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PREFACE

The subject of this thesis is chosen because of the need for
research regarding the mechanism of cellular uptake of
oligonucleotides. I believe this topic is relevent because of the
potential role of antisense oligonucleotides as therapeutic agents,
and because of the lack of understanding of the mechanisms of
macromolecular transport across biological membranes. In addition,
the studies on the mechanism of cellular uptake of oligonucleotides
to date have used oligonucleotides analogs which have poorly defined
biological activity in the cell line studied. This thesis is intended to
be a thorough investigation of this topic to increase general
understanding in the complex fields of antisense technology and
membrane transport.

This thesis includes an introduction, conclusion, and papers
submitted for publication. The introduction (Chapter 1) includes the
rationale for antisense therapy, background on antisense
oligonucleotides and cellular uptake of macromolecules, and thesis
objectives. In Chapter 2, the model system for studying
oligonucleotide cellular uptake is established, and preliminary
results on the effect of uptake inhibitors on oligonucleotide uptake
are presented. In Chapter 3 the effect of uptake inhibitors on
oligonucleotide cellular uptake is discussed and a summary of the
results in the form of a kinetic model is given. In Chapter 4 the
findings on the effect of calcium on cellular uptake of
oligonucleotides is presented. Finally, in Chapter 5 the results
presented in Chapters 2 - 4 are summarized.

This thesis is dedicated to the individuals who enabled the
completion of this project. I would like to thank my advisor, Dr. C.
Anthony Hunt, and my mentor, Dr. Tania Weiss for providing patience,
insight, and experience, which has enabled me to begin, execute, and
complete this thesis. Both have shaped my conception of science
and provided outstanding examples of creative, dedicated Scientists.
I hope to someday fulfill and exceed their expectations.

Many individuals have provided technical assistance on
portions of my thesis which have proven invaluable: thanks to Dr.
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George Fournier for assistance with ATP measurements, Dr. Bob
Pitas and Dr. Chris Cullander for technical assistance with the
confocal fluorescence microscope, and Dr.'s Don Withers, Rick
Harvey, and John Faust for advice on Northern blot analysis. I would
also like to thank the laboratories of Dr. C. Anthony Hunt, Dr. Frank
Valone, and Dr. Corey Largman for helpful discussions and general
assistance with laboratory techniques and procedures. Special
thanks to Dr. Roderick MacGregor and Dr. Robert Tam for always
having time and interest in the project. Thanks also to Dr. Kathleen
Giacomini, my orals chairperson, as well as the other committee
members, Dr. Frances Brodsky, Dr. Ron Seigal, Dr. Susan Hawkes, and
Dr. Tania Weiss.

Lastly, I would like to acknowledge on permanent record the
contribution of my loving family who is supportive under every
circumstance, especially when I need them. I could only succeed in
such a nurturing environment. I certainly would not have sought and
completed a Ph.D. without the gentle (and sometimes not so gentle)
guidance and excellent role models each member of my family has
provided. A special thanks to my friends who have helped make the
experience so much fun: all the folks in Molecular Biology, V.A.S.F,
especially John Fuller for being such a good friend, listener, and
source of materials, Ronda Ott, Therese Litton, Dr. Robert Tam, and
my best buddy far away, Suzanne Hunn. Most of all, I would like to
lovingly thank my dear husband, Dr. David Pong who gives meaning to
my work, and my life, present and future. Thank you for being a
constant source of support, patience, stability, laughs and warm
hugs.



ABSTRACT

Cellular Uptake of a c-myc Antisense Oligonucleotide into
Rauscher Red 5-1.5 Cells.

Antisense oligonucleotides are widely used in research and
have potential as therapeutic agents as inhibitors of gene
expression. However, the mechanism by which an oligonucleotide is
internalized by cells and reaches the site of action undegraded
remain unknown. The goal of this thesis is to gain insight into these
mechanisms. In this thesis, I use an oligodeoxyribonucleotide 21
mer complementary to the initiation codon of the c-myc proto
oncogene to study the mechanism of oligonucleotide uptake into
Rauscher Red 5-1.5 erythroleukemia cells.

