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= Cellular Uptake and Localization of a Cy3-Labeled siRNA
Specific for the Serine/Threonine Kinase Pim-1
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ABSTRACT

.com at 12/17/07. For personal use only.

35 highly efficient and specific small interfering (siRNA) (PsiR4) for the serine/threonine kinase Pim-1
Eas been generated that silences the expression of a Pim1-green fluorescent protein (GFP) fusion
%ene at low nanomolar concentrations (~5 nM). Only one of four siRNAs tested against Pim-1 had
digh potency, whereas the three other siRNAs were completely inefficient up to a concentration of
%00 nM. PsiR4 was labeled with Cy3 at the 5'-end of the sense strand to investigate cellular uptake

nd localization in living COS-7 and F-11 cells. This modification has only minor effects on the po-
@ncy of PsiR4 to inhibit Pim1-GFP. Cellular uptake of the Cy3-labeled siRNA by lipofection was ob-
‘Served in more than 90 % of the cells and reaches a plateau 4-6 hours after transfection. Cotransfec-
_g)on studies with low PsiR4-Cy3 concentrations demonstrated that most cells that still expressed
g_iml GFP did not show siRNA uptake. Localization studies with PsiR4-Cy3 in the neuronal hy-
'brldoma cell line F-11 displayed a dotted, perinuclear accumulation of siRNAs. Moreover, cells with

Beurltellke structures contain PsiR4 in this cellular compartment.

INTRODUCTION

Schooal e-jo

'VARIOUS MEANS OF REDUCING THE EXPRESSION of po-
QY tentially interesting genes, for example, the applica-
Bon of antisense oligonucleotides or small interfering
éﬁNAs (siRNAs), are currently in use for the purpose of

lidating candidate genes for drug development or to
'Cudy their functional importance (for reviews, see
%rooke, 2000; Eckstein, 2000; Kurreck, 2003; Dykx-
Foorn et al., 2003). RNA interference (RNAIi) is an en-
‘Bogenous cellular mechanism, conserved from plants to
Fammals (Fire et al., 1998; Hamilton and Baulcombe,
33999 Elbashir et al., 2001), which is thought to be in-
Eolved in virus defense, retrotransposon silencing, and
ﬁgterochromatmlzatmn (Waterhouse, 2001; Hu et al.,

02; Schramke and Allshire, 2003; Volpe et al., 2002;
%Zeinhart and Bartel, 2002; Hall et al., 2002). Cellular

uble-stranded RNA (dsRNA) serves as a target for the
ENase II-like enzyme Dicer, which cuts dsRNA into
81 -23 nt siRNAs, containing 2-nt 3’-overhangs (Zamore

et al., 2000; Bernstein et al., 2001; Elbashir et al., 2001).
These siRNAs are subsequently incorporated into the en-
zyme complex, RNA-induced silencing complex (RISC),
wherein the siRNA is unwound in an ATP-dependent
step (Hammond et al., 2000; Nykénen et al., 2001). The
antisense strand of the siRNA guides the resulting ri-
bonucleoprotein complex to complementary single-
stranded RNA (ssRNA), which is subsequently de-
graded. In mammalian cells, the use of long dsRNA
induces an unspecific interferon (IFN) response (Stark et
al., 1998; He and Katze, 2002), whereas siRNAs were
shown to be target specific (Harborth et al., 2001). Nev-
ertheless, a recent microarray study demonstrated off-tar-
get activation of stress-inducible and apoptotic genes
when siRNAs were introduced in cells at concentrations
higher than 20 nM (Semizarov et al., 2003). From this
study, it is obvious that there is a need to generate
siRNAs with high potency for therapeutic applications or
for functional analysis of gene knockdowns that show
specific target silencing at low or subnanomolar concen-
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trations. Moreover, it is still under debate whether the ef-
ficiency of siRNAs exceeds that of single-stranded anti-
sense oligonucleotides (Griinweller et al., 2003; Miya-
pishi et al., 2003) or both types of molecules have similar
Potencies (Vickers et al., 2003).

