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CHAPTERR 6 

THEE INVOLVEMEN T OF HUMA N 

RIBONUCLEASE SS HI  AND H2 IN THE VARIATIO N 

OFF RESPONSE OF CELL S TO ANTISENSE 

PHOSPHOROTHIOAT EE OLIGONUCLEOTIDE S 

Anneloorr  L.M.A . ten Asbroek, Marjo n van Groenigen, 

Marleenn Nooij , and Frank Baas 

ABSTRACT T 

Wee have analyzed the response of a number of human cell lines to treatment with 
antisensee oligodeoxynucleotides (ODNs) directed against RNA polymerase II , 
replicationn protein A, and Ha.-ras. ODN-del ivery to the cells was liposome-mediated 
orr via electroporation, which resulted in different intracellular locations of the 
O D N s.. The ODN-mediated target mRNA reduction varied considerably between 
thee cell lines. In view of the essential role of RNase H activity in this response, 
RNasee H was analyzed. The mRNA levels of RNase HI and RNase H2 varied 
considerablyy in the cell lines examined in this study. The intracellular localization of 
thee enzymes, assayed by green-fluorescent protein fusions, showed that RNase HI 
wass present throughout the whole cell for all cell types analyzed, whereas RNase H2 
wass restricted to the nucleus in all cells except the prostate cancer line 15PC3 that 
expressedd the protein throughout the cell. Whole cell extracts of the cell lines 
yieldedd similar RNase H cleavage activity' in an in vitro liquid assay, in contrast to the 
efficacyy of the O D Ns in vivo. Overexpression of RNase H2 did not affect the 
responsee to O D Ns in vivo. Our data imply that in vivo RNase H activity' is not only 
duee to the activity assayed in vitro, but also to an intrinsic property' of the cells. 
RNasee HI is not likely to be a major player in the antisense ODN-mediated 
degradationn of target mRNAs. RNase H2 is involved in the activity assayed in vitro. 
Thee presence of cell-type specific factors affecting the activity and localization of 
RNasee H2 is strongly suggested. 
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INTRODUCTIO N N 

Ribonucleasess H (RNases H) are enzymes that specifically hydrolyze the RNA moiety in 

RNA-DNAA duplexes 1K2). Proteins with RNase H activity are ubiquitous and have been 

isolatedd from a variety of organisms, ranging from viruses to prokaryotes and eukaryotes ( }. 

Thee best characterized and functionally understood RNases H are the RNase H domains of 

retrovirall  reverse transcriptases, and the evolutionary related RNase HI of Escherichia coli. 

Forr both these enzymes crystal structures are available <45) and amino acid residues involved 

inn substrate binding, metal binding, and catalysis have been identified and studied in detail by 

site-directedd mutagenesis <6'7). Mammalian RNase H enzyme activities have been 

biochemicallyy characterized in various tissues, including calf thymus (8>, mouse cells (9), HeLa 

cellss (10), human placenta (11) and human erythroleukemia cells (l2). Based on differences in 

theirr biochemical characteristics and immunological cross-reactivity, RNase H activity in 

higherr eukaryotes has been grouped into two classes (13J4). Class I enzymes have a native 

molecularr weight of 68-90 kDa, are activated by both Mg2+ and Mn2+, and are active in the 

presencee of sulfhydryl reagents. Class II enzymes have a lower molecular weight (30-45 

kDa),, are activated only by Mg2+ and inhibited by additional Mn2+, and are highly sensitive to 

sulfhydryl-blockingg reagents. 

Twoo different RNases H have been cloned and characterized in Escherichia coli: RNase HI 
<15)) and RNase HIT (16). The human sequence homologues of these bacterial enzymes have 

recentlyy been identified and characterized (,721). This has helped to link the biochemically 

characterizedd enzyme activities to the gene sequences. An overview of the two RNase H 

families,, and their homologues identified in various species is given by Ohtani et al. . The 

humann RNase HI is a class I enzyme, and the sequence homologue of E.coli RNase HII, a 

prokaryoticc minor enzyme which is not well characterized. Human RNase H2 is a class II 

enzyme,, and the sequence homologue of E.coh RNase HI, the prokaryotic major enzyme that 

hass been characterized in detail. RNase H enzymes are involved in removing RNA primers in 

prokaryoticc and eukaryotic DNA synthesis reconstitution experiments in vitro ( ' \ The 

physiologicall  role of RNase HI in E.coli, however, is to prevent replication taking place from 

sitess other than oriC. The RNA primer removal during replication in vivo is performed by the 

5'-exonucleasee activity of DNA polymerase I (25). Similarly, the removal of Okazaki RNA 

primerss in vivo in eukaryotic cells does not necessarily involve RNase H; Dna2 helicase, 

helicasee E, or Ku helicase, acting together with FEN1/RTH1 are also good and possible 

candidatess (26). The physiological role of the eukaryotic RNases H remains as yet elusive. 

Thee RNases H have gained renewed attention since the development of anti sense drugs. 

Antisensee oligodeoxynucleotides (ODNs) are widely used as a tool to down-regulate gene 

expressionn in a sequence-specific manner. The single-stranded DNA sequence binds to the 

complementaryy site in the target mRNA, upon which the RNA strand of the resulting DNA-
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RNAA hybrid is cleaved by RNase H Q). Regular phosphodiester (PO) ODNs are rapidly 

degradedd by cellular nucleases, and therefore modified ODNs have to be used. 

Phosphorothioatee (PS) ODNs, in which a sulfur atom has replaced the non-bridging oxygen 

atomm of the phosphate backbone, are most often used in practice. They are highly resistant to 

nucleases,, able to recruit RNase H cleavage, and commercially available. Apart from their 

sequence-specificc effects, however, these molecules also exhibit a number of sequence-

independentt artefacts, most of which are attributable to their ability to bind a number of 

heparin-bindingg proteins <28). 

