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Oligodeoxyribonucleotides have the potential to interfere 
selectively with cellular protein synthesis by sequence-speci
fic hybridization to DNA or RNA molecules. We have. in
vestigated the properties of uptake and intracellular localiza
tion of fluorescently labeled oligonucleotides in cultured 
human keratinocytes using confocal laser scanning micros
copy. Unlike many other cell types studied, keratinocytes can 
internalize oligonucleotides without apparent sequestration 
in endosomes or cell surface accumulation. Uptake is primar
ily nuclear and unaltered by sodium azide, monensin, or 
chloroquin pretreatment. We have verified our results with 

O 
ligodeoxyribonucleotides (ONs) are becoming in
creasingly popular as mediators of selective inhibi
tion of gene expression. These short single
stranded DNA molecules can be designed to 
hybridize locally either with cellular DNA (triplex 

ONs) or RNA (antisense ONs) and interfere with subsequent tran
scription or translation, respectively [1 - 6] . Ever since the first re-
ort of antisense ON mediated gene suppression over a decade ago 

f4], the number of successful antisense citations has been increasing 
exponentially. More recently, triplex ONs have been described that 
also selectively inhibit protein synthesis [5 ,6]. The most common 
gene targets of antisense and triplex approaches are viral proteins 
involved in replication and pathogenicity [7,8], cellular oncogenes 
implicated in neoplastic transformations [9 -11], and specific cellu
lar proteins involved in disease pathophysiology [12,13] . 

Antisense and triplex technology may have particular application 
in the derrnatologic sciences owing both to the multitude of poten
tial disease states, i.e., infectious (Herpes), proliferative (psoriasis), 
invasive (carcinoma), as well as the potential ease of site-specific 
delivery. Several reports have already emerged citing the ability of a 
sequence-specific ON to decrease c-myc levels and subsequent pro
liferation in keratinocytes [14] and mouse epidermis [15J. In fact, 
the first antisense clinical trials involved the topical application of an 
anti-Herpes ON. Research is also currently exploring the feasibility 
of iontophoretic approaches to delivery of ONs. 

Regardless of application or site, the introduction of an ON into 
the cell where it can exert its activity remains a significant hurdle. 
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two dil:fer.ent fluorophores, fluorescein and Bodipy, and 
found SImIlar uptake and distribution patterns in both live 
and fixed cell populations. Surprisingly, we have found up
take to be heterogeneous within a population, with 15 - 30% 
of ce~ls int~rnalizing the oligonucleotides. This percentage is 
drastIcally Increased to roughly 80% at cell population mar
gins, and after release from M phase arrest. These results on 
uptake and intracellular localization suggest that keratino
cytes m~y have increased sensitivity as target cells for oligo
nucleotIde based gene regulation strategies. Key words: anti
sense/triplex.] Invest Dermatol101 :727 -731, 1993 

Despite a growing research base, considerable debate still exists on 
the mechanisms of uptake, extent of uptake, and intracellular locali
zation of ONs that are incubated with different cell populations 
[16-19]. 

We used confocal laser scanning microscopy to investigate 
whether the rate and extent of ON uptake was similar in various cell 
types, to determine if primary cells internalized ON to the same 
extent as corresponding immortalized cells, and to determine the 
intracellular fate of internalized ONs. This technique has several 
distinct advantages over tracking radiolabeled ONs by subcellular 
fractionation and autoradiography. Not only can one definitively 
distinguish between cell surface-associated and intracellular ON 
and localize the ON subcellularly, but also one is able to observe 
cell-to-cell heterogeneity in uptake properties rather than obtain 
data as an average of a large population. 

Our studies indicate that all cell types do not internalize ON to 
the same e:ctent or by the same mec~anism . Human cultured pri
mary keratlllocytes appea~ to ha~e u~lq.ue properties of ON uptake 
and lIltranuclear localIzation qUIte dlStlllct from a variety of other 
cell types, including the immortalized HaCat keratinocyte cell line. 
Such observations may have important implications for dermato
logic a,Pplications of antisense- and triplex-based gene regulation 
strategIes. 

