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ABSTRACT. Peptide nucleic acids (PNAs) are nonionic DNA/RNA mimics that can recognize complementary
sequences by WatseiCrick base pairing. The neutral PNA backbone facilitates the recognition of duplex
DNA by strand invasion, suggesting that antigene PNAs (agPNAs) can be important tools for exploring
the structure and function of chromosomal DNA inside cells. However, before agPNAs can enter wide
use, it will be necessary to develop straightforward strategies for introducing them into cells. Here, we
demonstrate that agPNApeptide conjugates can target promoter DNA and block progesterone receptor
(PR) gene expression inside cells. Thirty-six agPN#eptide conjugates were synthesized and tested.
We observed inhibition of gene expression using cationic peptides containing either arginine or lysine
residues, with eight or more cationic amino acids being preferred. Both 13 and 19 base-goéiitide
conjugates were inhibitory. Inhibition was observed in human cancer cell lines expressing either high or
low levels of progesterone receptor. Modification of agPN#eptide conjugates with hydrophobic amino
acids or small molecule hydrophobic moieties yielded improved potency. Inhibition by agPNAs did not
require cationic lipid or any other additive, but adding agents to cell growth media that promote endosomal
release caused modest increases in agPNA potency. These data demonstrate that chromosomal DNA is
accessible to agPNApeptide conjugates and that chemical modifications can improve potency.

Peptide nucleic acids (PNAsare a class of DNA/RNA  potential of agPNAs as tools for probing chromosomal DNA
mimics with an uncharged amide backbonB. (PNAs in cell culture. Animal studies or clinical applications would
hybridize to complementary sequences by Wat0rick be complicated by the need to include a lipid/DNA carrier
base pairing and have an outstanding ability to invade double-complex that might increase the likelihood of unexpected
stranded DNA {-5). Reports have appeared suggesting that toxic effects.

PNAs can also target duplex DNA inside cell6—g). Developing agPNAs in routine laboratory investigations
Recently, we reported that antigene PNAs (agPNAs) that or clinical development requires a simple delivery strategy.
target chromosomal DNA at transcription start sites inhibit An alternate approach for introducing PNAs into cells is the
gene expressiord). These data suggest that PNAs may be design and synthesis of chemically modified PNAs that
valuable tools for exploring promoter function and for possess improved cellular activity. Many peptides possess
controlling gene expression at the level of the chromosome. the ability to enhance the transport of macromolecules into
For our initial experiments with agPNAs, we delivered the cell (L1). Investigators have synthesized antisense PNA
them into cultured human cells in complex with comple- peptide conjugates that inhibit mMRNA translatidi®?,(13),
mentary DNA oligonucleotides and cationic lipi, (10). transcription {4), or TAT-dependent transactivatiobs 16),
This method is a variation of standard protocols for lipid- or alter mMRNA splicing {7—20). Positively charged amino
mediated transfection. The DNA binds to the PNA, the lipid acids are the outstanding feature of most of these peptides,
binds to the DNA, and the PNA is transported into cells as but no one design has emerged as the optimal one.

cargo by the DNA/lipid complex. Another strategy for improving cellular uptake is to alter
This method has worked well and can lead to potent cell culture conditions to facilitate the entry of PNAeptide

inhibition of gene expression in the presence of nanomolar conjugates into cells. PNApeptide conjugates are internal-

concentrations of agPN/(10). However, the combination ized through endocytosi®{—24). Microscopy shows that

of steps (annealing DNA and PNA, and lipid transfection) most PNA localizes to endosomal compartments and is not

is likely to discourage full exploitation of the substantial available for recognition of cellular nucleic acids. To improve

the pool of active PNA, Nielsen and colleagues added
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effect on the uptake of some conjugate®3)( Issues each well were transferred separately into 1.5 mL microfuge
surrounding the cellular import of PNAs have recently been tubes and centrifuged at 3500 rpm for 15 min &4 Cells
reviewed 4). were then lysed with 4650 uL of ice-cold lysis buffer (120
Here, we test the hypothesis that agPNgeptide conju- MM Tris-base at pH 7.4, 120 mM NaCl, 1 mM NBDTA,
gates can enter cells, target chromosomal DNA, and block1 mM DTT, 10 mM -glycerophosphate, 0.1 mM sodium
gene expression. We report the extensive testing of variedfluoride, 0.1 mM sodium vanadate, and 0.5% v/v Nonidet
agPNA-peptide and agPNAsmall molecule conjugates P-40) containing Complete Protease Inhibitor Cocktail
under normal and modified cell culture conditions. We find (Roche, Indianapolis, IN). Tubes were vortexed for-20
that agPNA-peptide conjugates can inhibit gene expression S with short bursts and then frozen. After thawing on ice,
and that the chemical properties of the peptide dictate Samples were centrifuged at 12,000 rpm for 15 min &C4

potency. to pellet debris.
Protein concentration was determined for each sample in
MATERIALS AND METHODS a 96-well plate format by the BCA method (Piece, Rockford,