% Here, we generated a highly efficient Pim-1-specific
-aRNA that silences its target at low nanomolar concen-
8at10ns of 5-10 nM. Pim-1, a serine/threonine kinase
g!at phosphorylates heterochromatin protein HP1vy and
spveral other targets, for example, cdc25 and c-Myb
"f'Koike et al., 2000; Mochizuki et al., 1999; Winn et al.,
5003), is involved in the induction of B cell lymphoma
When co-expressed together with c-Myb (van Lohuizen

al., 1989). In addition, Pim-1 seems to play a role in
%ng—term potentiation, cell survival, differentiation, and

oliferation (Konietzko et al., 1999; Wang et al., 2001).

he Pim-1-specific siRNA was Cy3(Amersham Bio-
.smences Freiburg, Germany)-labeled at the 5'-end of the
&nse strand, with only minor effects on efficiency. We
calized the siRNA in the neuronal hybridoma cell line
-11 and found a dotted, perinuclear, and neurite staining
these cells.

MATERIALS AND METHODS

kage from wwyyv Helerton

al%
BN
>

€ siRNAs were purchased from Dharmacon (Boulder,
€O) or IBA-NAPS (Gottingen, Germany) as deprotected
dbuplexes Sequences and some features of the siRNAs
gsed in this study are listed in Table 1.

<

ell culture

B COS-7 cells (monkey african green kidney fibroblasts)
ere grown at 37°C in a humidified atmosphere with 5%
O, in Dulbecco’s modified Eagle medium (DMEM)
AA Laboratories, Coelbe, Germany), supplemented
ith 10% fetal bovine serum (FBS) (PAA Laboratories),
gOO pg/ml penicillin, and 100 pwg/ml streptomycin (Invit-
2gen, Karlsruhe, Germany). Cells were passaged by di-
‘fmmg them 1:10 before they reached confluency to main-
1gun exponential growth.
33 F-11 cells (hybridoma cell line derived from mouse
'Eeuroblastoma and rat dorsal root ganglia [DRG]) were
maintained in Ham’s F-12 medium with glutamax-I (In-
Q'trogen) supplemented with 20% FBS, 100 wug/ml peni-
llin, and 100 mg/ml streptomycin. Cells were passaged
_g/ diluting them 1:4 after 3 days.

L%ransfection and cotransfection conditions

The day before transfection, COS-7 cells were
trypsinized, resuspended in medium without antibiotics,
and transferred to 24-well plates at a density of 8 X 10*
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cells per well in a volume of 500 ul. Transfection and co-
transfection experiments were carried out with Lipofect-
amine 2000 (Invitrogen).

For transfection, 1 ug of a Pim1-green fluorescent pro-
tein (GFP)-containing plasmid, which was obtained by
introducing the full-length rat cDNA of Pim-1 into
pcDNA3.1/CT-GFP-TOPO (Invitrogen), and the respec-
tive amount of sSiRNA were mixed with 50 ul OPTIMEM
(Invitrogen). In a separate tube, 2.5 ul Lipofectamine
2000 per reaction was added to 50 ul OPTIMEM and in-
cubated for 5 minutes at ambient temperature. Both solu-
tions were combined and incubated for an additional 20
minutes at ambient temperature to allow complex forma-
tion. The solutions were then added to the cells in the 24-
well plate, resulting in the indicated final concentrations
of the siRNAs. Cells were incubated at 37°C in the pres-
ence of the transfection solution for 24 hours.

Fluorescence microscopy

Transfection efficiency, siRNA effects, and cellular
uptake were analyzed by fluorescence microscopy in liv-
ing COS-7 cells, and localization of Cy3-labeled siRNA
was performed in living F-11 cells. Therefore, the
medium in the 24-well plates was aspirated from the
cells, 200 ul phosphate-buffered saline (PBS) was added,
and fluorescence images were taken using an Olympus
IX 50 fluorescence microscope and analysis 3.1 software
(Soft Imaging Systems, Muenster, Germany).