In order to establish a cell model appropriate for studying
oligonucleotide uptake, the biological activity and cellular
internalization of the oligonucleotide is verified. First, the activity
of the antisense c-myc 21-mer is established in proliferation
assays measuring [3H] thymidine incorporation into DNA and viable
cell concentrations using trypan blue dye exclusion. Treatment with
0.1 pm antisense c-myc oligomer significantly reduces cellular
proliferation compared to untreated or nonsense treated cells
(scrambled antisense sequence). Northern blot analysis of cellular
RNA also demonstrates a reduction in levels of c-myc mRNA in
antisense treated cells. Confocal fluorescence microscopy is used
to visualize internalization of two FITC-labeled derivatives of the
21-mer into the cells. Therefore, because the antisense c-myc
oligonucleotide is internalized and biologically active in these cells,
this model system is appropriate for studying the mechanism of
oligonucleotide cellular uptake.

The mechanism of oligonucleotide cellular uptake is studied in
the model system using a [32P] labeled c-myc antisense 21-mer and
is found to be a complex process consisting of surface binding and
internalization. Reduced temperature, unlabeled oligonucleotides,
charged compounds, trypsin or azide pretreatments all significantly,
but incompletely decrease uptake of the labeled oligomer into the
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cells. Inhibitors of receptor-mediated endocytosis have no effect.
Calcium is found to significantly enhance oligonucleotide uptake up
to 50-fold in four cell lines which corresponds to enhanced
biological activity. I conclude that oligonucleotide uptake into
Rauscher cells is complex, may not be taken up by a traditional
receptor-mediated uptake mechanism, is calcium- and energy
dependent, and relies on a trypsin-sensitive component.

Funding for this research has been provided by the California
Biotechnology Research and Education Program, and the NIH
Biotechnology Training Grant.
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Chapter 1. Introduction, Background, and Objectives

INTRODUCTION

Antisense oligonucleotides represent a new class of compounds
intended to modulate cell properties at the DNA or RNA level. The
basic idea is to construct a small polymer that is complementary, or
antisense, to a specific segment of DNA or RNA which will bind to that
segment through hydrogen bonding of base pairs. The high affinity
interaction is thought to occur by Watson-Crick base pairing and
results in inhibition of target nucleic acid function when the latter is
in the single-stranded configuration. After binding to the target
nucleic acid, the oligonucleotide affects subsequent transcription or
translation with predictable downstream biochemical and functional
consequences. Such antisense oligonucleotides can in theory achieve
a very high degree of specificity. An oligonucleotide consisting of 17
nucleotides could conceivably match only one target sequence in the
human genome (186). These compounds therefore hold the potential
of being devoid of non-target site toxicity.

Only within the past decade have advances in biotechnology,
organic synthesis, and purification technology allowed routine design
and synthesis of candidate antisense drug molecules. However,
because representatives of this class of molecule are large, in the
molecular weight range 1,500-9,000, charged, and polar,
oligonucleotide transport across the cell membrane will be an
obstacle. Indeed, less than 2% of added phosphodiester
oligonucleotide is found to be internalized by HL-60 cells in culture
(218). Currently, the extent of uptake hinders the development of
antisense oligonucleotides as therapeutic agents. It is therefore
necessary to study the mechanism of oligonucleotide uptake into cells
in order to achieve optimization of antisense or triplex-forming
oligonucleotide delivery to cells.



THERAPEUTIC RATIONALE

Cancer Chemotherapy. Despite acknowledged advances in cancer
chemotherapy and radiation therapy, some scientists feel we are
"losing the war against cancer" (14). A pressing need exists for both
new and improved cancer treatment modalities. The dissemination of
tumor cells to parts of the body distant from the primary cell line and
the nature of neoplastic lesions' hypoxic interior prevents effective
drug delivery to all cancerous cells. Toxicity and drug resistance, often
seen with rapidly dividing cells, are other causes for failure (202).
Resistance to these antineoplastic agents usually develops due to
increased DNA repair mechanisms, genome mutations, changes in
drug uptake, and production of thiols that bind these compounds.

Oligonucleotide analogs may be less susceptible to the same
downfalls as traditional cancer chemotherapy. Because Watson-Crick
base pairing is very specific, genes that do not contain the target
sequence are theoretically unaffected thus reducing the probability of
toxicity. Antisense compounds may also be able to exert an effect
within a resting, metabolically active cell whereas cancer
chemotherapeutic agents require dividing cells in order to be active.
Additionally, only point mutations which occur in the antisense
binding site would result in drug resistance. Antisense inhibition
would not be affected by downsteam mutations. Therefore, antisense
molecules represent a possible class of powerful anticancer agents.