IL). Western blot analysis by SDSPAGE was performed
using standard methods. The membranes were blocked with
5% milk/PBS-Tween (Sigma) fdl h and placed on a rocker
platform with primary antibody rabbit polyclonal anti-PR
(Cell Signaling, MA) in 5% milk/PBS-Tween (1:1000)
overnight at 4°C. The membranes were washed twice for 5
min each in PBS-Tween. Secondary antibody conjugate
(HRP conjugate goat anti-rabbit or goat anti-mouse) were
" diluted 1:5000 in 5% milk/PBS-Tween and placed on a
rocker platform for 45 min at room temperature. Membranes
were then washed three times with 15 min each in PBS-
Tween. Each membrane was incubated for 4 min in 4 mL
of Super Signal West Pico Chemiluminescent substrate
(Pierce), then drained, placed in a transparent sheet protector,
exposed to BioMax Light film (Eastman Kodak Company,
Rochester, NY) for £60 s, and developed according to the
manufacturer’'s recommendations.

Control antibody was mouse arftiactin (Sigma). Some
modifications were made for detecting the weak PR signal
in MCF-7 cells: (1) loading 50% more protein samples to
run the gels (30ug/well instead of 20ug/well), (2)
prolonging the incubation time with the secondary antibody
to 1 h, and (3) extending the exposure time of the film to
2—8 min before developing.

Synthesis of PNAPeptide ConjugatesPNA—peptide
conjugates were synthesized as previously descridga
an Expedite 8909 synthesizer (Applied Biosystems, Foster
City, CA) using reagents obtained from Applied Biosystems.
Undecanoic acid, palmitic acid, linoleic acid, and nonade-
canoic acid were obtained from Aldrich. (Cholesteryloxy)-
acetic acid was prepared as describ26).(Hydrophobic
moieties were attached manually to the N-terminus of PNAs
PNA—peptides were first synthesized on the Expedite
synthesizer, after deblocking the final Fmoc protecting group,
the resins were stirred with 10 equivs of fatty acid/HBTU/
HOBT with 20 equivs of DIPEA in 1 mL anhydrous
dichloromethane/DMF (1:1) overnight. All PNAs contained
a C-terminal lysine and peptides or hydrophobic moieties
were attached at the N-terminal. PNAeptide conjugates
were purified by C-18 reversed phase HPLC and assay by
MALDI-TOF mass spectral analysis as previously described
(25).

Cell Culture.T47D or MCF-7 breast cancer cells were
obtained from the American Type Culture Collection (ATCC).
Cells were cultured and PNAs transfected as describ@d (
Briefly, 2 days prior to transfection, T47D or MCF-7 cells
were plated in 6-well plates at 80,000 cells per well in RPMI
media (ATCC) supplemented with 10% heat inactivated fetal
bovine serum (FBS, Gemini Bioproducts), 0.4 units/mL of regyLTS
bovine insulin, and 0.5% MEM nonessential amino acids
(Sigma). After 2 days, the PNApeptide conjugates were Design of PNA-Peptide Conjugates Targeting Human
first prepared at a stock concentration of 108 in Progesterone ReceptoWe designed PNAs to be comple-
phosphate buffered saline (PBS, 2.7 mM KCI, 136 mM NaCl, mentary to DNA sequences within the promoter region for
8 mM NgHPQ, and 1.5 mM KHPQ, at pH 7.1-7.5; the human progesterone receptor (PRJ), 8). PR has two
Sigma) and then diluted to the appropriate concentration in major isoforms, PR-B and PR-A. Each isoform has its own
supplemented RPMI media without antibiotics. After 48 h, promoter, and the PR-B promoter is approximately 800 bases
the media containing PNA were removed and replaced by upstream from the promoter for PR-A. The PNAs used in
fresh supplemented RPMI media. When cells reached this study were complementary to the template strand of the
confluence, typically 3 to 4 days after the addition of PNA, promoter at the transcription start site for PR-B and have no
they were passaged and re-plated in 6-well plates. The cellscomplementarity to PR mRNA. For simplicity, all quanti-
were then transfected a second time as described above anfications of protein expression are based on levels of PR-B.
harvested upon reaching confluence. Many different peptide import sequences have been

In calcium chloride or chloroquine supplementation ex- described in the literaturel{). Because most of these
periments, CaGlor chloroquine was added with PNAs to published sequences are cationic, we designed peptides to
cells in OptiMEM (GIBCO) at the desired concentration. contain lysine or arginine residues. Some synthetic peptides
After 4 h of incubation, the cells were added with 1.2 mL/ also contained hydrophobic amino acids or attached hydro-
well of supplemented RPMI media for another 20 h. Five phobic small molecules to test the effect on cellular delivery
days later, the cells were transfected a second time. of manipulating hydrophobicity.