Northern blot

For Northern blot experiments, a digoxigenin-labeled
antisense RNA was used. The vector pCRII TOPO con-
taining the PIM-1 cDNA was linearized with EcoRV,
and subsequently, an in vitro transcription and labeling
reaction was performed (Roche, Mannheim, Germany),
resulting in a 900-bp RNA probe. Total RNA was pre-
pared from transfected COS-7 cells (RNAeasy) (Qiagen,
Hilden, Germany) and separated on 1.2% formaldehyde
gels. Northern blotting was carried out with the North-
ernMax kit (Ambion, Austin, TX) according to the man-
ufacturer’s recommendations. Hybridization and wash-
ing steps were performed at 68°C. For detection of the
hybridized probe, the digoxigenin detection system was
employed (Roche) using a digoxigenin-specific antibody
conjugated with alkaline phosphatase. CDP-Star (Roche)
was used as a substrate for alkaline phosphatase, and
chemiluminescence was detected with x-ray films.

Detection of protein knockdown by
Western blotting

For Western blotting, cells were lysed directly in 24-
well plates with lysis buffer (125 mM Tris-HCI, pH 6.8,
4% SDS, 1.4 M B-mercaptoethanol, 25% glycerol, and
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TABLE 1. CHARACTERISTICS OF SIRNAS AGAINST PIM-12

Target GC content
SIRNA Sequence region Silencing (%)
j o=
gsiRI gcacguggagaaggaccggdTdT 199-219 No silencing 62
S dTdTcgugcaccucuuccuggcc
EsiRZ gugguccugcugaagaaggdTdT 266286 No silencing 48
3 dTdTcaccaggacgacuucuucc
g.siR3 cccgaguguacaguccuccedTdT 609-629 No silencing 57
LBL dTdTgggcucacaugucaggagyg
BsiR4 guguacuuuaggcaaagggdTdT 755-775 =5 nM 43
,% dTdTcacaugaaauccguuuccc
£s1R4inv ggaagaagucguccuggugdTdT No silencing 43
%‘ dTdTccuucuucagcaggaccac
% *Targeted regions in the coding sequence of Pim-1 (accession number NM_017034.1) are given.
ch
=
§05% bromphenol blue). The complete lysate was ([Invitrogen]diluted 1:5000in dry milk). Secondary anti-

igber

iled for 5 minutes at 95°C, and equal amounts of pro-
in were separated on 10% polyacrylamide gels. Trans-
r of separated proteins to PVDF membranes (Amer-
am, Freiburg, Germany) was performed with a semidry
otter (Bio-Rad, Munich, Germany). For immunostain-
g, membranes were incubated with a GFP antiserum

bodies were conjugated with alkaline phosphatase
(Chemicon, Hampshire, UK) and diluted 1:5000. As a
chemiluminescence substrate, we used CDP-Star. To
confirm equal loading of the samples, membranes were
reprobed with a monoclonal mouse antibody specific for
actin (Chemicon).
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EBIG. 1.

Characterization of the Pim-1-specific siRNA, PsiR4. (A) Pim1-GFP was cotransfected in COS-7 cells with Lipofecta-

ine 2000 at the indicated concentrationsof PsiR4 or the inverted control sequence PsiR4inv. Cells were analyzed by fluorescence
“Ricroscopy 24 hours posttransfection. COS-7 cells with a green fluorescent phenotype show Pim1-GFP expression. The first im-
%e shows the control of Pim1-GFP transfectionin the absence of any additional siRNA. The subsequentimages show cotransfec-
gon experiments with Pim1-GFP and PsiR4 at 1 nM and 5 nM and PsiR4inv at 50 nM, respectively.(B) Western blot analysis from
eptransfectionexperiments of Pim1-GFP together with PsiR4 (+) or PsiR4inv (—) at the indicated concentrations. Cells were har-
vested after 24 hours, and Western blots were performed with an anti-GFP antibody. An anti-actin antibody serves as a control for
equal loading. c, Pim1-GFP control. (C) Northern blot analysis demonstrating the specific degradation of Pim-1 mRNA in co-
transfection experiments. As a control for loading equal amounts of RNA, an actin-specific probe was used. ¢, Pim1-GFP control;