Inn our search for allele-specific inhibitors based on single-nucleotide polymorphisms in target 

mRNAA sequences using antisense PS-ODNs, which could provide a tumor cell specific 

anticancerr therapy m\ we encountered large differences in the responses of the various 

humann cancer cell lines to the same ODN. We have examined this effect in detail and 

extendedd the analysis to different target sequences and ODN delivery methods. Furthermore, 

wee investigated the role of RNase H2 in this process using in vitro and in vivo measurements. 

RESULTS S 

Sixx human cell lines (embryonal kidney HEK293, prostate cancer 15PC3, pancreatic 

carcinomaa MiaPacall, cervical carcinoma HeLa, bladder carcinoma T24, and 

rhabdomyosarcomaa HTB82) were analyzed for their response on treatment with antisense 

ODNs.. The initial experiments were performed using liposomal delivery of various antisense 

phosphorothioatee ODNs. The response to ODN treatment varied considerably. 15PC3 and 

MiaPacalll  showed a good response, while HEK293 and HTB82 responded hardly at all, and 

HeLaa and T24 showed an intermediate response. To investigate the nature of the differences 

inn response to antisense ODNs we analyzed the RNase H levels in the cell lines, since RNase 

HH is claimed to be a key component in the mechanism of inhibition of gene expression by 

antisensee ODNs. The variation in RNase H mRNA levels is substantial (Figure 1). HEK293, 

HeLaa and 15PC3 display a similar high level of RNase HI, whereas MiaPacall, T24 and 

HTB822 show a low level. The difference in intensity between the two groups, after 

normalizationn for 28S rRNA signal is about 10-fold. The RNase H2 mRNA level shows a 5-

too 10-fold variation, but with a different distribution over the cell lines. 15PC3 and MiaPacall 

displayy the highest level of the 1.2 kb mRNA, and HEK293 the lowest. The 5.5 kb mRNA 

speciess detected by the RNase H2 probe (described by Wu et al. (20) to be a polyadenylated 

processingg variant of the main 1.2 kb mRNA) shows a more or less consistent level in the 

variouss cell lines (variation is only 1- to 2-fold). Our subsequent analysis focused on the three 

celll  lines that present the possible variation in mRNA levels: MiaPacalll  (low RNase HI, high 
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RNasee H2), HEK293 (high RNase HI, low RNase H2) and 15PC3 (high RNase HI, high 

RNasee H2). 

Sincee mRNA levels do not necessarily reflect protein levels or activity, we measured the 

RNasee H activity in an in vitro assay using whole cell extracts. An in vitro synthesized run-

offf  RNA, corresponding to a part of the POLR2A mRNA sequence (GenBank accession 

X63564,, position 2846 to 3306) was hybridized with a complementary phosphodiester (PO) 

ODNN of 16 nucleotides (L5Casl6; position 3049 to 3064). Cellular extracts were used in a 

concentrationn series to assay the non-saturated part of the activity curve, and mixtures of two 

differentt cell extracts were compared to the separate extracts. A representative example of an 

RNasee H assay is shown in Figure 2 (Figure 2A shows the experiment for HEK293 and 2B 

forr MiaPacall). 10 u-1 or 20 \i\ extract yields the saturation level of substrate digestion by 

RNasee H in the extracts. Roughly 10% of the input RNA remains uncut. In both cases the 

rangee from 0.5 uJ to 2 ul extract is not yet saturating, indicating a similar level of activity in 

bothh cells. Perhaps we measure two distinct activities in these extracts, e.g. RNase HI in 

HEK2933 and RNase H2 in MiaPacall, which may be additive or for which one may be 

limiting.. In order to exclude this possibility, equal amounts of both extracts were mixed and 

comparedd to the activity of one single extract. Figure 2A shows that 0.5 ui HEK293 extract 

pluss 0.5 (xl MiaPacall extract leads to 76% digestion of the input target RNA, whereas 1 ^1 

extractt of HEK293 gives 71% digestion. Similarly, 1 u.1 of both extracts combined versus 2 

|xll  of single extract gives 81% versus 82% digestion respectively. The same is demonstrated 

inn figure 2B, where the comparison of combined extracts to single MiaPacall extract is made. 

Thee difference in activity obtained with the combined extracts in panels A and B reflects the 

inter-experimentall  variation. The fact that the combined extracts are as active as the 

individuall  extracts demonstrates that both cell lines harbor similar RNase H enzyme activity. 
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HEK293 3 

Figuree 2: In vitro RNase H assay 
Wholee cell extracts of cell lines 
HEK2933 (A) and MiaPacall (B) were 
used.. The amount of extract (XT) used 
iss indicated on top of the lanes. The 
laness depicted 0.5+0.5 and 1+1 are 
assayedd with a mixture of both cell 
extracts.. Digested product is detected 
ass a single band on these gels, since the 
ODNN hybridizes to the center of the 
inputt target RNA. The asterisk 
indicatess the input target RNA; the 
arroww indicates the digested product 
bands.. The amount of digested product 
obtainedd is indicated at the bottom of 
thee lanes as percentage of total signal 
detectedd in the lane (remaining uncut 
inputt RNA plus digested product 
RNA). . 

Similarr results were obtained with extracts of 15PC3 cells (not shown). Phosphorothioate 

(PS)) ODNs behave similarly to PO-ODNs in the in vitro assay. They are slightly less 

efficient,, yielding 50-60% cleavage of the target RNA with 1 (il extract, compared to 60-70% 

cleavagee using the corresponding PO-ODN (unpublished results). 