MATERIALS AND METHODS 

Preparation of Keratinocytes Second-passage keratinocytes were ob
tained from neonatal human foreskins using 0.25% trypsin and grown in 
keratinocyte growth medium (KGM) (Clonetics, San Diego, CAl, contain
mg 0.07 mM calcIUm. Cells were plated onto 12-mm covers lips within 
24-well plates or in 4-well chamber slides (Nunc, Naperville, IL) and main
tained at 37'C, 5% CO2 , Where noted, keratinocyte proliferation was 
halted at 40% confluence by demecolcine (Sigma, St. Louis, MO) for 12 h at 
a concentration of 0.05 J.lg/ ml as previously described [20]. Cells were 
released by washing twice in phosphate-buffered saline (PBS) with subse
quent addition of fresh media, and allowed to settle for 2 h before ON 
incubation. Where noted, keratinocytes were pretreated with 10 mM so-

0022-202X/93jS06.00 Copyright © 1993 by The Society for Investigative Dermatology, Inc. 

727 



728 NOONBERG ET AL 

dium azide, 0.1 mM monensin , or 0.1 mM chloroquin (Sigma, Sr. Louis, 
MO) for 15 or 30 min. 

Fluorescent Oligonucleotides Two different fluorescently labeled 26-
mer ONs were synthesized (Keystone L1boratories, Menlo Park, CAl. The 
first was a 26-nucleotide sequence composed of guanine and thymine with 
its 3' end conjugated to Bodipy (Molecular Probes, Eugene, OR). The sec
ond also contained only guanine and thymine but had fluorescein phosphoa
midites (Clontech, Palo Alto , CAl conjugated at base positions 4,13 (where 
noted), and 23, and had CI-/2CH(OH) CH2NH2 conjugated to its 3' hy
droxyl group for exonuclease protection. All ONs were high-performance 
liquid chromatography purified by Keystone Labs using a Hamilton PRP-1 
reverse-phase column. Fluorescently labeled ONs were added at a concen
tration 0(20 J1M and incubation proceeded (or 2 h at 3rc. 

HeLa, MCF-7, and HaCat ce lls were tteated as above, but grown in 
different media conditions. HeLa cells were grown in RPMI-1640 without 
phenol red, MCF-7 cells were grown in Oulbecco's modified Eagle's me
dium without phenol red and supplemented WIth 7.8 J1g/ml Il1suitn , and 
HaCat cells were grown in Oulbecco's minimum essential medium . Each 
medium contained 10% hea t-inactivated fetal bovine serum and was supple
mented with penicillin and streptomycin at 100 u/ml (Gibco, Grand Island, 
NY). 

Preparation of Coverslips and Slides After incubation, cells we~e 
viewed by confocal microscopy as eIther Itve or fixed speCllnens. LIve specI
mens were prepared by washing coversli ps in PBS and mounting on a 
chamber containing 200 J11 of PBS as described previously [21] . Fixed speci
mens were prepared by washing coverslips or chamber slides in PBS and 
immersing in 3.7% paraformaldehyde for 20 min at 25 ' C. Fixed specimens 
were viewed within 6 h of fixation. 

Confocal Laser Scanning Microscopy Microscopy was performed on a 
Biorad MRC600 (Cambridge, MA) confocal laser scanning microscopy sys
tem equipped with an argon ion laser exciting maximally at 488 nm and 514 
nm and operating under CoMoS software . Blue high-sensitiviry filter blocks 
contained excitor filter 488 nm OF 10, dichroic reflector OR 510 nm LP, 
barrier emission filter OG = 515 nm. The confocal scanning system was 
mounted on an upright Nikon Optiphot microscope containing a 20X Zeiss 
objective, NA = B and a 60X Nikoll Pianapo obj ective, NA = 1.4. 

All images are generated from a frame of 512 X 768 pixels with a laser 
dwell time of2.54 J1seconds/pixel. Neutral densiry filters and apertures were 
set to minimize cel lular photoroxiciry and autofluorescence. Photon-count
ing mode was used for quantitative data analysis and, in all images, the 
enhance function was set to the "off" position to maintain lineariry berween 
input photons and output voltage. 