+, effect of 50 nM PsiR4 on Pim-1 mRNA; —,

effect of 50 nM PsiR4inv on Pim-1 mRNA.
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RESULTS AND DISCUSSION

generation of Pim-1-specific siRNA

& We designed a set of four siRNAs according to the
%iteria on Dharmacon’s homepage (www.dharmacon.
wm). Screening of their silencing efficiency was per-
rmed according to a recently developed method
E?sed on a GFP assay (t Hoen et al., 2002). The
5RNAs were transfected at various concentrations in
€0s-7 cells, and the effect on Pim1-GFP expression
'@as monitored by fluorescence microscopy and West-
&n blotting. The siRNAs PsiR1, PsiR2, and PsiR3 did
<ot show significant downregulation of the Pim1-GFP
®porter gene at concentrations up to 100 nM. Only
gsiR4 led to strong Pim-1 silencing at lower concentra-
@ons, and, therefore, we characterized PsiR4 in more
'.getail. We analyzed the silencing efficiency of PsiR4
Bompared with a control siRNA consisting of the in-
rted PsiR4 sequence in a concentration range be-
tween 1 and 50 nM. At the fluorescence level, we ob-
rved a reduction of cells with a green fluorescent
henotype at a concentration of 5 nM, whereas the in-
rted control had no detectable silencing effect up to a
‘goncentration of 50 nM (Fig. 1A).
& Western blot experiments were performed to analyze
'éle results obtained by fluorescence imaging with an in-
%ependent method. Pim-1 is known to undergo autophos-
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phorylation (Saris et al., 1991), and it is, therefore, likely
that the observed double bands (Fig. 1B) result from dif-
ferent phosphorylation states of the protein. Regardless
of the origin of the double band, which must be clarified
in further experiments, it is obvious that the Western blot
experiments exactly confirmed the results obtained by
fluorescence microscopy. At a concentration of 1 nM,
PsiR4 has no effect, but Piml1-GFP expression was
clearly reduced at a PsiR4 concentration of 5 nM. Higher
siRNA concentrations led to more than 90% knockdown
of Pim1-GFP, whereas the control siRNA did not have
any significant effect.

In order to prove that the observed siRNA knockdown
phenotypes were due to degradation of the targeted Pim-1
mRNA, we performed Northern blot analysis with a Pim-
1-specific probe. Pim-1 mRNA was degraded in the pres-
ence of PsiR4 but was unaffected in the presence of the
inverted control siRNA at concentrations of 50 nM, re-
spectively (Fig. 1C).

With our approach, we have generated a highly effi-
cient siRNA specific for Pim-1, which shows potent
knockdown (~90%) of Pim1-GFP at concentrations <20
nM. This is an important characteristic of PsiR4, as in a
recent study (Semizarov et al., 2003), a significant num-
ber of genes involved in apoptosis and stress response
were observed to be nonspecifically induced at siRNA
concentrations >20 nM by using a genomewide gene ex-
pression approach.
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FIG. 2. Effectof 5'-sense Cy3 labeling of PsiR4 on Pim1-GFP expression. (A, top) GFP fluorescence of COS-7 cells. (A, bot-
tom) Cy3 fluorescence of COS-7 cells. Left and middle images of both rows reflect cotransfection experiments of Pim1-GFP and
10 or 50 nM PsiR4-Cy3, as indicated. Control cells were transfected with Pim1-GFP only. (B) Western blot analysis comparing the
downregulation of Pim1-GFP with PsiR4 (—) and PsiR4-Cy3 (+) at the indicated concentrations.
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IG. 3. Colocalization of Pim1-GFP and PsiR4-Cy3 (10 nM) 24 hours after cotransfectionof COS-7 cells. Arrows labeled 1 in-
icate cells that express Pim1-GFP in the absence of detectable amounts of siRNA, arrows labeled 2 indicated cells that do not ex-
Jmess Pim 1-GFP but contain a visible quantity of siRNA, and arrows labeled 3 indicate cells that express Pim1-GFP and contain
.getectable amounts of siRNA. (Overlays were done with Adobe Photoshop 7.0).