Thee in vivo performance of the cells to antisense ODN treatment was tested by transfection 

experiments.. Antisense inhibition of gene expression is presumed to result in degradation of 

thee target mRNA via RNase H activity. The efficacy of a particular ODN can therefore best 

bee addressed by Northern blot analysis of the target mRNA, since the level of full-length 

mRNAA can be assayed. To avoid scoring possible artefacts of the ODN delivery system and 

chemistry-relatedd toxicity, we used liposomal delivery of PS-ODNs to the cells (PO-ODNs 

doo not enter the cells via liposomes; unpublished observations) as well as delivery of PS- and 

PO-ODNss by electroporation. Figure 3A shows the effect of 20 hr treatment using liposomal 

transfectionn with 800 nM (i.e. 800 pmoles) PS-ODNs directed against RPA70 (replication 

proteinn A, 70 kDa subunit), oncogene Ha-ras, and POLR2A (RNA polymerase II , 220-kDa 

subunit)) on the respective target mRNA levels. Figure 3B shows the result using 

electroporationn of 800 nM of antisense ODN directed against RPA70. A PS- as well as a PO-

versionn of the ODN was used in those experiments. Since PO-ODNs are quickly degraded by 

cellularr nucleases, mRNA was assayed at 4 hr and 20 hr post-transfection. The anli-RPA 70 

PS-ODNN yields maximum efficacy already within 4 hr post-transfection with liposomal 

delivery,, at the same level as at 20 hr post-transfection (unpublished results). 

C C 

c c 
—— + 
++ u-, 

Hii  XT 

311 76 90 822 71 51 

B B 
MiaPacall l 

__ z 
g-- O OO (S — 

Hll  XT 

777 63 90 93 80 64 57 % Cut 

108 8 



MiaPacalI I 15PC3 3 HEK293 3 

RPA A 

RAS S 

28S S 

POL L 

28S S 
m

oc
k 

k 
20

m
er

 r
 

a
R

A
S

 S
 

a
R

PA
 A

 

-

i l i l l 

ftt t t 

11 1 
Hi i 
M M 

m
oc

k 
k 

20
m

ei 
i 

aR
AS

 S
 

aR
PA

 A
 

 ##-' 

mm mm 

51 1 

M M 

33 E < o. 
gg o 02 3 PP r i a a 

 * *

o.. g 
aa E 

B B 

RPA A 

GAPDH H 

RPA A 

c/55 O c/3 O co O 
.**  u < < .x: u < < .*  Ö < < 
oo p Cu Cu OCO.CU " P Cu Cu 
PP P5 a a P < N B B P <N a a 

 MNé §*— 
GAPDHH  O H B * 

4hr r 

200 hr 

Figuree 3: Northern blot analysis of the cell lines transfected with 800 nM ODNs 
directedd against RPA70 and Ha-ras or POLR2A 
Probess used are indicated on the left side. 28S rRNA and GAPDH hybridization were used 
forr quantification of RNA loading. ODNs used are indicated on top of the lanes. A: 
Liposomall  transfection of PS-ODNs: aRPA, ISIS 12790 directed against RPA70\ aRAS, 
ISIS25033 directed against Ha-ras; aPOL, L5Cas20 (for 15PC3 and HEK.293) or L5Tas20 
(forr MiaPacalI) directed against POLR2A; 20mer, completely randomized control mixture of 
20-merr PS-ODNs; mock, transfection without PS-ODN. RNA was isolated for analysis at 20 
hrr post-transfection B: Electroporation transfection of 800 nM PS-ODN ISIS 12790 (RPA-S) 
andd the PO version of this ODN (RPA-O). RNA was isolated for analysis at 4 hr or 20 hr 
post-transfectionn as indicated on the right. 

AA summary of the quantification of the intact target mRNA levels is presented in Table 1. 

Withh liposomal delivery the 15PC3 and MiaPacalI cells are the best responders, whereas 

HEK2933 responds hardly at all. In 15PC3 cells the ml\-RPA70 PS- ODN displays the same 

potencyy with electroporation as with liposomal transfection. The PO-ODN is also effective, 

althoughh less than the PS-version and only when assayed at 4 hr, compatible with the 

intracellularr instability of PO-ODN compared to PS-ODN. For MiaPacalI cells only the PS-

ODNN is effective, and the delivery method makes a big difference. HEK293 is a poor 

responder,, although the anti-/?/M 70 PS-ODN performs better in electroporation than in 
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Tablee 1: Percentage of intact target mRNA after  antisense ODN treatment 

SAMPLE E 

MiaPacalI I 

POLS S 
RPA-S S 
RPA-O O 

HEK293 3 

POLS S 
RPA-S S 
RPA-O O 

15PC3 3 

POL-S S 
RPA-S S 
RPA-O O 

LIPOSOMA L L 
200 hr 

19.77  3.3 (n=6) 
26.00  2.2 (n=3) 

N.A A 

66.88  4.6 (n=4) 
93.33  7.6 (n=3) 

N.A A 

19.33  1.2 (n=3) 
21.33  0.5 (n=3) 

N.A A 

ELECTROPORATIO N N 
200 hr 

n.d. . 
80.77  9.0 (n=3) 
90.77  8.4 (n=3) 

n.d. . 
68.33  6.9 (n=3) 
108.33 7 (n=3) 

n.d. . 
28.00  6.4 (n=3) 
86.00  9.3 (n=3) 

ELECTROPORATIO N N 
4hr r 

n.d. . 
72.33 1 (n=3) 
70.00  11.2(n=3) 

n.d. . 
69.00  7.3 (n=3) 
72.77  8.2 (n=3) 

n.d. . 
35.00  7.3 (n=3) 
46.77 1 (n=3) 