Antiviral Therapy. The continuing problem of the human
immunodeficiency virus (HIV) demands new antiviral technology.
Like anticancer drugs, the use of DNA or RNA-targeted therapy is now
utilized in treatment of viral infections. The mechanism of action of

vidarabine (adenine arabinoside) and acyclovir (acycloguanosine) is
DNA polymerase inhibition, while AZT (azidothymidine) inhibits
reverse transcriptase. The spectrum of activity of the presently
marketed antivirals include influenza A and herpes viruses, and more
recently HIV. However, advances in antiviral therapy are needed to
generate agents that are active against a wider range of viral infections,



penetrate the central nervous system, combat drug resistant strains,
and are less toxic. Agents are also needed to treat latent viruses
because current agents are presently only effective against replicating
viruses (72, 82).

Like resistance to some cancer chemotherapeutic agents, viral
drug resistance is often attributed to point mutations in the viral
genome. For example, all resistant strains of herpes virus can be
attributed to changes in DNA polymerase or thymidine kinase
resulting from mutations in the viral genome. Combination therapy is
used to limited success in combating such resistance (79). Advantages
predicted for antisense compounds in cancer chemotherapy may
similarly apply to viral antisense targets. Therefore, the potential
applications of antisense oligonucleotides in antiviral therapy are also
significant.

Gene Therapy. The knowledge base for future gene therapy is being
built through today's in vitro science. The use of antisense
oligonucleotides are useful in establishing stable, mutant cell lines for
the study of effect of gene expression. Izant & Weintraub (85) stably
transform mouse L cells to produce thymidine kinase deficient cells
through the use of a plasmid which expresses an antisense message.
This procedure may enable a more in-depth examination of the effect
of endogenous, over-expressed, or defective genes, or the contribution
of a protein in cell differentiation or embryogenesis (70, 125, 166).

Another potential in vitro use for antisense oligonucleotides is as
a therapeutic agent. For example, traditionally, bone marrow cells are
removed from the patient, treated to remove cancerous cells and
reinjected into the patient. These cells may potentially be
transformed with plasmids expressing an antisense sequence. More
recently, reimplantation of liver cells in rabbits has been successfully
done thereby opening doors for therapy in liver-associated genetic
disorders (39, 171). Endothelial cell implants in the arterial wal
have also demonstrated stable expression of recombinant genes (139).
These procedures are good candidates for in vitro antisense use, i.e.
transformation with an antisense-expressing plasmid. Other potential
uses of antisense oligonucleotides include genome mapping (18),



double versus single strand analysis, site-directed mutagenesis (15,
81), DNA primers (3, 199), and diagnostic probes (144, 173, 213,
228).

BACKGROUND

Target Mechanisms. By binding to the double-stranded, single
stranded replicating or transcribing DNA, or mRNA, the antisense or
triple helix-forming sequence is thought to deactivate target genes.
Antisense pyrimidine (113, 114, 165) or purine (21) oligonucleotides
can form a triple helix with complementary double-stranded DNA.
Under certain in vitro conditions, the pyrimidine oligonucleotide
binds the DNA in a parallel configuration using Hoogsteen base pairing
rules whereas a purine oligonucleotide binds DNA in an antiparallel
configuration. Naturally occurring antisense oligonucleotides have
been identified and may play a role in the regulation of DNA synthesis
in cells (16). Antisense oligonucleotides targeted to the DNA
promoter region show a reduction of transcription possibly due to
inhibition of promotor binding (147, 161) or when targeted to the
reiterated terminal sequences of plasmid DNA result in inhibition of
plasmid circularization (225). Double stranded oligonucleotides are
also shown to inhibit DNA replication or transcription by competing
for binding and transcription factors (11, 24, 221). Demonstration of
feasibility of triple helix formation in live cells has not yet been shown
(111).

Similarly, sequences which bind to RNA may block translation
and protein synthesis. The most widely tested mRNA target regions
include the ribosomal binding site on the mRNA strand resulting in
blockage of ribosome binding (5, 27, 42, 75, 125), the splice region of
the heteronuclear RNA resulting in inhibition of RNA processing (122,
185), and the mRNA coding regions which result in termination of
the translation process (76). Similarly, antisense oligonucleotides
have been targeted against other RNA targets, for example, small
nuclear RNA (snRNA) (44, 99, 200), tRNA (129), and rRNA (74).
Antisense targeting to these RNA are shown to inhibit RNA splicing or
translation.