RESULTS 

We have used confocal laser scanning microscopy to study flu ores
cently labe led ON internalization in a variety of primary cells and 
cell lines, and have found cultured human keratinocytes to be 
unique in their uptake and localization properties (Figs 1 and 2). All 
cel ls shown were incubated with an internally labeled flu orescein 
ON or 3' Bodipy end-labeled ON at 20 11M concentration at 37"C, 
5% CO2 for 2 h . Cells in Figs 1 and 2a -c were viewed live while 
surrounded by buffered saline to prolong cell health and minimize 
local pH fluctuations and autofluorescent artifacts. Viabi li ty was 
verified by propidium iodide dye exclusion in double-labeling par
allel experiments. 

HeLa cells (human cervical carcinoma, Fig la), M CF-7 ce lls 
(human breast carcinoma, Fig Ib) , as we ll as several other non
epithelial ce ll lines such as leukemic HL60 cell s [16] and L929 
fibroblasts [17] tend to accumulate flu orescent ON on th eir cell 
surface with smaller amounts found concentrated in punctate vesi
cles intracellularly. Uptake in these cells is strongly temperature 
dependent, with greatly reduced cell surface associa tion and inter
nalization seen at lower temperatures of25 °C and 4 °C [16 ,18, 19] . 

In sharp contradisti nction, cultured primary keratinocytes appear 
to internalize far greater amounts of ON and to concentrate the ON 
intranuclearly (Fig 2) rather than in endosom e-l ike structures or on 
the cell surface. In additio n, uptake and localization were not signif
icantly altered by incubation at the lower temperature of 25°C, nor 
by pretreatment with the active transport inhibitors sodium azide, 
monensin, or chloroquin for 15 or 30 min . 

Interesting ly , when identical experiments were carried o ut in the 
spolltaneously immortalized HaCat keratinocyte ee l! line (Fi g Ie), 
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Figure 1. O ligonucleotide uptake in I-/eLa (A), MCF-7 (B), and I-/aCat 
cells (C). All cells were incubated with 20 J1M of fluorescein labeled oligo
nucleotide for 2 h and viewed live with a 60X objective lens and 3% laser 
power. Scale bar, 10.2 J1M (A) , 12.5 J1M (B), 13.2 J1M (e). 

resu lts were consistent with those seen in HeLa, HL60, and MCF-7 
cells. Fluo rescence was markedly punctate, cytoplasmic, and signif
icantly reduced at the lower temperature of 4 ° C. 

To reduce the possibility that uptake and localization were driven 
by the properties of the fluorophore rather than the ON, we per
formed keratinocyte experiments with two fluorophores having 
distinct chemica l properties. Whereas fluorescein is a pH-sensitive 
polar molecule, Bodipy is a nonpolar lipophilic pH-insensitive mol
ecule. Despite the chemical and structural differences of the fluoro
phores themselves, intracellul ar uptake and intranuclear localiza
tion features were maintained (Figs 2a-c). We also performed 
experiments with ONs of identical length and fluorescein place
m ent, but composed equally of adenine, guanine, cytosine, and thy
mine bases, and ONs composed mainly of guanine residues. No 
substantial differences in uptake or distribution were noted with 
changes in sequence, composi tion, or relative G content. Intracellu
lar localization was also unaltered by keratinocyte incubation with 
8-mer guanine/thymine-rich ONs internall y labeled with fluores
cein (images not shown). 

We performed quantitat ive photon counting of a population of 
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Figure 2_ Oligonucleotide uptake in 11l~man culwred keratinocytes. Keratinocytes were incubated with 20 JiM f1uo~escejn (A,B,D) or Bodipy (C) -con
jugated oligonucleotide for 2 h. A) Keratlllocyte~ vlew~d live. with 20X o~Jectlve, 3% laser power. Fluorescetn was conjugated at base pO~ltlOns 4, 13, and 23. 
Scale bar, 54.5 JiM. B) Same keratlllocyte population as III A viewed live with 60X obJective, 3% laser power. Scale bar, 15.9 JiM . C) Keratlllocytes Viewed live 
with 60X objective and additional 1.9X optical magnification , 1 % laser power. Scale bar, 10.4 JiM. D) Fixed keratinocytes viewed with 60X objective and 2.0X 
optical mag nification. Fluorescein was conjugated at base positions 4 and 23. Sca le bar, 6.25 JiM . 

cells internalizing the pH-insensitive Bodipy ON and found the 
nuclear: cytoplasmic fluorescence ratio of representative cell cross
sectional areas to average 2.5 : 1. This value was derived by averag
ing all pixels within th e nucl e.ar compa~tment of each cell and 
dividing b y the average of all pIxels wlth111 the cytoplasmIC com
parrme~t. Laser and aperture settings we~e unchanged during image 
acquisitlon to ensure constant Image thIckness. 