Afterr treatment with 800 nM antisense ODNs, phosphorothioate (POL-S and RPA-S) or 
phosphodiesterr (RPA-O), cells were assayed for intact target mRNA at 20 hr or 4 hr post-
transfection,, using Northern blotting. 
Percentages,, corrected for loading and normalized to the mock control transfections, are 
givenn as Average  Standard Deviation forn independent experiments, n.d.: not done; N.A.: 
nott available, since PO-ODNs do not enter cells when delivered by liposomal transfection 
reagents. . 

liposomall  transfection of these cells. The delivery by electroporation is more prone to 

variation,, because most cells are killed by the shock, and only the surviving cells are assayed 

thatt are attached to the culture plastic at time of analysis. This yields a larger deviation than 

thee liposomal delivery, where cells are attached to the growth surface from start to finish. 

Thee cell internal fate of the ODNs was assayed with fluorescently labeled PS-ODNs using 

bothh delivery systems. With both methods at least 90% transfection efficiency was obtained, 

andd the cells displayed littl e variation in staining intensity. All cell lines showed a similar 

uptakee and distribution as shown in Figure 4 (the nucleus was identified by Hoechst staining 

off  the DNA; not shown). Liposomal transfection results mostly in a bright nuclear 

fluorescencee that is excluded from the nucleoli and appears as bright spherical structures in a 

diffusee nucleoplasm̂ staining, as well as some cytoplasmic staining in bright punctate 

structures.. The electroporation transfection provides a completely different pattern, without 

nuclearr fluorescence detectable, and with fine punctate perinuclear and cytoplasmic staining 

off  other structures than appear following liposomal transfection. The corresponding PO-ODN 

showss a similar pattern and intensity as the PS-ODN in the fluorescent electroporation 

transfectionn (not shown). 
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liposomall  electrop oration 

Figuree 4: Staining pattern of cells 
200 hr  after  liposomal or 
electroporationn transfection of 
FITC-labeledd ODNs 
HEK2933 cells are much smaller 
thann MiaPacalI and 15PC3, and 
thereforee presented at an increased 
magnification. . 

MiaPacalI I 

15PC3 3 

HEK293 3 

AA tritium-labeled PS-ODN (against RPA70) was used in both delivery systems to quantify the 

amountt of ODN that is retained in the cells at time of mRNA analysis. The amount of ODN 

perr cell was quantified as 3H dpm per ug protein and is shown in Table 2. The three cell lines 

assayedd display similar cellular uptake. Thus, not only the intracellular distribution is similar 

forr these cells (fluorescence), but also the intracellular concentration (tritium). Furthermore, 

thee intracellular ODN concentration is a linear function of the ODN concentration 

administeredd at transfection (Table 2). Electroporation results in a roughly two-fold higher 

concentrationn than liposomal delivery. Overall only 2-3% of the 3H-labeled ODN that is put 

intoo the transfection is still detected at 20 hr post-transfection. The relative amount of tritium 

detectedd immediately after liposomal transfection is 2-fold higher for MiaPacalI and 15PC3 

Tablee 2:3H-ODN (RPA-S) uptake of cells 

SAMPLE E 

MiaPacalI I 

4000 nM 

6000 nM 

8000 nM 

HEK293 3 

4000 nM 

6000 nM 

8000 nM 

15PC3 3 

4000 nM 

6000 nM 

8000 nM 

LIPOSOMA L L 

dpm/ugg protein 

4.44  0.0 

6.44 8 

10.44 9 

4.22 6 

6.88 9 

8.77 4 

3.11 3 

6.55 3 

9.11  1.4 

ELECTROPORATIO N N 

dpm/ugg protein 

7.88 0 

n.d. . 

24.22  1.0 

n.d d 

n.d. . 

n.d. . 

5.44 6 

n.d. . 

13.44 1 
3HH present in cells at 20 hr post-transfection of a concentration series of antisense RPA-S is 
givenn as Average  Deviation for 2 independent experiments, n.d.: not done. 
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andd 4-fold higher for HEK293 compared to the 20 hr data. This can largely be explained by 

celll  division (as can be calculated from the total amount of protein measured at both time 

points). . 

Thee data obtained thusfar show that HEK293 cells have the lowest level of RNase H2 mRNA 

andd display a very poor response to antisense ODN treatment. To test whether additional 

RNasee H2 would lead to enhanced sensitivity to ODNs, we constitutively expressed RNase 

H22 in HEK293 cells. Clones expressing high levels of RNase H2 RNA were assayed in vitro 

andd in vivo. The in vitro RNase H assay, using whole cell extracts of the transfectants, shows 

thatt the expressed RNase H2 RNA yields functional protein, whereas the vector alone (panel 

pcV)) does not affect the RNase H activity of the cells (Figure 5A). The cell extracts of the 

RNasee H2 transfectants (panels pcRH) have increased enzymatic activity. The lowest input 

(0.55 p.1 extract) already yields saturated enzyme activity levels. Activity could only be 

properlyy assayed using 10-fold diluted extracts (Figure 5B). The cells overexpressing RNase 

H22 are roughly 10-fold more active in this in vitro assay than the parental and vector control 

cells. . 
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0.55 1 2 u] XT 
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0.11 0.2 0.5 ul X T 