Antisense oligonucleotides are proposed to utilize ribonuclease
H (RNase H) which degrades RNA when duplexed with single
stranded DNA. RNA degradation of up to 50% occurring over 30
minutes has been observed (49). Minshull and Hunt (132) find that
translation arrest does not occur after hybridization in a cell-free
system in the absence of RNase H. From similar studies, Walder and
Walder (212), Shuttleworth and Colman (183) and Dagle (47)
conclude that the RNase H-dependent mechanism is the predominant
mechanism of antisense action. Phosphorothioate oligonucleotides are
also found to elicit an RNase H mechanism, but of and

methylphosphonate oligonucleotides utilize non-RNase H mechanisms
only (31, 64, 66.220).

Recently, a class of RNA molecules called ribozymes are
introduced which reveals a new mechanism for antisense

oligonucleotide action. These RNA molecules are catalytic nucleic
acids that induce self-cleavage (48) or cleavage of a complementary
RNA sequence (177). When the active site is flanked by antisense
sequences, the ribozyme can specifically slice the complementary
strand. The smallest active ribozyme tested is a 13 nucleotide
oligoribonucleotide (90). Mixed deoxyribo- and ribo-oligonucleotides
have also been shown to be active. Unfortunately, the rate constants
for catalysis by ribozymes are several orders of magnitude lower than
protein-catalyzed reactions, and optimal temperatures for activity may
be greater than 37°C (48, 154).

Chemical Alterations. Antisense oligonucleotides have been tested
which are chemical analogs of complementary DNA or RNA.
Modifications in the nucleoside, backbone, terminus, or
stereochemistry comprise the four main categories of derivitization
(Figure 1). These modifications are intended to increase the stability,
activity, or uptake of the antisense compounds.

Nucleoside derivitization introduces the possibility of modulation
of traditional base-pairing rules. Nucleosides which interact
nonspecifically, such as deoxyinosine, deoxyxanthosine and 2'-
deoxynebularine have been incorporated into antisense oligomers.
The result of such incorporations often result in less stable hybrids



than the corresponding, highly specific duplexes (56, 120). Base
modifications which result in cross-linking of the hybridizing oligomer
to the target sequence have also been tested. For example,
Summerton and Bartlett (196) derivitize a cytidine with a 6-bromo
5,5-dimethyoxyhexanohydrazide at the C4 position. In addition, O
methyl- and O-alkyl- (44, 84, 122) and 1'-arabinofuranosyl- (2)
derivatives have been synthesized. Because of the inferior hybrid
stability of base-modified compared to unmodified antisense
oligonucleotides, these compounds are primarily used for mechanistic
studies and are inferior candidates for antisense therapy. However,
carbo-oligonucleotides (153) are found to have increased affinity for
homologous strands and less nuclease susceptiblity relative to
unmodified oligonucleotides. Ribonucleotide alkylation at the 2'
position are also found to result in highly stable RNA:RNA duplexes
(44, 99). These compounds have been found to have anti-HIV activity
(181).

Perhaps the most widely tested class of antisense
oligonucleotides are the backbone-modified derivitives (Figure 2). In
cell free systems, these compounds have demonstrated resistance to
nucleases relative to unmodified phosphodiesters. As a result, these
derivatives are thought to have longer half-lifes and consequently,
greater activity (4, 175, 190, 220). Miller and Ts'o et al. (130, 131)
are testing methylphosphonate nucleic acids where a methyl group is
substituted for the charged oxygen on the phosphodiester backbone.
The modification results in an uncharged molecule which is intended
to allow the methylphosphonate oligonucleotide to partition across
bilayers and have increased cellular uptake relative to unmodified
oligomers. Loke et al. (109) demonstrate that methylphosphonates
appear to be internalized by cells by a mechanism distinct from
oligonucleotides with charged backbones, i.e. phosphodiester and
phosphorothioates. Methylphosphonates are also found to be
ineffective in some cell lines. This may be in part due to the inability
of methylphosphonate oligonucleotides to induce mRNA degradation
via RNase H (65) or to the 2n diastereomers (n = the number of
nucleotides) which result from substitution of one of the non-bridging



oxygens. Therefore, methylphosphonate oligonucleotides likely act by
a translation interruption mechanism only.

