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The fission yeast Schizosaccharomyces pombe has
ecently been established as an experimental model
or the study of antisense RNA-mediated gene sup-
ression. To validate the use of S. pombe as a host for

dentifying antisense genes for use in human cells, it
as important to determine if sequences identified in
east were as equally effective in a human cell line.
his report describes the comparison of a range of

acZ antisense RNAs targeting a lacZ gene expressed
n HeLa cells in a comparable manner to its expression
n S. pombe cells in earlier studies. In both cell types,
he same lacZ gene target was expressed using the
ame promoter. Antisense genes were expressed epi-
omally in both experimental systems and the levels of
uppression determined. In all cases, the relative level
f suppression of the lacZ gene was similar in the
ammalian and yeast cells. This result indicates that,

t least for lacZ antisense RNA, results obtained in
ssion yeast are predictive of their behavior in the
ammalian cellular environment. © 2000 Academic Press

Key Words: antisense RNA; HeLa; lacZ; fission yeast.

The intrinsic ability of complementary nucleic acids
o hybridise has opened the way for the design of se-
uences that have the potential to interfere with the
xpression of genes in a specific manner. As such, the
se of antisense RNA to regulate gene expression is
ell established as a basis for the development of gene

herapeutics and as a tool for elucidating gene func-
ion. Inhibition of target genes is thought to involve one
f a number of mechanisms including interference with
re-mRNA splicing, prevention of mRNA transport,
nhibition of ribosome assembly and induction of
sRNA-specific nucleases (1). Although there are many
xamples of successful antisense RNA-mediated gene
uppression, it is still unclear which mechanism pre-

1 To whom correspondence should be addressed at current ad-
ress: Corporate Office of Science and Technology, Johnson and
ohnson, 410 George Street, New Brunswick, NJ 08901. Fax: 11 732
24 2549. E-mail: datkins@corus.jnj.com.
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ll rights of reproduction in any form reserved.
ptimally harness its potential. In order to address
hese fundamental questions several groups have at-
empted to characterise parameters of antisense func-
ion in a range of mammalian cell lines (2). However,
he use of mammalian cell systems is expensive and
ime-consuming and is therefore more labour intensive
han the use of traditional model eukaryotes. As a
esult, several groups have sought to develop yeast
pecies as hosts for the study of mechanisms of gene
uppression (for reviews see references 3, 4).
Arndt et al. (5) described a strain of the fission yeast

. pombe that stably expressed the bacterial lacZ gene
rom a chromosomal position. Expression of a range of
ntisense RNAs within the same cell resulted in par-
ial suppression of the target lacZ gene. This result
stablished the fission yeast as an ideal model in which
o study antisense function and to identify antisense
NAs effective against non-yeast target genes. How-
ver, it remained to be determined how valid this spe-
ies was as a model for the study of antisense RNA
ntended for application in human cells. An impor-
ant experiment therefore, was the determination of
hether the antisense-mediated suppression observed

n yeast cells was similar when the same lacZ anti-
ense constructs were tested in a mammalian-based
ssay system against the same target gene.
This report describes the comparison of a range of

acZ antisense RNAs targeting a lacZ gene expressed
n HeLa cells in a similar manner to its expression in S.
ombe cells described in earlier studies (5). We show
hat the efficacy of antisense RNA in fission yeast cells
s comparable to that seen in HeLa cells and we sug-
est that this result validates S. pombe as a model for
he development of strategies to suppress target genes
n human cells.

XPERIMENTAL PROCEDURES

Yeast strains, media, transformation. S. pombe strain KC4-6 has
n SV40 early promoter-driven lacZ gene integrated at the ura4
ocus as described by Arndt et al. (5). All yeast strains were main-
ained on standard YES or EMM media and were manipulated
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ccording to Moreno et al. (6). Yeast cells were transformed with
lasmid DNA by electroporation (7).

