage pathway. They function to reutilize

induction period. A growth-dependent change in the ratioucleosides obtained from the degradation of DNA. It was

between sense and antisense transcription was also observed sithgested that these enzymes have an additional, regulatory role

probes for TK intron 2, TK intron 3 and, although lessby fine tuning the dNTP pools in the cell). Perturbations of
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GOTAGCCTOT AATICCAGGA GOAGSAGCAS COAGCOTTAC AMCTTATAMC CCACCTATSC

Figure 5. Growth factor-dependent sense and antisense transcription from the
TK gene in Swiss 3T3 fibroblasts. Exponentially growing Swiss 3T3 cells were

i 7 : R TACCTGAGAS CTOOCTCACT AMATICOTTI AGAGATCATT TETCATTCTT OGUAGAGOATC
deprived of growth factors by reduction of the FCS concentration in the culture e

medium to 0.2%. Nuclei were isolated at different time points (indicated in TAGITICTAC EECCAGANS FACATOGCAG CTOACAATIA TCIATMAIRG CROTTCCAI
hours) and analyzed in run-on assays. Equal amounts of radiolabeled GAATCGGATG CTCTTTRCTG ACCTCCCASS GTACCASACA AGCARGTAGC GTGCAGATET
transcripts were analyzed for TK sense (s) and antisense (as) transcription b AEARGEARAA ASCCTAMACE ANTEANAAAC P —
hybridization to single-stranded plasmid probes contairifgcdRI-Hindlll TFIITA _
fragment (exons 1-6) and theHindIll-EcaR| fragment (exon 7) of the TK TIGCTTTOAG AGCATACTAA GCATAGGTGT GOTGGGACAT GTCATROMIC CCRGCOTIRG
cDNA and the TK intron 2 probeBJ Values for each time point obtained by GCAGGCACAG TTIGGATCTCT GTGAGTICAA GOTCAACE

densitometric scanning of TK-specific transcription signals (exons 1-6) were
plotted as ratio of sense to antisense signals.

Figure 6.Antisense promoter activity of intron 3 sequenc®lThe nucleotide
sequence of intron 3 of the murine TK gene was determined and five

. subfragments (1-5) were cloned in the antisense direction into the luciferase
the balanced levels of deoxynucleotides were shown to result i@porter pGL. B) REF52 fibroblasts were transiently transfected with each of

an increase in mutation rat&lj. Therefore it might be important the five intron 3 reporter constructs or a luciferase plasmid containing the
for the mammalian cell to prevent inappropriate expression gnurine TK promoter (TK) together with pCMGal (as control for transfection
overexpression of salvage enzymes. Consequently, the expressiorffifiency)- Twenty four hours after transfection cells were arrested by serum
th roteins is r lated at different molecular levels. deprivation for 48 h (white bars) and regtlmulated c_ul_ture medium containing
ese p oleins 1S e_gua_e < . 20% FCS for 20 h (gray bars). Luciferase activity was normalized to
In this report, we investigated the post-transcriptional mechanisip.galactosidase activity. Data are representative for three experiments.
that suppresses TK mRNA expression in resting mouse fibroblasts:) Nucleotide sequence of subfragment 3 is shown in the antisense direction.
TK mRNA from a minigene consisting of the TK cDNA coupled A TATA box-like sequence and putative binding sites for the transcription
to an SV40 promoter was constitutively expressed as showfetors SP1 and TFIllA are indicated.
previously in several reports. Replacement of the viral promoter
by the murine TK promoter led to 3-fold suppression of TK
transcripts in resting cells reflecting the growth factor-dependeptomoter 29). In contrast, we demonstrated in this report that the
regulation of the mouse TK promoter. These data are consistgrist-transcriptional regulation of TK mRNA expression occurs
with results from TK transcription assays in different mammaliaindependently of the TK promoter. TK introns 2 and 3 were able
cell systems (Fid; 5-7). Introduction of the first two introns had to exert their regulatory function under the control of the
no effect, but additional insertion of TK intron 3 led to anconstitutive SV40 promoter.
additional 3-fold down-regulation of TK mRNA levels in A major finding of this report is the observed TK antisense
serum-deprived cells. While the presence of intron 3 is crucial faranscription that was induced in resting LMSV2+3 cells and in
the observed post-transcriptional regulation of M1+2+3 andesting Swiss 3T3 cells. In both cell lines enhanced antisense
MSV2+3, itis not yet clear if intron 2 is required for this processtranscription was correlated with down-regulation of TK mRNA
Two potential protein binding sites were previously detectedxpression. The fact that the endogenous gene and the MSV2+3
within this intron, but none of these recognition sequences wasnsgene are both transcribed in antisense argues against the
able to confer growth regulation to the reporter geh&s ( possibility of ‘accidental’ read-through transcription of an
Intron-dependent regulation in response to growth stimulatioadjacent downstream gene. This argument is also supported by
has been reported for a number of genes such as proliferating ¢ké finding that TK exon 7 showed little or no increase in
nuclear antigen2@), thymidylate synthase?®), 4F2 antigen antisense transcription in resting cells. The latter observation also
(24), interleukin 2 5), prostaglandin synthaseq), 3-actin @7)  suggests that the putative antisense transcription start site is
and eukaryotic initiation facto2(28). In the case of thymidylate located within the TK gene. Since removal of intron 3 led to loss
synthase, the intron-mediated growth regulation was shown to béthe post-transcriptional component of growth regulation it is
dependent upon the presence of specific sequences within tikely that the potential antisense promoter is located within
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intron 3. In accordance with this idea a portion of this interveningd Sutterluety,H., Bartl,S., Karlseder,J., Wintersberger,E. and Seiser,C. (1996)