ne.cem at 12/17/07. For personal use only.

FIG. 4. Localization of PsiR4-Cy3 in living F-11 cell 24 h after lipofection. A: F-11 cells in phase contrast; B: The same cells
containing PsiR4-Cy3; C: and D: Two examples of F-11 cells with neuritelike structures that were transfected with PsiR4-Cy3.

Localization of the siRNA in the neuritelike structures is indicated by arrows.
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Potency of Cy3-labeled Piml-siRNA

Labeling of siRNAs, for example, with a fluorescence
c>l-ye, is possible at four different positions: at the 5'-end
Eo:nd 3’-end of the sense or antisense strand, respectively.

or our experiments, we chose the 5’-end of the sense
strand for labeling PsiR4 with Cy3 because there are sev-
al lines of evidence that modifications at this position
not influence the activity of a given siRNA (Hamada

gt al., 2002; Amarzguioui et al., 2003; Harborth et al.,
2003). To study cellular uptake, distribution, and local-
gation, we first investigated the effect of PsiR4-Cy3 la-
FEeling on siRNA function. We cotransfected our reporter
Eﬁ1m1 GFP with various concentrations of PsiR4-Cy3 and
%ompared the efficiencies of the labeled and unlabeled
siRNA on Pim-1 expression. Cellular uptake of PsiR4-
ay3 was observable at low nanomolar concentrations,
_%)nd this uptake increased constantly up to a concentra-
gon of 50 nM (data not shown). Fluorescence imaging
¥svealed strong inhibition of Pim1-GFP expression at a
Goncentration of 10 nM, with nearly complete Pim-1 si-
“Eencing at a concentration of 50 nM (Fig. 2A). Western
ot analysis confirmed the knockdown of Pim-1 with
siR4-Cy3 at the protein level (Fig. 2B). Compared with
gnlabeled PsiR4, we found only a weak but reproducible
gative influence of the dye label on siRNA efficiency.

t low nanomolar concentrations, the unlabeled siRNA

as somewhat more potent, but the silencing effect of
®oth starts at a concentration of 5 nM. From these results,
‘ﬁe conclude that PsiR4-Cy3 is a useful molecule to study
g,rRNA uptake and localization in living cells because
ginding of the endogenous components of the RNAi ma-
Shinery should not be influenced by the Cy3 labeling at
@he 5'-end of the sense strand.

IS
Bellular uptake of PsiR4

% Cellular uptake of PsiR4-Cy3 in COS-7 cells was ana-
zed using lipofection. Cells with Cy3 fluorescence
ere observed as early as 15 minutes after transfection.
he number of transfected cells increased constantly up

4 hours after lipofection and reached a plateau there-
ter (data not shown). During this period, >95% of the
e¢lls took up PsiR4-Cy3.