Gene construction for expression in S. pombe cells. All routine
NA manipulations were completed using standard protocols (8).
he construction of the S. pombe plasmids encoding the long (pGT2),
9 (pGT-59 previously designated pGT59), and short 39 (pGT61) lacZ
ntisense genes and their corresponding sense control plasmids have
een described previously (5). Additional plasmids encoding the mid-
egion (pGT-m) and long 39 (pGT-39) lacZ antisense genes were also
repared. PCR fragments were generated from the template
NEBb2 plasmid DNA (5) using the following primers: mid-region
9-AAGAGATCTAGCGTGGTGGTTATGCCGATCGCGTC-39 and
9-GGAAAACCTCAGTGTGACGCTCCCCG-39; long 39 antisense
rimers were 59-AAGAGATCTAAAACCTCAGTGTGACGCTCCCC-
CC-39 and 59 AAGAGATCTCAATGTATCTTATCATGTCTGGA-
CC-39. In each case a BglII restriction site was added to both the 59
nd 39 ends of the amplified DNA fragments. The mid-region
panned positions 1913 to 12265, while the long 39 was located
etween 12242 and 13454. These positions are based on the pSVb
equence map (Clontech) and 11 corresponds to the ATG. Fragments
enerated by PCR were cloned into the BglII site in pSP72 (Promega)
nd subcloned as BglII fragments into the BamHI site of pREP1 in
he antisense orientation. All antisense RNAs were expressed under
he control of the S. pombe nmt1 promoter from the plasmid pREP1
ontaining the S. cerevisiae LEU2 selectable marker (9). The target
acZ gene and all antisense fragments tested are shown schemati-
ally in Fig. 1.

Gene construction for expression in HeLa cells. The lacZ target
ene used in HeLa cells was expressed from the pSVb plasmid
Clontech) and was modified by the insertion of a fragment encoding
he CMV promoter, gfp cDNA encoding for green fluorescent protein
nd the SV40 polyadenylation signal. The gfp cDNA was isolated
rom pGREEN LANTERN (Gibco-BRL) by PCR amplification using
rimers 59-TTCGCAAGCTTCGATCCAGACATGATAAG-39 and 59-

FIG. 1. Schematic representation of the lacZ target gene and anti
arly promoter and 39 processing signal, is shown (top). In S. pombe th
ells the lacZ gene is located on the pSVbgfp plasmid. The start site
298 is indicated by the bent arrow and the lacZ open reading frame

he direction of transcription of the target lacZ gene (top) and the an
directly below). There is a 23-bp overlap between pGT-m and pGT-
9

TAGGATGCATAAACAGCATCGTGCAGGTC-39 and cloned as a
indIII/PstI fragment into pSVb to produce the pSVbgfp plasmid.
ntisense RNA-encoding DNA fragments studied in yeast cells were
irectly subcloned from the pSP72 yeast expression vector into
nique BglII or BamHI sites of the mammalian expression vector,
HOOK2 (Invitrogen).

Cell culture, transfection, and flow cytometry. HeLa cells (ATCC
CL-2) were maintained in Dulbecco’s Modified Eagle’s Medium
ontaining 10% bovine serum and penicillin (100 U/mL)/strepto-
ycin (100 mg/mL) and were incubated at 37°C and 5% CO2. Sub-

onfluent HeLa cells were transfected following harvesting by
rypsinization. Cells were resuspended at 1 3 107 cells/mL in
hosphate-buffered saline (PBS) and 500 mL aliquots were used for
ach 0.4 cm electroporation cuvette containing 20 mg DNA (20 mL)
ollowed by pulsing at 960 mF, 400 V using a Gene Pulser with a
apacitance extender (Bio-Rad). Cells were transferred immediately
o medium, pre-equilibrated to 37°C and 5% CO2 and harvested at
1–44 h by trypsinization and washing with PBS. Cell pellets were
nap-frozen in liquid nitrogen and stored at 270°C before analysis.
or co-transfection studies 2 mg of the target plasmid and 18 mg of

he antisense or sense pHOOK2 plasmid were mixed thoroughly
efore addition to the cuvette. Fluorescent-activated cell sorting
Becton Dickinson FACSORT) for gfp expression was carried out
n HeLa cells that were harvested by trypsinization and washed
ith PBS.

b-galactosidase assays. b-Galactosidase enzyme activity was de-
ermined in fission yeast using a cell permeabilization protocol as
reviously described (10). HeLa cells were assayed using the b-Gal
LISA kit (Boehringer Mannheim) according to the manufacturer’s

nstructions.