522 53 71 %cut 

Figuree 5: In vitro RNase H assay with whole cell extracts of HEK293 transfectant cells 
Panell  A shows the parental HEK293 cells (293 wt) and typical examples of a pcDNA3 
vector-onlyy control transfectant cell line (pcV) and a pcDNA3/RNase H2 transfectant cell 
linee (pcRH8) using fresh extracts. Panel B shows a vector-only control (pcV) and three 
pcDNA3/RNasee H2 transfectants (pcRH8, pcRH9, pcRHIO) that showed the highest level of 
RNasee H2 RNA on Northern blot analysis, using 10-fold diluted extracts. In comparison with 
figuree 5A, a lower level of digestion is obtained in all cases, because frozen extracts were 
usedd for the dilution, and freezing the extract leads to loss of activity in our hands 
(unpublishedd observations). However, the relative differences in activity between the vector-
onlyy and RNase H2 transfectants are still retrieved. 
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Figuree 6: Northern blot analysis of 800 nM PS-ODN transfections of HEK293 cells 
overexpressingg RNase H2 
Celll  lines shown are MiaPacall (MPD), HEK293 (293), pcDNA3 vector-only control 
transfectantt of HEK293 (pcV), RNase H2 transfectant cell lines of HEK293 overexpressing 
RNasee H2 (pcRH8, pcRH9, pcRHIO). PS-ODNs used are indicated on top of the lanes. 
aPOL,, L5Cas20 directed against POLR2A; aRPA, ISIS 12790 directed against RPA70; 
20mer,, randomized control mixture. Probes (indicated on the left) are for POLR2A (top), 
RPA70RPA70 (middle) or 28S rRNA (bottom). 

Thee RNase H2 overexpressing clones were tested in vivo using liposomal delivery of 800 nM 

PS-ODNs,, directed against POLR2A and RPA70 (Figure 6). Assaying the RNase H2 

transfectantss using electroporation was not feasible due to extremely poor plating efficiency 

off  the RNase H2 overexpressing lines following electroporation, even on poly-L-lysine 

coatedd plates. Al l six RNase H2 transfectants assayed (three of which are shown in figure 6) 

havee the same low level of antisense inhibition as the parental and vector control cells 

(roughlyy 10% reduction of target mRNA). The high level of activity in vitro, and thus 

expressionn of functional protein, does not result in an increased response to antisense ODN 

treatmentt in vivo. 

Too rule out the possibility that different alleles of RNase H2 are expressed in MiaPacall, 

HEK2933 and 15PC3, we sequenced the coding region in these cells. The coding regions were 

identical,, except for one silent substitution of the wobble base of a triplet encoding a proline 

residue.. Position 579 (GenBank accession AF039652) is an A in MiaPacall and 15PC3, but a 

GG in HEK293. 

Thee different response to antisense ODN treatment could also be attributed to a difference in 

enzymee localization within the various cell lines. To test this possibility the coding sequences 

off  RNase H1 and RNase H2 were fused in frame to green-fluorescent protein (GFP). The six 

celll  lines were analyzed by fluorescence microscopy following transient transfections 

(MiaPacall,, Hek293 and 15PC3 are shown in Figure 7). Control experiments using the GFP 

vectorr alone showed a uniform distribution of fluorescence within the cells for all cell lines. 
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Thee expression of the GFP-RNase HI protein results in fluorescence throughout the whole 

celll  in all cases, although the expression in 15PC3 seems to be less uniform. The expression 

off  RNase H2 is restricted to only the nucleus (identified by Hoechst staining; not shown) in 

alll  cases except 15PC3. In these cells RNase H2 displayed the same uniform expression 

patternn as RNase H1. 

GFPP GFP-H1 GFP-H2 

Figuree 7: Staining pattern of cells expressing green-fluorescent protein (GFP) and GFP 
fusedd to RNase HI (GFP-H1) or RNase H2 (GFP-H2) 

DISCUSSION N 

Inn this study we showed that the reduction of target mRNA upon treatment with ODNs 

againstt the 220 kDa subunit of RNA polymerase II, the 70 kDa subunit of replication protein 

A,, and the oncogene Harvey-ras varies considerably between human cell lines. Since the 

catalyticc activity of an RNase H is essential for antisense-mediated RNA degradation we 

measuredd both mRNA and enzymatic activity. Large differences were observed in our cell 

liness in mRNA level of the two human RNase H enzymes. We focused on the comparison of 

thee cell lines that displayed the major differences (Table 3). 15PC3 contains high levels of 

bothh RNases HI and H2, MiaPacall contains a low level of RNase HI and a high level of 

RNasee H2, whereas HEK293 contains a high level of RNase HI and a low level of RNase H2 

(respectivelyy 10-fold more and 5-fold less than MiaPacall cells as assayed by Northern 

analysiss of total RNA). Despite these large differences in mRNA levels we detected a similar 

RNasee H activity with the various cells when we used whole cell extracts in an in vitro 

RNasee H assay. Single extracts displayed the same level of activity as mixed extracts, 
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indicatingg that similar enzymatic activities were measured in the various extracts. In vivo, 

however,, the cell lines showed a different response with a number of target mRNAs, which 

dependedd in part upon the delivery method used (figure 3). 15PC3 cells performed well for 

alll  three targets, yielding on average 80% reduction of the target mRNA, whereas HEK293 

alwayss performed poorly (only 20-30% reduction was achieved). The response of MiaPaca II 

cellss depended on the ODN delivery method, yielding 70-80% reduction of the target mRNA 

withh liposomal delivery and only 20-30% with electroporation. The amount of cellular ODN, 

measuredd with 3H-labeled PS-ODN, was twice as big after electroporation than after 

liposome-mediatedd transfection. FITC-labeling disclosed a large difference in ODN 

localization,, which depended on the method of transfection. In our hands, liposomal delivery 

off  fluorescently labeled PS-ODNs resulted in a staining pattern that has been observed by 

otherss in various cell types, using different liposomes (37-38\ or microinjection of PS-ODNs 