sequence can mediate antisense transcription to a luciferage?d: Mol- Biol, 259 383-392. .
reporter in GO fibroblasts. % Gudas,J.M., Knight,G.B. and Pardee,A.B. (193®c. Natl Acad. Sci.

\ . . . USA 85 4705-4709.
Gene regulation by naturally occurring antisense transcriptiofy Gudas,J.M., Knight,G.B. and Pardee,A.B. (1986). Cell. Biol, 10,
has been observed both in prokaryotes and in eukargotex?y. 5591-5595.

While prokaryotic antisense transcription acts usually on th&l RothenederH., Grabner,M. and Wintersberger,E. (199dipic Acids Res
translational level, eukaryotic antisense regulation is thought g 19, 6805-6809.

. o . . Hofbauer,R., Millner,E., Seiser,C. and Wintersberger,E. (1987)
occur primarily in the nucleus. Regulation of primary sens€” \cpeic Acids Resl5 741-752.

transcripts by overlapping antisense transcripts has been proposegsasseiser,C., Knofler,M., Rudelstorfer,l., Haas,R. and Wintersberger,E. (1989)
a mechanism for a number of eukaryotic geA836-38). The Nucleic Acids Resl7, 185-195.
antisense transcripts seem to exert their regulatory role in several Vge'ghse'bfauny' » Ogris,E. and Wintersberger,E. (1BE@S Lett 275
DOISSIbIe vaaﬁls Double-stranded RNA can interfere with C?rre E Wigler,M., Silverstein,S., Lee,L.S., Pellicer,A., Cheng,Y. and Axel,R.
splicing of the sense transcript7} or is recognized by specific (1977)Cell, 11, 223-232.
RNases 39) or RNA-modifying enzymes3@B,40). Since TK 16 Daniel,F., Morello,D., Le-Bail,0., Chambon,P., Cayre,Y. and Kourilsky,P.
antisense transcription is perfectly correlated with the repression (1983)EMBO J, 2, 1061-1065. .
of TK mRNA in resting cells it is very likely that it plays a role 1; gu‘z'r?é‘dgrvLLa%dK‘zﬁrgfj (%fgagﬁ’)'g%?"cﬁfia gﬁ%“g??ggg-
: . p : - y,J.L. y,T.J. iol. —382.
in the regulatlon of .TK exp_ressmn. The determlr]atlpn OftQ Bartl,S., Taplick,J., Lagger,G., Khier,H., Kuchler,K. and Seiser,C. (1997)
regulatory elements within TK intron 3 and the identification of = | cell. Biol, 17, 5033-5043.
potentialtrans-acting factors will be the next step towards the2o Reichard,P. (1988nnu. Rev. Biochenb7, 349-374.
understanding of post-transcriptional events during the grovvﬂi Wilkinson,Y.A. and McKenna,P.G. (198%ukemia Res13 615-620.
stimulation of TK. Ottavio,L., Chang,C.D., Rizzo,M.G., Travali,S., Casadevall,C. and
Baserga,R. (1990)ol. Cell. Biol, 10, 303-309.
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