Analysis of RNA. All yeast RNA manipulations were as described
n Arndt et al. (5). RNA was extracted from HeLa cells (stored at
70°C) using the Total RNA isolation reagent (Advanced Biotech-

se sequences. The Escherichia coli lacZ gene, controlled by the SV40
acZ gene is integrated at the ura4 locus on chromosome III. In HeLa
d the direction of transcription from the SV40 promoter at position
hown to extend from the ATG (11) to TAA (13141). Arrows indicate
nse DNA sequences transcribed from the various pHOOK plasmids
sen
e l
an

is s
tise
39.
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ologies Ltd) according to the manufacturer’s recommendations. A
olyATract mRNA isolation system (Promega) was then used to

solate mRNA from 100 mg aliquots of total RNA. Northern analysis
as performed using standard techniques (Sambrook et al., 1989)
nd Hybond N membrane (Amersham). Probes were radiolabelled
[a-32P]dCTP, Bresatec) using the Megaprime random labelling kit
Amersham). Two probes were used, glyceraldehyde 3-phosphate
ehydrogenase (GAPDH, Clontech) for the detection of an endoge-
ous transcript and the HindIII/XcmI fragment isolated from the
HOOK2 vector. This latter fragment hybridizes to the 39 polyade-
ylation signal of all antisense and neomycin transcripts produced
rom the recombinant pHOOK2 plasmids. Hybridization was carried
ut using ExpressHyb (Clontech) solution as per the manufacturer’s
nstructions. A phosphorimager (Molecular Dynamics) was used for
ignal detection.

ESULTS

Expression of the target lacZ gene. The bacterial
acZ gene, controlled by the SV40 early promoter and
V40 polyadenylation signals was derived from the
SVb plasmid and used as a target in both the yeast
nd HeLa cells. In S. pombe, a single copy of the target
ene was integrated into the genome using ura4 flank-
ng DNA sequences and homologous recombination at
he wild-type ura4 gene locus (5).

The lacZ gene was introduced on the plasmid
SVbgfp into HeLa cells by transient transfection. In
ecognition of the varying levels of transfection that
an be obtained, the gfp gene expressing green fluores-
ent protein was inserted into the target pSVb plasmid
o enable FACS measurement and subsequent normal-
zation of transfection efficiency. The expression char-
cteristics of the lacZ and gfp genes encoded on
SVbgfp were examined at 20 h, 48 h and 68 h post-
ransfection. The activity of the gfp gene reached a
aximum level at 20 h that was maintained until 48 h

fter which the level reduced by approximately 50% at
8 h post-transfection. Analysis of the expression of the

FIG. 2. Co-transfection of HeLa cells with sense control plasmids
nd the target pSVbgfp. b-Galactosidase activity is expressed as a
ercentage of the empty vector control. Each bar of the histogram
epresents the average of three independent co-transfections. Each
ransfection was then assayed in triplicate for b-galactosidase activ-
ty. Standard deviations are indicated by the error bars.
10
ase activity reached a maximum level at 20 h and
hen declined in a linear manner until the latest mea-
ured point.
In HeLa cells the empty vector control pHOOK plas-
id and pHOOK containing the test fragments in the

ense orientation were co-transfected with the target
lasmid expressing both gfp and b-galactosidase to
etermine whether there was any differential effect on
xpression of these two proteins. When plotted, there
as a high correlation (r2 5 0.88) between the expres-

ion of both proteins from the target plasmid and no
ignificant suppression was observed (Fig. 2). There-
ore to simplify the protocol, all antisense results were
xpressed relative to the empty vector control.

Expression of antisense RNA. The behaviour of
hree antisense RNA fragments targeting the full cod-
ng sequence, 59 and short 39 regions of the lacZ gene
pGT2, pGT-59 and pGT61) has already been described
n fission yeast (5). Suppression levels were reported as
5%, 20% and 10% respectively. Two additional anti-
ense RNA fragments similar in size to pGT-59 corre-
ponding to the mid-region (pGT-m) and a longer 39
egion (pGT-39) of the lacZ mRNA were constructed
Fig. 1). pGT-59, pGT-m and pGT-39 each covered con-
ecutive, approximately 1.2–1.35 kb regions of the tar-
et gene and northern analysis showed that they were
xpressed in yeast at similar levels (Fig. 3).
The same antisense RNA sequences used in fission

east were directly subcloned from the yeast expres-
ion vector into the mammalian expression vector,
HOOK2. Northern analysis of HeLa cells transiently
ransfected with pGT2 showed mRNA levels with a
eak at 20 h, followed by an 80% reduction by 48 h.
xpression of pGT-59, pGT-m, pGT-39 and pGT61 an-

isense transcripts in HeLa cells was confirmed by
orthern analysis of the mRNA fraction isolated from
ransiently transfected cells harvested 20–24 h post-
ransfection (data not shown). Differences in transfec-
ion efficiencies of the various antisense plasmids were