intoo the cytoplasm (3 "41). This pattern was independent of the ODN sequence, length, or the 

fluorochromee used (38'40). The perinuclear and vesicular cytoplasmic staining resulted from 

accumulationn of ODN in the endosomes and lysosomes (37-41). The bright nuclear ODN foci 

aree the so-called PS-bodies, associated with the nuclear matrix; following mitosis they 

assemblee de novo from diffuse PS-ODN pools in the daughter nuclei  f38). While they retain 

theirr antisense capacity, PS-ODNs continuously shuttle between the nucleus and the 

cytoplasmm (42). This nucleocytoplasmic shuttling is an active transport process, which 

probablyy involves binding to (unidentified) cellular proteins that exhibit shuttling. The 

nuclearr localization of PS-ODNs seems to be an important prerequisite for their potential to 

exertt antisense activity, despite their binding to nuclear matrix proteins (38). 

Thee pattern of ODN localization after delivery with electroporation was completely different, 

displayingg no fluorescence at all in the nucleus. The cytoplasmic structures had a different 

appearancee than those following the liposomal delivery: many more and finer punctate 

structures.. After electroporation, the staining patterns observed with PO-ODNs and PS-ODNs 

aree similar. This makes it unlikely that backbone chemistry-related binding components are 

involvedd in the cytoplasmic delivery of ODNs by electroporation. 

Sincee the fate of the ODNs within the different cell types was similar with respect to ODN 

accumulationn and localization, a variation in response to ODN treatment must be an intrinsic 

propertyy of the cells. 

Thee mRNA data suggest that RNase HI does not make a major contribution to the mRNA 

reductionn of antisense treatment. Firstly, in vitro the three cell lines have similar RNase H 

activity,, despite the big difference in RNase HI mRNA levels, even when extracts are mixed. 

Secondly,, in vivo the high level of RNase H1 in HEK293 compared to MiaPacall does not 

resultt in an increased response to antisense ODN treatment, irrespective of the cellular ODN 

localizationn (liposomal delivery or electroporation of the ODNs). Finally, a GFP-RNase H1 

fusionn protein shows similar localization in all cell lines. This argues against a cell-specific 

restrictionn of RNase H1 to certain cellular compartments. Rather it suggests that RNase HI, 
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Tablee 3: Summary of the results related to the involvement of RNase HI  and H2 

celll  line 

MiaPacall l 

15PC3 3 

HEK293 3 

HEK293 3 

pcRH H 

RH1 1 

mRNA A 

level level 

+ + 

+++ + 

+++ + 

+++ + 

RH22 mRNA level 

1.22 kb 5.5 kb 

++ + 

+++ + 

+/--

+++++ + 

+ + 

+ + 

+ + 

+ + 

RH1 1 

localization n 

wholee cell 

wholee ceil 

wholee cell 

wholee eel! 

RH2 2 

localization n 

nucleus s 

wholee cell 

nucleus s 

nucleus s 

RH H 

activity y 

inin vitro 

+ + 

+ + 

+ + 

+++ + 

targett  mRNA reduction 

inin vivo *) 

liposomall  electroporation 

+++ + 

+++ + 

+ + 

+ + 

+ + 

+++ + 

+ + 

n.d. . 

*)) +: 10-30% reduction of target mRNA level; +++: 70-90% reduction of target mRNA level, n.d.: not 
done;; RH: RNase H. 

whichh is the ortholog of the minor E.coli enzyme RNase HII , with unknown function, is not a 

majorr player in the cell's response to antisense ODN mediated cleavage of target mRNA. 

Thee presence of two mRNA species, as well as a variation in the cellular localization 

complicatess the interpretation of the role of RNase H2 (Table 3). The main 1.2 kb mRNA 

levell  varies substantially between the cell lines. In the in vitro RNase H assay, however, the 

threee cell lines show similar cleavage activity. Thus, the activity measured in the in vitro 

assayy does not correlate with the mRNA levels of either RNase HI or H2. The discrepancy 

betweenn the in vivo and in vitro measurements could be due to a compartmentalization of a 

componentt in the in vivo system. On the other hand we cannot exclude that the substantial 

amountt of 5.5 kb mRNA present in all cells encodes a major contributor of the RNase H 

activityy measured in vitro. There are several examples of apparent discrepancies between 

RNasee H activity measurements in different assays in mammals and yeast L  -\ In 

mammaliann cells the class I enzyme activity could only be measured in a liquid assay and 

wass not detected with an in-gel assay; the class II activity measured in the liquid assay was of 

aa monomelic enzyme, whereas the class II activity detected in-gel presented a multimeric 

enzymee form. In Saccaromyces cerevisiae the class I activity was detected only in in-gel 

assays,, the class II activity of RNH(35) only in liquid assays, whereas the class II activity of 

RNH(70)) was detected in neither assay. 