Analysis of PR ExpressiorCells were harvested by Antigene Inhibition by PNALysine ConjugatesWe
washing the cells once withxLPBS buffer, aspirating, and initiated our study of agPNApeptide conjugates by syn-
treating with a trypsin solution (0.05% Trypsin and 0.53 mM thesizing 19-base PNApeptide conjugates containing vary-
EDTA-4Na; Invitrogen) at 37C for 2 min. The contents of  ing humbers of lysine residues (Table 1, conjug&eg).
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Table 1: PNA-Peptide Conjugatés
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Ficure 1: Western blot analysis of the inhibition of PR protein
expression by agPNAlysine conjugates. (A) Inhibition of PR
expression by various agPNA conjugates atb Lane 1, PNAL;
lane 2, conjugat® (L-Kg); lane 3, conjugate (D-K,); lane 4,
conjugate4 (D-Kg); lane 5, conjugaté (D-K,q); lane 6, conjugate

7 (D-Ky1p); lane 7, conjugaté (D-AAKK) 4 lane 8, conjugat&0
antisense PNA (D-AAKKj; lane 9, mismatch-containing conjugate
33 (D-Kg). (B) Inhibition of PR expression by increasing concentra-
tions of conjugatet (D-Ksg). (C) Inhibition of PR expression by
increasing concentrations of conjugd@gD-Kg). (D) Inhibition

of PR expression by increasing concentrations of conjugd
K12). The percentages for inhibition are relative to the levels of PR
expression measured after the addition of mismatch conjiggate
at the highest concentration used. ni: no significantl@%)

inhibition.

PNA peptide group expected/found
19 base PNA complementary to hPR promoter
TGTCTGGCCAGTCCACAGC
1 none none 5251/5248
2 Ks none 6278/6278
3 D-K4 none 5765/5762
4 D-Ks none 6278/6285
5 D-Kio none 6535/6541
6 D-(AAKK) 4 none 6847/6847
7 D-Ki, none 6791/6787
8 RKKRRQRRR none 6573/6572
9 Rs none 6501/6500
10 Ri2 none 7126/7130
11 D-R; none 6501/6498
12 D-Ri2 none 7126/7122
13 ReF2 none 6795/6788
14 ReF4 none 7090/7091
15 ReW> none 6873/6869
16 RW, none 7246/7242
17 ReH4 none 7050/7052
18 RsRs(branched) none 6942/6925
19 K4Ks(branched) none 6405/6403
20 none Gs 5532/5534
21 Rs Cio 6669/6666
22 Rs Cis 6739/6738
23 Rs Cis 6781/6783
24 Ks Cis 6558/6555
25 ReH4 Cis 7329/7328
26 Ri2 Cis 7406/7403
27 Rs cholyl 6891/6887
28 Rs linoleoyl 6762/6762
29 Rs cholesteryl 6926/6924
PNA-—peptide conjugate complementary to hPR mRNA
TTGCCTTCAGCTCAGTCAT
30 D-(AAKK) 4 none 6847/6847
13-base PNA complementary to hPR promoter
TGTCTGGCCAGTC
31 Rs none 4904/4902
15-base PNA complementary to hPR promoter
TGTCTGGCCAGTCCA
32 Rs none 5431/5436
mismatch-containing PNApeptide conjugate
TGTATGTCCAGTACACAGC
33 D-Kg none 6301/6296
34 Rs none 6524/6525
35 Rs Cis 6804/6801
noncomplementary PNApeptide conjugates
ACCTACTGTCCTCGGCACCA
36 D-Kg none 6473/6471
GGGTGAGAGTTCCCCATCT
37 Rs Cis 6837/6834

were harvested after reaching confluence, and levels of PR
protein were evaluated by Western blot analysis. We
observed the inhibition of PR expression by conjugates

5, and7 containing 8, 10, or 12 lysines, respectively (Figure
1A). These conjugates exhibited similar potenciess{IC
values of 3-5 uM) when added to cells at varying

aThe PNA sequences are listed N- to C-termini. All PNAs contain concentrations (Figure 1B, C, and D).

a C-terminal lysine. Conjugates are linked to the PNA N-terminus.

Inhibitory agPNA-peptide conjugates, 5, and7 blocked

Unless otherwise noted, peptides contain lysine or arginine residues inthe expression of both PR-B and PR-A, a result that had

the L-configuration.

been observed previously with agPNAs delivered into cells
in complex with DNA and lipid §) as well as with SIRNAs

For comparison, we also synthesized an analogous PNA(duplex RNAs that are complementary to mRNA) or antigene

that lacked a peptide (PNA) and a PNA conjugate

RNAs (agRNAs, duplex RNAs that are complementary to

(conjugate30) that was complementary to PR mRNA. We promoter DNA) @9, 30). Inhibition of both PR-B and PR-A
had previously shown that antisense PNAs coupled to thewas also observed by antigene locked nucleic acid (LNA)
(AAKK) ;4 peptide could inhibit expression of human oligomers 81). These data reveal a link between the reduced
caveolin (L3), and we anticipated that the anti-PR antisense expression of PR-B and PR-A regardless of the chemical
PNA would serve as a useful positive control for assaying properties of the oligomers (PNA, duplex RNA, and LNA),

agPNAs.