FIG. 3. Northern blot of total RNA isolated from S. pombe strain
C4-6 cells transformed with antisense RNA fragments expressed
nder the control of the S. pombe nmt1 promoter from the pREP1
lasmid. The samples were hybridized with a 405-bp BamHI DNA
ragment from the nmt1 39 untranslated region. Lane 1, untrans-
ormed yeast; lane 2, pREP1 transformed yeast; lane 3, pGT-59; lane
, pGT-m; lane 5, pGT-59.
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ormalized using the relative expression levels of the
eomycin mRNA from the pHOOK2 plasmids and the
ndogenous levels of GAPDH mRNA (Table 1).
In contrast to yeast, the levels of the different anti-

ense mRNAs detectable after transient transfection of
eLa cells were variable when compared to the endog-

nous GAPDH mRNA (Table 1). This may reflect dif-
erences in stability of the various antisense RNAs
etween the two cell systems. The low levels of pGT2
etected in HeLa cells indicated there would be fewer
ranscripts available for suppression of the target gene
nd yet the highest reduction of b-galactosidase activ-
ty was observed for this construct (see below). This
uggests that longer regions of complementarity may
roduce more stable duplexes as substrates for dsRNAse
ctivities.

Antisense RNA suppression. In addition to the ear-
ier studies in yeast, two new lacZ antisense RNA
ragments (pGT-m, pGT-39) were analysed and com-

Relative Expression of mRNA Isolated from Transiently
Transfected HeLa Cell

Plasmid Size (bp) Antisense/neomycin Neomycin/GAPDH

pGT2 3475 0.17 0.11
pGT-59 1211 1.04 0.08
pGT-m 1352 1.65 0.29
pGT-39 1212 0.33 0.25
pGT61 379 0.26 0.14

Note. Northern data were quantified by phosphorimager and ex-
ressed as a ratio.

FIG. 4. Comparison of suppression levels of b-galactosidase acti
he average of three independent transformations or transfections
-galactosidase activity. Standard deviations are indicated by the er
11
gnated pGT59 (5). Suppression of this gene was deter-
ined by a reduction in b-galactosidase activity as
easured by a solution assay and comparison to the

ector-transfected control. Analysis of the relative effi-
acies of these fragments (pGT-59, pGT-m, pGT-39)
howed that suppression levels in fission yeast were
pproximately 20%, 24% and 23% respectively. If the
9 antisense fragment (pGT-59) was extended in a 39
irection, to the point where it was complementary to
he whole lacZ mRNA (pGT2), then suppression was
pproximately doubled to 45% (5).
To measure the efficacy of antisense RNA in HeLa

ells, both the vector control or antisense plasmids and
he target pSVbgfp plasmid were introduced by co-
lectroporation. The gfp fluorescence and b-galactosi-
ase activity were measured and compared to the
mpty vector control. b-galactosidase activities were
ivided by gfp fluorescence to correct for the transfec-
ion efficiency of the target pSVbgfp plasmid. Values
btained for HeLa cells co-transfected with the anti-
ense plasmids were expressed as a percentage of the
alues obtained for the cells co-transfected with the
ontrol plasmid (pHOOK2).
When the antisense plasmids were co-transfected
ith the target pSVbgfp plasmid into HeLa cells, all
ere able to suppress b-galactosidase activity when

orrected for total fluorescence and compared to the
mpty vector control. When the suppression data was
urther corrected for the differences in transfection
fficiencies of the antisense plasmids, all sequences
ere able to suppress b-galactosidase activity in a sim-

lar manner to that seen in S. pombe cells (Fig. 4).

in S. pombe and HeLa cells. Each bar of the histogram represents
ach transformant/transfection was then assayed in triplicate for
bars.
vity
. E
ror
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This report describes experiments aiming to further
he role of the yeast as model organisms for the study
f artificial modes of gene regulation for application in
uman cells. There are many examples of the use of
east to resolve biochemical, physiological and genetic
athways in mammalian cells and for this reason yeast
ave remained as important experimental microorgan-