Inn order to determine the contribution of the activity encoded by the 1.2 kb RNase H2 

mRNA,, we assayed six different transfectant clones of HEK293 (three of these are shown in 

figuress 5 and 6) that expressed a spectrum of high levels of RNase H2, up to a 25-fold higher 

levell  than the endogenous 15PC3 RNase H2 mRNA. The increase in RNase H2 RNA in the 

transfectantss resulted in increased enzymatic activity in the in vitro RNase H assay. This 

demonstratess that the overexpressed RNase H2 contributes substantially to the enzymatic 

activityy assayed in whole cell extracts. However, these HEK293 transfectants overexpressing 

functionall  RNase H2 do not display an increased response to antisense ODN treatment in 
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vivo.vivo. Due to an increased fragility of the transfectants, it was not possible to analyze the 

effectss of ODNs delivered by electroporation. The data of the 15PC3 cells are compatible 

withh the hypothesis that RNase H2 can play a role in the in vivo response of cells. They are 

thee only cells that show a good response to antisense ODN treatment using electroporation of 

PS-- and PO-ODNs. With this transfection method the ODNs (PS as well as PO) are only 

detectedd in the cytoplasm. 15PC3 cells are the only ones that have RNase H2 protein both in 

thee cytoplasm and the nucleus, as opposed to a strict nuclear localization in the other cell 

liness tested. Thus the cytoplasmic localization of RNase H2 in 15PC3 might be responsible 

forr the catalytic activity after electroporation of antisense ODNs. The cytoplasmic RNase H2 

iss not an absolute requirement for effective antisense inhibition, since MiaPacall cells that 

displayy nuclear fluorescence of GFP-RNase H2 show a similar reduction of the target mRNA 

ass 15PC3 cells when PS-ODNs are transfected with liposomes. Nuclear location of RNase H2 

iss not sufficient for ODN-mediated mRNA degradation, however. HEK293 and MiaPacall 

cellss display a similar localization of RNase H2, as well as similar ODN localization and 

accumulation.. Nevertheless HEK293 cells do not respond to PS-ODN treatment, even when 

theyy express vast amounts of active enzyme. 

Reviewss discussing PS-ODN-mediated inhibition of gene expression warn against erroneous 

interpretationn of results caused by the protein-binding capacity of PS-ODNs (27'2S and many more). 

Thee lack of reactivity of HEK293 cells in our study could therefore simply be explained by 

postulatingg a cell-specific factor that inactives the PS-ODNs in these cells, which would 

implyy that this factor is inactive in the in vitro RNase H assay, or that some other enzymatic 

activityy is measured. The detection of increased activity in the transfectants overexpressing 

thee coding region of the 1.2 kb RNase H2 mRNA suggests that at least the activity encoded 

byy the 1.2 kb mRNA can be assayed in vitro. On the other hand, the fact that 15PC3 cells 

displayy RNase H2 not strictly in the nucleus as the other cells, but also in a large amount in 

thee cytoplasm, clearly shows that cell-specific components exist that act on this RNase H 

enzyme.. Since we deduce the cellular localization from the behavior of the GFP-RNase H2 

fusionn protein, the cellular factor must act with the RNase H2 enzyme. The previously 

mentionedd nucleocytoplasmic shuttling of PS-ODNs with the help of shuttling cellular 

componentss <42) may play a role in the cell-specific variation in response to antisense ODN 

treatment. . 

AA clear assignment of the role of RNase H2 in the PS-ODN mediated cleavage of target 

mRNAA  in vivo requires additional knowledge of at least two things. On the one hand, the 

componentss binding to this enzyme need to be identified to understand the cytoplasmic 

locationn of the enzyme in 15PC3 cells. This enzymatic location appears a necessity for 

activityy towards ODNs that are restricted to the cytoplasm. On the other hand, the 5.5 kb 

mRNAA species, whose sequence is unknown, awaits identification and characterization. We 

cannott exclude that it contributes to the activity essential for the antisense ODN-mediated 

inhibitionn of gene expression in vivo. This would be compatible with the finding that 
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antisensee ODNs can be very effective in inhibiting gene expression in the brain |4446). Both in 

fetall  and adult brain the main 1.2 kb RNase H2 mRNA can not (or hardly at all) be detected 

byy Northern analysis ,our u nPu b l i s h ed data; 20>, whereas they do have a consistent amount of the 5.5 

kbb RNase H2 mRNA species. 

Ourr findings are not compatible with a simple assignment of a single RNase H enzyme 

activityy to the antisense ODN-mediated inhibition of gene expression in human cells in vivo. 

MATERIAL SS AND METHOD S 
Celll  culture 
Humann cell lines HEK293 (embryonal kidney), 15PC3 (prostate cancer), MiaPacall 

(pancreaticc carcinoma), T24 (bladder carcinoma), HeLa (cervical carcinoma) and HTB82 

(rhabdomyosarcoma),, were obtained from the American Type Culture Collection, or gifts 

fromm colleagues. Cells were maintained by serial passage in Dulbecco's modified Eagle's 

mediumm (DMEM), supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 U/ml 

penicillin,, and 100 îg/ml streptomycin. 

Transfections s 

Oligonucleotidess were purchased from Isogen (The Netherlands). ODNs directed against 

POLR2APOLR2A have been described previously (29). Basilion et al. <30) and Monia et al. (31) have 

describedd ODNs ISIS 12790 and ISIS 2503 directed against RPA70 and Ha-ras respectively. 

ODNN transfection with liposomal transfection reagent DAC-30 (Eurogentec) was as 

describedd previously and performed in a 6-well culture plate, with 1 ml serum-free medium 

containingg DAC-30 and ODN l29). ODN transfection by electroporation was done with a Bio-

Radd Gene Pulser II with RF module. One day prior to transfection cells were plated such that 

att transfection roughly 70% confluency was reached. Cells were harvested using trypsine 

followedd by washing in PBS, and resuspended in HEPES-buffered media (2 mM HEPES, 15 

mMM K-phosphate buffer, 250 mM mannitol, 1 mM MgCl2, pH 7.2 (32) at 106 cells per 100 |il. 

Thiss was incubated with the ODN at ice for 10 min, transferred to an electroporation cuvet 

(0.22 cm; Bio-Rad) and shocked (280 V, 100% modulation, 140 amplitude, 40 kHz RF, 1.5 

msecc burst duration, 15 bursts, 1.5 sec interval). The cuvet was placed on ice immediately 

afterr electroporation. Cells were washed out of the cuvet in complete culture medium and 

platedd at appropriate density for recovery. 