target sequence (MRNA or promoter DNA), and the method

PNA 1 and the PNA-peptide conjugates were mixed with  of cellular delivery used (cationic lipid or attached cationic
media and added directly to T47D breast cancer cells. Cellspeptide).
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PNA 1, which lacked an attached peptide, and PNA ARSI SlEe e
conjugate33, which contained mismatched bases, did not PR-B [~ = . comienllhmi e e
inhibit gene expression. These results suggested that the PR-A (" v oo o S e, St
presence of an import peptide and complementarity to the Actin —— m—
target sequence were necessary for inhibition of PR. PNA Inhib. (%) 54 68 90 73 96 70 71 24 0
conjugates2 and 3 containing eightL-lysines or four B
D-lysines, respectively, showed little activity. Antisense PNA ———
conjugate30 containing the cationic peptide D-(AAKKas LR My 9 05 |1 2[4 8 |8 |10 MM:R,
also effective, but an agPNA conjugated to D-(AAKK) PR | G0 Sin o=y e o —
(conjugate6) was less active. PRA e s Gt st weet s —— ot

These data from PNA and PNA conjugate2—7, 30, Actin | Se—~——— —
and 33 suggest several important conclusions: (i) peptides hibe sty o 1Sl gt i it i s [ 1

can successfully deliver active agPNAs into cells and into

the nucleus; (i) agPNA conjugates can sequence-specifically C _
recognize a transcription start site; (iii) recognition is

sufficient to block gene expression; (iv) gene silencing is LR, M) 0 25 05 1 2 4 6 8 MMR,
sensitive to the number and stereochemical configuration of B DN W e v o e
lysine residues, but the benefit of adding more than eight
lysine residues is marginal; and (v) inhibition of PR ACCHIT S g S
expression by PNApeptide conjugates yields the same Inhib: (%): 'ni| |10 .nic | 104 18 b 700 95 O

phenotype (linked reduction of PR-B and PR-A) also D
_—4

observed using different gene silencing strategge 29—

PR-A | e ey oo s— e— —

31). D-R,(uM) 0 1 2 a4 sl e EMM=R:
Antigene Inhibition of PR Requires Two Transfectioh'® PR_E | "y e o —
did not observe significant inhibition of PR expression after o A R —— —_—

treating T47D cells with PNAs once over a four day period
(data not shown). However, inhibition became apparent after
fresh PNA conjugate was added at day 4, and cells were

Actin |y W— —— — — ——

Inhib. (%) ni 13 eb:| =55 |68 89 94 0

cultured for an additional 3 to 4 days. E -

It is likely that the extended incubation is necessary to
allow the PNA to enter the cells, escape endosomes, enter 2 N I I N A
the nucleus, associate with chromosomal DNA, reduce PR-B "SI toes tum i
expression of mRNA, and reduce protein levels. Two PR-A | ce e s e e -
transfections were also necessary when introducing agPNAs DI — R ——
into cells in complex with lipid and DNAY). By contrast, Inhib.(%) ni ni ni 39 67 83 90 95 O

one transfection was sufficient for efficient inhibition of gene FiGURe 2: Western blot analysis of inhibition of PR protein

expression by agRNAsLQ, 29, 30). Relatively fast action  gypression by agPNAarginine conjugates. (A) Inhibition of PR
by agRNAs may be due to the presence of protein machineryexpression by various agPNA conjugates aM Lane 1, conjugate
for recognizing duplex RNA in cells, with target location 8 (TAT-peptide); lane 2, conjugat@ (Rg); lane 3, conjugatd0
by agRNAs assisted by argonaute proteig€) @nd other ~ (Ri2); lane 4, conjugatd3 (RgF); lane 5, conjugaté4 (ReFy);

. lane 6, conjugatd5 (RgW,); lane 7, conjugatd6 (RgW,), lane 8,
cellular factors. PNAs have an unnatural backbone with a conjugatel? (ReHa): lane 9. mismatch-containing conjugae(Rs).

reduced ability to be recognized by cellular proteiBg)( (B) Inhibition of PR expression by increasing concentrations of
suggesting that PNAs likely find their targets with little conjugate9 (L-Rg). (C) Inhibiton of PR expression by increasing
assistance. concentrations of conjugaté0 (L-Rip). (D) Inhibition of PR

In the preceding article, we observe that similar antigene €XPression by increasing concentrations of conjugaigD-Re).