As con foca l microscopy in live cel ls can introduce artifacts from 
autofluorescence and phototoxicity, we have also confirmed our 
resultS on uptake and localiza tion in fix ed keratinocytes. Figure 2d 
demonstrates keratinocytes that have been incubated with 20 f.lM 
fluorescein ON for 2 h, followed by washing in PBS and fixation in 
3.7% para form aldehyde. As this crosslinking fixative can be revers
ible, cells were viewed within 6 h of fixation. Similar results were 
found w ith th e Bodipy-Iabeled ON in fi xed cells. 

To reduce the possibility that the observed uptake patterns were 
due to impure ON samples containin g unconjugated fluorophores, 
the samples were purified by hi gh-performance liquid chromatog
raphy before cell incubation. T o reduce the possibility that the 
observed uptake fluorescence was a result of intracellular or extra
cellular n ucl ease degradation and flu orophore release, we examined 
the pattern of uptake in the presence of unconju gated flu orophore. 
Figure 3a a nd b.demonstrates the fluorescence obtained .when kera
tinocytes were 111cubated WIth free f1uoresce111 and Bodlpy, respec
tively. We a lso performed the experiment with a fluorescein phos
phoramidite conjugated to a single guanine nucleotide with a 3' 

amine modification. Cellular fluorescence obtained close ly resem
bled Fig 3a, providing further ev idence that Fig 20, b, and d is not the 
result of compl etely metabolized ON. 

Another noteworthy distinction between ON uptake in cultured 
keratinocytes versus other cell types studied is the lack of homogen
iety in uptake (Fig 40,b). In H eLa, MCF-7, and HaCat cell s, all 
viable cells appea r to associate with and internalize ON to ro ughly 
th e same extent. However, in keratinocytes, ON uptake is ex
tremely heterogeneous wi thin a single cell popu lat ion. Uptake 
within a population of confluent cells ranges from 15 - 30%, with 
the majority of these cells loca lized at population borders. However, 
when cells are halted in M phase for 12 h by the stath mokinetic 
agent demecolcine, released, and then incubated with fluorescent 
ON for 2 h, the percentage of cells internalizing ON increases to 
nearl y 80%. The patterns and distribution of flu orescence, how
ever, are unchanged . 

DISCUSSION 

In this report we present evidellce of O N uptake by human cu ltured 
keratinocytes. Confoca l laser sca nning microscopy establishes the 
intracellular loca lization of flu orescein or Bod ipy- labeled O N s to 
be primarily nuclear, wi th increased intensity at llucl eolar regions. 
We do not observe in primaty kera tinocytes the more characteristic 
punctate intracytoplasmic fluorescence that has previously been at
tributed to endosomal loca lization [1 6,17,19]. 

The use of fluorophores with different chemical properties 
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Figure 3. Free fluorophore uptake in human cultu.red kerarinocytes. Kcra
tinocytes were incubated with 60).lM free fluorescem (AJ or Bodlpy (B) .for 
2 h and viewed live with 60X objective. A had additional 1.8X opnca) 

. magnification and 3% laser power; scale bar, 20.1 11M. B was obtained with 
1 % laser power; scale bar, 20.6 f,lM. 

allows for the corroboration of uptake propertie~. For instance, i~l 
fluorescein ON images of live cells, a dark iJermuclea: regIOn IS 

observable that is not found in fixed preparatIOns or With Bodlpy 
ON live images. As fluorescein is strongly p~ sensitive between the 
ranges of 5 and 9, this perinuclear dark reglOn pres,umably repre
sents acidic compartments. In fixed cells the pH gradient .15. lost, an.d 
in live Bodipy images the fluorescence is not pH s~nslt1ve . TIllS 
interpretation is consistent wi th the location of a~l.dlc compart
ments in keratinocytes grown in Jow-calclUm condJ.tJOJ~S [22J . . 