Plasmidd transfections for transient expression of GFP-constructs were with 2 \ig supercoiled 

plasmidd on 105 cells. 

Forr fluorescence microscopy cells were plated on glass coverslips in a 6-well culture plate, 

andd transfected with FITC-labeled ODNs or GFP-expressing plasmids. For analysis cells 

118 8 



weree fixed on the glass in PBS containing 4% paraformaldehyde and embedded in 

Vectashieldd Mounting Medium (Vector Laboratories Inc.)- Fluorescence microscopy was 

donee with a Vanox microscope and appropriate filters. For stable expression of RNase H2 in 

HEK293,, cells were plated in 10-cm dishes at 107 cells and transfected for 5 hr in 2.5 ml 

serum-freee medium containing 12.5 pil transfection reagent DAC-30 (Eurogentec) and 2 [ig 

linearizedd plasmid. Initial selection of transfected cells was with 1.5 mg G418 (Roche) per ml 

medium.. Maintenance of selected clones was at 0.5 mg G418 per ml. 

Tritiu mm ODN measurements 
Tritiumm labeling of the ODN was performed using the heat exchange method described by 

Grahamm et al. (33). Cells were transfected with 3H-labeled PS-ODN (specific activity 40260 

dpm/|ugg ODN) using the liposomal or electroporation delivery described above and seeded in 

6-welll  plates. At sampling cells were extensively washed with PBS (5x with 3 ml PBS per 

well)) and lysed subsequently in 1 ml IN NaOH per well. 500 u.1 was used for liquid 

scintillationn counting. Protein was measured with BioRad DC reagent (Bio-Rad) using a BSA 

standardd series for quantification. 

Plasmids s 

C-terminall  GFP fusion vector pEGFP-Cl was obtained from Clontech; pcDNA3 was 

obtainedd from Invitrogen. pcDNA3 derived constructs were linearized with restriction 

endonucleasee Pvul (Roche) prior to transfection. Coding regions of RNase HI (GenBank 

accessionn Z97029) and RNase H2 (GenBank accession AF039652) were cloned into pEGFP-

Cll  or pcDNA3 via RT-PCR with proofreading Taq polymerase (primer sequences available 

uponn request). Constructs used for expression experiments were verified by DNA sequencing 

usingg Big-Dye terminator chemistry (Perkin-Elmer) and analyzed on an ABI377 sequencer. 

RNAA analysis 
Northernn blot analysis of RNA was as described (29). Hybridized probe was visualized and 

quantifiedd on a Phospholmager (Molecular Dynamics). cDNA fragments to be used as probe 

weree generated by RT-PCR and subsequent cloning into the pGEM-T Easy vector (Promega). 

Probess used were POLR2A (GenBank accession X63564, position 1608-2078), RPA70 

(GenBankk accession M63488, position 1066-1718), Ha-ras (GenBank accession J00277, 

positionn 1659-3485 exon sequences only), 28S rRNA (GenBank accession Mi l 167, position 

1635-1973),, and GAPDH (GenBank accession M33197, position 245-536). 

InIn vitro RNase H assay 

Thee in vitro RNase H assay is a combination of two protocols described in literature (34'35). 

Wholee cell extracts were prepared as follows: exponentially growing cells were harvested by 

scraping,, washed once in PBS, and resuspended in 100 uT hypotonic lysis buffer (7 mM Tris-

119 9 



Cll  pH 7.5, 7 mM KC1, 1 mM MgCl2, 1 mM 6-mercaptoethanol) per 106 cells. After 10 min 

incubationn on ice, DNA was sheared by repeated passaging through a 27 Gauge needle. Then 

0.11 volume of neutralization buffer (21 mM Tris-Cl pH 7.5, 116 mM KC1, 3.6 mM MgCl2, 6 

mMM 6-mercaptoethanol) was added. Cell debris was removed by centrifugation for 10 min at 

44 °C. The supernatant was transferred to a fresh tube on ice and glycerol was added to a final 

concentrationn of 45%. The RNase H activity in these extracts is relatively labile and 

susceptiblee to freezing or diluting of the extracts. The extracts used in one experiment were 

alwayss isolated at the same time and treated in the same way. So within one experiment the 

ratioratio of the extracts of different cell lines has to be compared. Absolute levels differ between 

thee experiments. Template RNA was prepared by in vitro transcription of linearized target 

plasmidd construct, using T7 RNA polymerase (Promega) and the manufacturer's protocol. 

Run-offf  RNA and complementary ODN were denatured separately by boiling for 5 min in 

1000 mM KC1, 0.1 mM EDTA and slowly cooled to roomtemperature to allow folding of the 

template.. 50 ng template RNA and 100 ng ODN were annealed at 37 °C for 15 min in 30 \i\ 

1000 mM KC1, 0.1 mM EDTA. Then RNase H mixture was added, comprised of 8.4 u,l 5x 

bufferr (250 mM Tris-Cl pH 7.5, 50 mM MgCl2, 1 mM DTT, 2.5 mg/ml BSA), 1 ul RNasin 

(200 u/u,l; Promega) and 5 [i\  cell extract, and incubated at 37 °C for 5 min. RNA was 

subsequentlyy precipitated in the presence of glycogen, after removal of proteins by phenol 

extraction,, and dissolved in gel loading buffer containing 95% formamide. Fragments were 

separatedd on a denaturing gel (6% acrylamide, 8 M urea), electroblotted onto Hybond-N+ 

membranee (Amersham), and visualized by hybridization with a probe derived from the insert 

off  the plasmid used for run-off RNA synthesis. 
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