- . . . (E) Inhibition of PR expression by increasing concentrations of
locked nucleic acid (LNA) oligomers also require two conjugatel2 (D-Ri2). The percentages for inhibition are relative

transfections and provide further discussion of the tqthe levels of PR expression measured after addition of mismatch
implications underlying time-dependent antigene in- conjugate34 at the highest concentration used. ni: no significant

hibition (31). (<10%) inhibition.
Antigene Inhibition of PR Expression by PNArginine
ConjugatesWe examined the inhibition of PR gene expres- conjugatesll and 12 contained amino acids in the more
sion by arginine-containing conjugat8s-17 to determine  Protease resistamt-configuration.
whether simply altering the identity of positively charged  Several arginine-containing conjugates were able to inhibit
amino acids would have a substantial impact on the potencygene expression, and greater than 50% inhibition was
of agPNAs. achieved with conjugate®—14 (Figure 2). The potency of
Conjugates9—12 were homoarginine chains of 8 or 12 inhibition by L-Args and L-Arg:» conjugates9—10 were
residues. Conjugat8 contained a sequence derived from similar (ICso values of approximately bBM) (Figure 2B and
HIV TAT peptide that has been extensively characterized C). b-Arg conjugatesl1 and 12 were slightly more potent
as a cellular transport domaiB3, 34). Conjugatesl3—17 with ICsp values of 2.8 and 2.4M, respectively (Figure 2D
had additional hydrophobic residues, tryptophan and phe-and E). The IG, values for conjugate8—12 were within
nylalanine or histidine, at the terminal. ConjugaeslO and 2-fold of the values for conjugates that contain lysine (Figure
13—17 contained amino acids in theconfiguration, whereas = 1B—D), suggesting that the potential for directing the import
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Ficure 3: Western blot analysis of PR protein expression by
conjugates containing different length PNAs. All PNAs have the
same peptide conjugatesgjR(A) Inhibition of PR expression by
conjugate® (19 bases)32 (15 bases), andl (13 bases) at 4 or 6
uM. (B) Inhibition of PR expression by increasing concentrations
of conjugate31 (13 bases). (C) Inhibition of PR expression by
increasing concentrations of conjug8®2(15 bases). The percent-
ages for inhibition of PR expression are relative to mismatch
conjugate34 at the highest concentration used. ni: no significant
inhibition.

of PNAs is similar regardless of which cationic amino acid
is used. Conjugatd4 containing the -Args peptide coupled

to a mismatch-containing PNA did not inhibit gene expres-
sion.

Effect of PNA Length on Inhibition of Gene Expression
by agPNAs To test the effect of varying PNA length, we
synthesized conjugaté&d and32 with 13- or 15-base PNA
domains coupled to 8-arginines and assayed their ability
to inhibit PR expression (Figure 3). The 13-base conjugate
3linhibited the expression of PR protein with arnsd@alue
of 5 uM (Figure 3B), similar to the analogous 19-base
conjugate9 (Figure 2B). By contrast, 15-base conjuga
was a relatively less efficient inhibitor (kg value of >8
uM) (Figure 3C). The surprising difference in potency
between 13-base conjuga@&and 15-base conjugaB was
confirmed by repeated experiments using two different
syntheses of conjuga®.
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1 2 3 4 5
PR-B _— —_—
PR-A
Actin R

Inhib. (%) 73 72 15 86 0

Ficure 4: Western blot analysis of PR protein expression by branch
chain PNA conjugates at @M. Lane 1, conjugatd (D-Kg); lane

2, conjugate9 (L-Rg); lane 3, branched lysine conjugal§; lane

4, branched arginine conjugat8; lane 5, mismatch conjugag
(L-Rg).

PMNA 4 4 4 4 33 9 9 9 34
Ca™ (mM) 4 2 1 0 4 4 2 1 4
PR-B e e — e ——
PRA | w e cn— e—"m —m _ cmm— — a—
Actin | w— — — — “— ——~——
Inhib. (%) 94 ni ni ni 0 93 33 17 0

Ficure 5: Western blot analysis of PR protein expression showing
the effect of adding calcium chloride and PNAeptide conjugates.
Conjugatet (D-Kg) or 9 (L-Rg) and mismatch-containing conjugates
33 and 34 were tested in the presence of® mM CaCh. PNA
concentration was AM. The percentages for inhibition are relative
to the levels of PR expression measured after the addtion of
mismatch conjugatd3 or 34. ni: no significant £10%) inhibition.

1 2 3 4 5 6 7 8
PR-B | — — e — —— —— G——
Actin |
Inhib. (%)  ni 13 29 14 83 ni ni 0

FIGURE 6: Western blot analysis of PR protein expression showing
the effect of adding 10@M chloroquine on inhibition of PR protein
expression by agPNAs. PNAs were present aML Lane 1, PNA

1; lane 2, conjugatd (D—Kg); lane 3, conjugat® (L-Rg); lane 4,
conjugate8 (TAT); lane 5, conjugatd 4 (RgF,); lane 6, PNA30
(D-AAKK) 4 antisense; lane 7, noncomplementary conjudde
lane 8, mismatch-containing conjugaé.

gested that altering the valency of cationic peptides could
improve the import of proteins3g). To investigate whether
placing cationic residues on branched peptides would affect
gene silencing, we synthesized branched conjudaiesith

10 arginines, and9, containing 8 lysines residues, and com-
pared their effects on PR expression to single-chain conjugate
4 and conjugaté9 mismatch-containing conjugasd (Figure

4). Conjugatel8 yielded significant inhibition (86% at 6

uM), suggesting that branched cationic peptides can be used

to deliver active antigene PNAs. Conjugdi® showed no
significant activity upon repeated assay.