Two interesting questions arise from our lllVestigatlons. Flfst, 
why are primary human keratinocytes unique in th.eir uptak~ and 
intracel lular localization properties? Second, what IS the. baSIS for 
the heterogeneity in uptake among a given cell population? Our 
current research is aimed at resolving these questions, and we are 
investigating several possibilities. . . . 

As for the first question, the Ul1lque uptake and locahzatlDn of 
fluorescent ONs in keratinocytes could conceivably arise in one of 
two ways-by an endocytotic pathway with Ic.akage befor~ meta
bolic breakdown, or by a noncndocytlc predommantly passIVe l?ro
cess. We are currently in favor of the latter ~yp?theSlS,. as prevIOUS 
time-course studies after 5-, 15-, and 60-mll1 incubatIOns do not 
demonstrate any additional evidence of endocytic fluorescence, and 
uptake is not iJ?hibited by 25·C incubati?n nor b~ 'pretreatm~nt 
with sodium aZIde, chloroqum, or monensm. In additIOn, mlCfOlIl
jeeted free cytoplasmic ONs have been demonstrated to accumula~e 
rapidly in the nucleus [23,241 whereas en~osoma l ONs remain Pri
mari ly in punctate vesicles. Because keratmoeytes accumulate ON 
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Figure 4. Heterogeneity ill oligonucleotide uptake. Simultaneous fluor~. 
cencc (AJ and phase-contrast (B) image of keratinocytes demonstrarinR 
cell-to-cell heterogeneity in uptake of a fluorescein labeled oligonucleoti<l; 
(base positions 4, 13,23) after a 2-h incubation. Image was obtained with 
20X objective and 3% laser power with live cells; sca le bar, 60.6 11M. 

intranuclearly and not within vesicles, we hypothesize that the pro, 
cess is 1I0t mediated by either receptor-mediated or fluid-phase ell., 
docytosis. 

The issue of heterogeneity in uptake is equally enigmatic. Het, 
erogeneity has previously been described in lymphoid cell popula, 
tions [25), but its basis in these cells is also unknown. We are pres, 
ently considering three possible explanations-that uptake occ~ 
mainly in a subset of proliferating cells, that uptake occurs in ~ 
cell-cycle specific fashiol!, or that uptake occurs as an early feature of 
programmed cell death before morphologic membrane disruption i 
detectable. 

Evidence for the first hypothesis includes observations of in, 
creased uptake at population margins and within subconfluent re, 
gions, observations of decreased uptake w hen incubation takes plac~ 
at 100% confluence, and previous reports of the existence of varioUs 
keratinocyte subpopulations with greatly varying generation tim~ 
(20,26 -28). Further research with synchronized keratinocyte pop.. 
ulations and with fl uorescent antibody markers of programmed cell 
death may help determine the basis for heterogeneity. 

The nuclear concentration of ON has several implications fat 
dermatologic applications of antisense technology, Nuclear splice 
sites, branch points, and 5' cap sites of premature mRNA may pro
vide better target sites than cytoplasmic translation start codons, 
Antisense activity may occur at lower ON concentrations in kerati, 
nocytes than in other cell types. In addition, keratinocytes rna ' 
represent a good experimental cell type for recently describect 
triple-helix - based strategies of gene suppression [5,6) that req~ 
nuclear localization of ON. However, our studies do not establi~ 
the concentration of intracellular ON in free (unbound) fo rm, 
which presumably represents the biologically active fraction. 

To conclude, we find human culmred keratinocytes to be uniqu~ 
among other cell types in theif ON uptake and intracellular locali, 
zation propel·ties. Ongoing studies comparing the biologic activit}' 
and dose response of ONs should provide increased insight into th~ 
applicability of antisense and triplex ONs in dermato\ogic researc.h. 

We wisll fa r"au k Dr. Davr"d Sauall of rite Cladslolle IlIslillile for Cardiovascul:: 
Research for tile lIse of ri,e eotifocallllicroscope; Sltyallloia SUfJdernatil of tile Deput. 
meut oj Dermatology V AMC-SF fo r lIer expertise it! keralillocyle wlture; and . 
Williard, Carol Lim, aud MuraJi Ramallathall Jor tlteir I,elpfid suggestio tis. 
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