Phosphorothioate and phosphorodithioate derivatives are
oligonucleotides with sulfur substituted for the backbone charged
oxygen (121). These compounds also have increased resistance to
nucleases in cell free systems, result in hybrids which are RNase H
sensitive, are water soluble (32, 64, 189, 191, 220), and appear to be
more potent than phosphodiester oligonucleotides (167). The
stereoconfiguration of the linkage may contribute to the increased
half-life in Xenopus oocytes (220) and resistance to exonuclease
activity (148). The synthesis of phosphothioate oligomers also result
in diastereomer formation and thus lower binding affinity to RNA
(191, 224). In addition, phosphorothioates have been found to have
nonspecific activity. Matsukura et al. (121) and Agarwal (4) show that
phosphorothiate oligonucleotides have anti-HIV activity proportional
to the length of the oligomer and not the antisense sequence. The
lack of sequence specificity may in part be due to nonspecific
phosphorothioate - protein interaction (32, 194). Agarwal et al. (4)
propose the anti-HIV effect of the phosphorothioates is due to reverse
transcriptase inhibiton. Whether or not the oligonucleotide-protein
interaction can be exploited as specific protein inhibitors is being
explored (25, 205).

Phosphotriester and phosphoramidite oligonucleotide synthesis
also results in 2n stereoisomer formation. However, in contrast to

methylphosphonates, the Tm for phosphotriesters are not affected by
the chiral center due to the nonhelical conformation adopted by
methylphosphonates (133). The hybrids formed by phosphotriesters
are found to resemble o analogs, i.e. a parallel configuration (97)
resulting in higher binding affinity for complementary strands (129).
However, Marcus-Sekura et al. (115) find phosphotriester
oligonucleotides to be inferior inhibitors compared to other modified
and unmodified oligonucleotides. Significant mutagenic potential is
also associated with phosphotriester analogs (156). Potts (162)
demonstrates greater activity of a phosphoramidite relative to a
phosphodiester oligonucleotide, and Jager et al. (87) report higher Tm
values for phosphoramidite-mRNA hybrids compared to duplexes



containing unmodified oligonucleotides. These analogs are also
nuclease resistant and are potentially useful antisense agents.

Analogs have been synthesized which involve replacement of
bridge oxygens while maintaining the correct internucleoside
distances to allow base-pairing with natural RNA (Figure 3). Bridged
phosphoramidites (5'-NH-) (46) and phosphorothioates (5'-SH-) (188)
have been made. Also, dephospho internucleotide analogs have been
synthesized which replace the PO4 backbone while attempting to
maintain hybridization properties. Siloxane (43, 146), carboxymethyl
ester (77, 78), acetamidate (67, 68), carbamate (192), and synthetic
polymer (158) bridges have been designed. Problems such as bridge
instability at physiologic pH, low solubility, aggregation, decrease in
Trn, and adsorption to surfaces have been described in relation to
these analogs.

Numerous investigators have attached molecules to the end of
oligonucleotides to confer additional properties to the oligonucleotide
such as target strand cleavage (Figure 5). Theoretically, application of a
target strand cleaving oligonucleotide could result in a sequence
specific modification and inactivation of homologous DNA. Radical
formation generated by the adduct in the presence of reducing agents
results in target single or double stranded scission in vitro. Examples
include an oligonucleotide-EDTA: Fe+2 (33, 40, 52), bleomycin:Fe+2
(178), phenanthroline:Cut? (36), cysteamine-Ptt2 (41), or porphyrin:
Fe+2 (100). Moser et al. (136) propose that an EDTA analog bound to
the major groove of double-stranded DNA results in a triple stranded
species, followed by DNA cleavage. Perrouault et al. (155) use an
ellipticine-homopyridine oligonucleotide to cleave double stranded
DNA using a triple helix intermediate. A nucleotide sequence with a
2-chloroethylamino terminus is described which alkylates and
intercalates into target DNA. This is followed by cleavage at the
alkylated nucleotides (211). Endonucleases such as staphalococcus
nuclease (230), or alkaline phosphatase (86) have also been covalently
attached to oligonucleotides to provide sequence specific scission of
the annealing strand. A problem inherent with these analogs is
autocleavage which can lower specificity and activity of the compound.

:



Intercalating agents have also been covalently attached to
oligonucleotides to increase the binding affinity of the antisense
oligomer to the target sequence. Intercalating moities such as
acridine when attached to oligonucleotides are found to increase the
Tm of the duplex in vitro (175, 203, 227). Asseline et al. (12) attach
an intercalating acridine dye to the 3'-phosphate group of a
polythymidylates via a polymethylene link. This compound's binding
to polyribonucleic adenine is found to decrease the change in free
energy, AH, by 10 kcal/mol due to the presence of the intercalating
moity whose relative affinity was found to be dependant on the length
of the attaching linker. Other intercalators, such as phenanthroline
(151), have also been attached to oligonucleotides.