These results suggest that relatively short agPNAs can Effect of Addities and Varying Cell Culture Conditions

inhibit gene expression and that antigene inhibition by PNAs
is sensitive to relatively small shifts in the PNA target site
or the length of the PNA. We had previously observed a
similar phenomenon with antigene RNAs (agRNAs) that
target the PR promoteR9, 35). A one base shift in the target

Previous reports have suggested that Pig&ptide conju-
gates enter cells by endocytosis and that release from
endosomes into the cytoplasm limits the potency of gene
silencing @1, 22). These reports have indicated that the
addition of C&" cation or chloroquine to cultured cells can

site either upstream or downstream was sufficient to convertimprove the activity of antisense PN#peptide conjugates

an inactive agRNA into an inhibitory agRNA29) or,

by increasing the release from the endosomes and suggest a

depending on the circumstances, an inactive agRNA into ansimple strategy for improving the potency of gene silencing

agRNA capable of activating gene expressi@f)( These
findings suggest that the promoter region is sensitive to smalll

by PNAs.
To test whether additives would also improve gene

changes in the targeting agent and that it is essential to tessilencing by antigene PNAs, we introduced®CéFigure 5)

multiple agents for activity.
Branched Chain Conjugate®ur initial experiments with
antigene PNA-peptide conjugates contained linear peptide

chains. Experiments by Gariepy and co-workers had sug-

or chloroquine (Figure 6) into cell media. Consistent with
previous reports using €ato improve the activity of
antisense PNAs, we observed that the addition 6f @so
increased the ability of agPNApeptide conjugates to inhibit
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gene expression. When €awvas present at 4 mM, it enabled A OH C10/undecanoic acid
1 uM concentration of PNA conjugaté (D-Kg) or PNA Y

conjugated (L-Rg) to inhibit PR expression at 94% and 93%, o

respectively. These potencies are approximately 4-fold better A~~~ A~A~A~~Hoy C15/palmitic acid

than those achieved in the absence of calcium. Unfortunately,

the addition pf Ca' often _Ied to th_e_ formation of a pre_cipitate AAAAAAAAAOH Clg/nonadecanoic acid
under a variety of media conditions and caused increased 0

cell death, complicating its routine use as an additive for

improving gene silencing. W
OH

We also tested the effect of adding chloroquine (Figure Linoleic acid
6), another agent noted for its ability to disrupt endosomes
(21, 22). We added chloroquine in combination with PNA
peptide conjugates and observed that only conjuddte
(RgF4) yielded substantial inhibition when added at a Cholic acid

concentration of JuM. Conjugates4 (D-Kg) and9 (L-Rs)
that possessed kg values of 3-4 uM in the absence of
chloroquine did not yield reduced PR expression when
chloroquine was present. These data suggest that the addition
of chloroquine does not decisively enhance the inhibition of
gene expression by agPNAs that target PR. Moreover, as
we had observed with €& the addition of chloroquine
reduced cell viability and made the assay less reproducime_FIGURE 7: Chemical structures of hydrophobic groups attached to
Inhibition of Gene Expression by agPNReptide Hy-
drophobic Group Conjugate®revious reports have indicated
that attachment of hydrophobic groups can improve cellular
uptake and activity of oligonucleotide37, 38). Attachment
of a palmitoyl chain to a 13-base thiophosphoramidate
oligomer that is complementary to human telomerase yields
a conjugate that is substantially more active when added

irectl [tur I . Thi nj is now bein
directly to cultured cells37) S conjugate is now being access of the PNA to the promoter and the potency of the

tested in clinical trials. Attachment of a cholesterol moiety PNA inhibitor of ion. To beain | tigat
to duplex RNA improves gene silencing upon administration . as an Inhibitor of gene expression. 10 begin investigat-

o ; - ; ing this possibility, we introduced agPN#oeptide conju-
:nmgqrg\?eefgnzg? T&Ziin;gn;;ycﬁh;ht:}ltdirﬁgggggdg;%%?; gates into MCF-7 cells, a breast cancer-derived cell line that

hobici lter i . ith he EXpresses PR at a much Iowgr level than T47D cells (Figure
EeIgg'sce't)]fr;nn?yer?dtgsr(;mggacnons with membranes and the 9A). We observed substantiab (~50% at 6uM PNA—

. ; tide) inhibition of PR expression by PN#eptide
To test the hypothesis that the attachment of hydrophobic pep ) .
groups would improve the efficiency of antigene silencing, conjugatess0 (an antisense conjugate) (90931 (92%), 11

. . ) o . 48%), and12 (70%) (Figure 9B).
we synthesized PNApeptide conjugates containing a variety ( . —
of hydrophobic groups (Figure 7). We used serum-free These da}ta broaden the potent|a! appl|cat|on of agPNAs
(Figure 8A and C) and 10% serum-containing media (Figure by suggesting that they can be active in cells that EXpress
8B and D) because of the possibility that interactions between OW 16Vels of the target protein. Analogous agRNAS targeting
hydrophobic groups and serum proteins might affect the the PR_ promoter in MCF-7 cells did not |nh|b|t_PR_
properties of the conjugates. expression. The difference between agPNAs (potent inhibi-