‘D In the next set of experiments, we cotransfected Pim1-

EFP and a low concentration of PsiR4-Cy3 (10 nM) to en-

:snre that a significant number of cells still express Pim1-

BFP in the presence of siRNA. Under these conditions, we

Bund that most cells that contained PsiR4-Cy3 did not

@now any GFP phenotype (Fig. 3, arrows labeled 2), and

‘@most cells that still had a strong GFP phenotype did not
ow PsiR4-Cy3 fluorescence (Fig. 3, arrows labeled 1).
he result suggests that inhibition of gene expression by

siRNA correlates with localization of fluorescently labeled

siRNA in the cell. Nevertheless, a significant number of
cells contained neither a Cy3 label nor a GFP phenotype,

GRUNWELLER ET AL.

which might be because of silencing of the target gene at a
nondetectable concentration of the labeled siRNA. It can-
not be excluded, however, that these cells might not have
expressed Pim1-GFP before siRNA was present. The num-
ber of cells with a GFP phenotype were greatly reduced to a
level of ~20%, and only 50% of all cells took up detectable
amounts of PsiR4-Cy3. Furthermore, in a previous study
(Griinweller et al., 2003), we described an siRNA directed
against the vanilloidreceptor 1 (VR1) with an ICy;, value of
60 pM. We could not observe detectable Cy3 siRNA up-
take at concentrations of 0.5 nM (data not shown). Interest-
ingly, some cells contain both, Cy3-labeled siRNA and a
GFP phenotype (Fig. 3, arrows labeled 3). In this case, sta-
bility of the fusion protein Pim1-GFP might be the reason
for this observation.

Localization of PsiR4 in F-11 cells

To analyze the intracellular localization of PsiR4-Cy3
in more detail, we transfected F-11 cells. These cells
were produced by fusion of embryonic rat DRG neurons
with mouse neuroblastoma cells (Platika et al., 1985).
F-11 cells are much larger than COS-7 cells and allow lo-
calization of the siRNA by fluorescence microscopy in
living cells. In this context, it was shown recently that
fixation of cells, which is necessary for confocal fluores-
cence microscopy, might produce artifacts (Richard et
al., 2003).

We observed a dotted, perinuclear localization of
PsiR4-Cy3 after lipofection (Figs. 4A, 4B). This staining
pattern is likely to be due to endosomal uptake of the
siRNA by F-11. The accumulation around the nucleus
could be a hint that siRNAs can be imported into the nu-
cleus to fulfill functions in heterochromatin formation.
Another possible explanation for perinuclear localization
of siRNAs is the following scenario. The activated RISC
that contains the unwound antisense strand of the siRNA
duplex is localized at nuclear pores for scanning mRNAs
that are exported from the nucleus into the cytoplasm for
possible binding sites to cut mRNAs efficiently when
they are transported. This postulated nuclear pore scan-
ning mechanism (Scherr et al., 2003) may account for the
efficient targeting of siRNA to the mRNA.

F-11 cells have been shown to possess neuronal prop-
erties and are, therefore, useful models for authentic neu-
rons (Platika et al., 1985). These cells were demonstrated
to be labeled with markers for DRG neurons, to generate
action potentials similar to DRG neurons, and to exhibit
extensive neuritelike structures. A closer inspection of
siRNA-transfected F-11 cells revealed that PsiR4-Cy3
not only was localized in the somatic compartment but
also could be found in the neuritelike structures (Figs.
4C, 4D). Previously, specific transport of mRNAs along
dendrites and axons was shown (Olink-Coux and Hollen-
beck, 1996). It is, therefore, likely that gene expression
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can be silenced by RNA interference in these cellular
compartments.

In summary, we have identified a highly efficient
SRNA targeting the serine/threonine kinase Pim-1. La-
geling of the siRNA with the fluorescent dye Cy3 was
ﬁ)und to have only minor effects on the silencing potency
-@f the siRNA. This finding enabled us to perform local-
g;atlon studies of the Cy3-labeled siRNA in COS-7 cells

well as in the neuronal cell line F-11. The siRNAs are
gapidly taken up by the cells after lipofection and are dis-
"ﬂnbuted throughout the cells even into the neuritelike
Qructures of the neuronal cells. PsiR4 will be used in an-
@mal models to analyze the functional role of Pim-1 in

ivo. In addition, an siRNA specific for the human Pim-1
®Will be generated to be used to investigate downstream
rgets of Pim-1, which is endogenously expressed in
eLa cells.
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