sms. Major reasons for this interest in yeast is the
ase with which they can be handled, the ability to
enerate genetic mutants, the apparent conservation
f many functions between yeast and mammalian cells,
nd the relative simplicity of the yeast genome. Not
urprisingly, yeast have also become increasingly pop-
lar as tools for the development of several aspects of
ene therapy. There are many examples in the litera-
ure describing the utility of yeasts to determine or-
han gene function, however, the modalities of modi-
ying gene function also have the potential to be
tudied and developed in yeast. In the present study,
e address the question of whether fission yeast could
e used as a rapid preliminary test system to identify
ntisense RNA sequences for eventual use in human
ells. Fission yeast have been demonstrated to be good
osts for studying antisense function (3 and it was of

nterest to determine whether antisense sequences be-
aved in a similar manner in human cells as they did

n yeast cells.
Rather than targeting endogenous genes, we estab-

ished yeast and human cell protocols that involved
xpression of a near-identical gene target in each. The
arget lacZ gene fragment used was identical and tran-
cription of this fragment was controlled by the SV40
arly promoter in each case. This promoter has previ-
usly been shown to direct transcription of an mRNA
olecule with an identical 59 terminus in both fission

east and human cells (11). Antisense RNA genes were
ntroduced into both cell types on plasmids and ex-
ressed at levels in excess of the target mRNA levels.
east transformants harboured stable plasmids that
ere selected by complementation of prototrophic mu-

ations. Plasmid introduction into HeLa cells was by
ransient transfection and steps were taken to ensure
ccurate measurement of key parameters. For exam-
le, target gene plasmid levels were normalized by
omparison of green fluorescent protein levels pro-
uced by a gfp gene encoded on these expression vec-
ors. Similarly, antisense plasmid levels were normal-
zed by comparison of the theoretically invariant rates
f transcription of the plasmid-borne neomycin phos-
hotransferase gene and the transcription of the chro-
osomally encoded GAPDH gene.
The results showed a remarkable correlation be-

ween all antisense fragments tested in both cell sys-
ems. For example, the most effective construct in
eLa and S. pombe cells was pGT2 with 59 and 44%
12
esult could be interpreted in a number of ways.
irstly, the similarity of the efficacies could indicate a
onservation of mechanisms of antisense function be-
ween the organisms. For example, if the mechanism is
ependent upon an RNAse, then perhaps enzymes like
he PacI gene product found in S. pombe play an anal-
gous role to the RNAses found in mammalian cells
12). Alternatively, the mechanism could involve inter-
erence of nuclear export which is thought to have
ommon features in the two cell types. Finally, the
uplexes formed between the lacZ and antisense RNAs
ay have similar stabilities in each cell type and thus

e equally effective in preventing translation.
Clearly fission yeast and mammalian cells are not

dentical and there are differences which may be ex-
ected to ensure that the observed results could not
ccur. For example, there are reports of fission yeast
ot having key proteins involved in RNA:RNA interac-
ion such as an equivalent to the human hnRNPA1.
owever, it has been found that this protein did not
lter antisense function when expressed in fission
east, perhaps suggesting the existence of a compen-
ating function if such proteins are essential for anti-
ense function (D. Atkins, M. Patrikakis and B. Pon-
ious, pers. commun.). In fact there are many aspects of
ssion yeast and mammalian cell RNA biology that
rgue in favour of a conservation of function. For ex-
mple, there are similarities between fission yeast
nd human intron 59 junctions (11). TATA contexts,
nRNA sequences and structures (13) and promoter
unction (14).

This is the first report of the comparison of antisense
unction between two widely divergent eukaryotes and
s a good indication that S. pombe can be used to
redict the behaviour of antisense RNA in higher eu-
aryotes. It will be of interest to compare the precise
echanism and to determine whether similarities can

e found in the biochemistry of antisense function in
ammalian and yeast cells. Furthermore, a compari-

on of suppression of endogenous target genes, for ex-
mple the highly conserved cell cycle genes, will shed
ight on how broad the similarities observed here will
e. It is of interest to note that to date, no antisense
unction has been described in the baker’s yeast Sac-
haromyces cerevisiae. This may reflect the degree of
ivergence between S. pombe and S. cerevisiae (15).
erhaps there is an enzyme activity conserved between
ssion yeast and human cells that is essential for an-
isense activity but is absent in the baker’s yeast?

This result now provides encouragement for the fur-
her development of fission yeast as a host in which to
evelop gene therapy agents such as antisense and
ibozyme RNAs. The potential of using yeast for
creening experiments is well established and the in-
reasing number of human gene homologues emerging
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ethods as tools for use in the field of gene therapy.
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