Several of these conjugates blocked PR expression when°"S of PR expre§si9n_ in both MCF-7 and_ T4.7D cells) and
added to serum-free (Figure 8A) at concentration ofud/6 agRNAs (potent inhibitors of PR expression in T47D cells

or serum-containing (Figure 8B) cell culture media atM. but not inhibitory'in MCF'?. cgll;_) reinforce the conclgsion
PNA 20 directly linked with a saturated,gchain showed that the mechanisms for inhibition of_gene_ expression by
no inhibition of PR. PNA-peptide conjugate&3, 24, and promoter-targeted PNAs and RNAs differ significantly.

26 containing a Gg cha_in were _effective_ regardlefss_ of_ DISCUSSION

whether the parent peptide contained lysine or arginine in

either type of media. Inhibition declined depending on the  Designing Molecules that Recognize Chromosomal DNA.
length of the carbon chain (&> Ci5 > Cyg). The IGgvalues Chromosomal DNA presents a complex structural and
for inhibition of PR expression by conjuga28 (Rs-Cig) in functional landscape that challenges the development of
serum-free (Figure 8C) and serum-containing (Figure 8D) synthetic antigene agents)( At the most basic level, DNA
media were 0.5 and AM, respectively, several fold lower  consists of an almost infinite variety of different sequences.
than that achieved by the analogous conju@dteking the Some sequences code for RNA, others help control gene
Cis moiety. Conjugation of linoleoyl (conjugat28), cho- expression, and some have no known function. These DNA
lesteryl (conjugat@9), and cholyl (conjugat@7) groups had sequences bind a complex mix of histones and other proteins.
little or modest inhibition compared with the conjugation The situation is further complicated by the fact that the state
with the saturated {3 chain. These data are significant of chromatin changes during physiologic processes and
because they suggest that attachment of hydrophobic moietieslevelopment, suggesting that accessibility of a given se-

(Cholesteryloxy)acetic acid

can lead to significant improvements in the efficiency of gene
silencing.

Potency of PR Inhibition in MCF-7 Cell®rotein expres-
sion varies between cell lines and between different tissues.
agPNAs target promoter DNA, and it is reasonable to
hypothesize that the level of gene expression will affect
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FiGURe 8: Western blot analysis of PR protein expression by PNA
peptide hydrophobic conjugates. (A) Transfection of cells in
OptiMEM (serum-free) media with various PNA conjugates at 0.5
uM. Lane 1, conjugat@l (Rs-Cyp); lane 2, conjugat@?2 (Rg-Cis);
lane 3, conjugat@3 (Rg-C;g); lane 4, conjugat@4 (Kg—C,g); lane

5, conjugate27 (Rg-cholyl); lane 6, conjugat@6 (R1,Cyg); lane 7,
conjugate?5 (RgH4-C1g); lane 8, noncomplementary conjug&e
(Rs-Cig); lane 9, mismatch-containing conjuga® (Rg-Cig). (B)
Transfection of cells in RPMI media containing 10% serum. The
concentration of PNA conjugates isiM. Lane 1, conjugat0
(PNA-Ci5, no peptide); lane 2, conjuga4 (Ks-Cyg); lane 3,
conjugate21 (Rg-Cyg); lane 4, conjugate22 (Rg-Cis); lane 5,
conjugate?23 (Rg-C;g); lane 6, conjugat@8 (Rg-linoleoyl); lane 7,
conjugate29 (Rg-cholesteryl); lane 8, conjuga®y (Rs-cholyl); lane

9, conjugate26 (R;2-Cyg); lane 10, conjugat@5 (RgH4-Cyg); lane

11, mismatch-containing conjugad® (Rs-Cis). (C) Inhibition of
PR expression by increasing concentrations of conjuatgRs-
Cig) in OptiMEM (serum-free). (D) Inhibition of PR expression
by increasing concentrations of conjuga&in RPMI media with
10% serum. The percentages for inhibition are relative to mismatch
control PNA35 (Rg-Cy) at the highest concentration used. ni: no
significant (<10%) inhibition.
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FIGURE 9: Western blot analysis of the inhibition of PR protein
expression by agPNApeptide conjugates in MCF-7 breast cancer
cells. (A) Western blot analysis of expression of PR levels in T47D
and MCF-7 cells. No PNA was added to these cells. (B) Effect of
adding PNA-peptide conjugates on expression of PR in MCF-7
cells. Lane 1, conjugat80 PNA (D-AAKK) , antisense; lane 2,
conjugated (D-Kg); lane 3, conjugat® (L-Rg); lane 4, conjugate
14 (L-RgFy); lane 5, conjugaté 1 (D-Rg); lane 6, conjugaté?2 (D-
R12); lane 7, noncomplementary conjug@€ lane 8, mismatch-
containing conjugat84 (L-Rg). The percentages for inhibition are
relative to the levels of PR expression measured after the addition
of mismatch conjugat84. All PNAs were present at GM.

pairing, and their neutral amide backbone confers a remark-
able ability to invade duplex DNA1(-5). The non-natural
amide backbone is unlikely to interact with proteins that have
evolved to bind the phosphate backbone of DNA and RNA,
and relative to duplex RNA or single-stranded phosphodiester
oligonucleotides, PNAs will offer a much different potential
for off-target effects and a much different perspective for
research involving the recognition of sequences within
chromosomes.

PNAs present a distinct and powerful option for cellular
assays, and the advantages for PNAs are widely recognized.
To be widely useful for antigene applications, however,
methods for using agPNAs must be simple. Biologists will
not use PNAs as a routine tool if cellular uptake of active
PNAs is difficult to achieve. Cell transport peptides are an
attractive strategy for improving cellular delivery of PNAs
because protocols are simple. The PN#eptide conjugates
can be added directly to cells. There is no need for cationic
lipids, electroporation, or other specialized manipulations that
complicate protocols, perturb cells, and confuse the observa-
tion of phenotypes.

agPNA-Peptide Conjugates Block Gene Expressiafe.

guence may vary from one cell line to another and depend observe that agPNApeptide conjugates inhibit gene expres-

on the environment of the cell. Finally, recent studies have sion in cultured cells. Our data demonstrate that PNA
revealed a network of noncoding RNA transcripts that may conjugates can be added to cells using a simple protocol,
also have the potential to influence the environment around can enter the nucleus, and can locate sequence encoded by
the chromosome3, 40). promoter DNA. Increasing the number of positive charges
Defining chromosomal landscapes inside cells would tends to enhance inhibition of gene expression, as does
benefit from sensitive chemical probes capable of recognizing attachment of small molecule hydrophobic groups. The exact
specific sequences. Such probes must be able to overcoméequence of the cationic peptide has surprisingly little effect,
multiple challenges including crossing the outer cell mem- with different combinations of lysine, arginine, and hydro-
brane, crossing the nuclear membrane, and binding to DNA. phobic amino acids all producing active conjugates. These
If all of these obstacles can be overcome, probes would bedata suggest that the successful import of PNAs is not
useful agents for (i) defining the accessibility of sequences, confined to a narrow range of compounds; rather a substantial
(i) demonstrating their functional importance, and (iii) diversity of chemical space is available.
manipulating gene expression. Improving the Potency of agPNA¥/hile some conjugates
PNAs as Probes for Chromosomal DNRNAs offer were more potent than others, even the best conjugates
important advantages for recognizing chromosomal DNA. possessed l§g values of only 0.5 to kM. This potency is
PNAs can recognize any sequence by Watd0rick base 50-fold lower than that achieved by PNAs delivered by
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cationic lipids and 10610,000-fold lower than that reported
by researchers using duplex siRNAs. Other reports describing
antisense PNApeptide conjugates affecting RNA splicing
or blocking gene expression have noted the same limit on
the potency of kM (14—20), suggesting that this ceiling is

a general barrier to efficient silencing by PN#&ationic
peptide conjugates.

Recent studies indicate that the uptake of PiNb&ptide
conjugates is mediated by endocytosis. This is evident from
microscopic studies of live cells that show a punctate
distribution of fluorescently labeled PNA and from studies
that show co-localization of PNAs with endosomal markers
(13, 20—24). One solution, therefore, is to increase the
amount of PNA released from endosomes. Other investiga-
tors have shown that additives like sucrose, calcium, and
chloroquine can be used to improve the potency of PNAs
(21, 22), and we also observe this outcome. However, in
our hands, these improvements are relatively small, and
addition of calcium and chloroquine reduced cell viability.
It is possible that better protocols for additives can be
developed or that some cell lines may be more suited for
their use.

Another solution is the discovery of chemical modifica-
tions that will facilitate cellular uptake of agPN#Apeptide
conjugates. To be widely useful for laboratory research or
clinical development, modified conjugates must be synthe-
sized in a straightforward manner. Overly complex molecules
will not be a solution, regardless of their efficacy. In our
work, we explored combining cationic peptides with small
molecules and observed a significant improvement in
potency. To date, we have explored only a handful of the
vast number of potential modifications. Other simple modi-
fications may yield more striking results, but rationalizing
their design and prioritizing their testing will be a challenge.

ConclusionsWe have found that PNApeptide conjugates
can target chromosomal DNA and inhibit gene expression.
Potency can be improved using conjugates that contain

hydrophobic groups. These peptide conjugates are advanta-
geous because they are easy to synthesize and simple to usgg.

with cultured cells. Potency can also be improved by adding
agents that facilitate release from endosomes, but the
improvement is modest and the use of additives complicates
the experimental protocol. Discovery of improved peptide
import sequences or robust protocols for using additives are
important goals for future research.
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