The 3' or 5' end of oligonucleotides may also be derivatized with
adducts which allow covalent attachment to complementary nucleic
acids. Cross linkers attached to oligonucleotides include psoralen
(101), azidiophenacyl (164), proflavine (163), cysteamine (41), and
azidoproflavine (101). Grineva and Karpova (74) synthesize a p
(chloroethylmethylamino) benzylidene hexanucleotide from trNA
digests which are found to complementarily bind to rRNA and cause
alkylation at nearby bases. This alkylation can be predicted to result in
inactivation of the rRNA. These modifications have been shown to

function adequately in cell-free systems, but efficacy in live cells has
not yet been demonstrated.

Other types of oligonucleotide modifications are also found to
increase cellular uptake, binding affinity, or nuclease resistance.
Introduction of a 5' phosphate appears to stabilize a hybrid, whereas a
3' phosphate has no effect (28). Modification with a 3' cholesterol or
phenazinium results in increased DNA interaction, and increased
cellular uptake of the cholesterol-modified oligonucleotide (106, 174).
Undecyl (91) and dodecanol (174) end-modifications also enhance
cellular uptake. Polylysine modification is found to increase nuclease
resistance and cellular uptake but is cytotoxic (20, 102). Degols (50)
finds that coadministeration of polylysine oligonucleotides with
polyanions such as heparin results in diminished cytotoxicity and
potent activity. Kool (96) shows that a circular antisense oligomer
results in triple helix formation with a complementary single stranded
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RNA which is more stable than the corresponding duplex. The AG for
the triplex is -16 kcal/mol compared to -10 kcal/mol for the duplex.
Additionally, single mismatches result in larger decreases in AG for
the triplex: 6-7 kcal/mol compared to 3-4 kcal/mol for the duplex.
Attachment of acridine (203), single or multiple phosphorothioate
linkages at the 5' end (148, 188), or inverted nucleotides (19, 125)
are reported to increase oligonucleotide half-life. End-modified
analogs are thought to be disqualified as exonucleases substrates
resulting in increased half-lives of the molecules relative to
unmodified oligomers.

Stereochemical conversion of beta to o, enantiomeric

configuration (Figure 6) appears to generate more stable hybrids with
target nucleic acid strands and greater resistance to enzymatic
degradation than the natural beta form (150, 204). The O.
oligonucleotides are limited in that the resulting duplexes are RNase
H resistant (27, 32, 66). These analogs are reported to have greater
affinity to complementary sequences relative to the natural beta
oligonucleotides presumably due to parallel strand orientation instead
of the natural anti configuration (135). Morvan et al. (134) have
synthesized l-oligomers which were found to be nuclease resistant but
do not bind complementary sequences and therefore are not viable
candidates for antisense applications.

Related Variables. Other variables have been examined to

optimize antisense activity. Some studies have shown that
compounds which hybridize to the ribosomal binding site of the mRNA
transcript are active (5, 42, 85, 124, 125). Other investigators
suggest coding or splice region inhibition is the most potent target
area (45, 55, 185, 226). Yet Kawasaki argues that there are no
advantages between the three regions (93). This is particularly true
for analogs which utilize RNase H as a substrate (212). Analogs which
do not use an RNase H mechanism are argued to be ineffective when
bound to coding regions (32).

The length of the complementary sequence is also a factor
contributing to antisense activity. A minimum length of approximately
12 bases is needed to ensure acceptable specificity, with increasing
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number of bases conferring higher affinity. The affinity of the
oligonucleotide for the target strand increases as the number of
matching bases increases. However, the secondary structure of the
target mRNA in vivo may result in deviations from this relationship (5,
26, 93, 125, 137, 185, 208, 224) High G + C content also results in
increased binding affinity due to the formation of three instead of two
hydrogen bonds seen in A + T base pairing (6, 208). However, extent
of uptake is found to be inversely related to oligothymidylate length
(109). Also, sequences with less than 100% homology have been
found to have no inhibitory effect by some investigators (5, 93, 128).
Young and Wagner (224) estimate a 10°C decrease in the Tm per
mismatch. The 15-mer with two mismatches used in their studies is

not found to hybridize with target strands.
Timing of analog administration has also been found to affect the

efficiency of gene expression inhibition. Compounds given prior to or
during viral infection are found to be more effective inhibitors of viral
replication than those given after infection (125). Preannealing (81,
128) or coinjection (93) of the antisense oligonucleotide and its
complementary viral mRNA results in improved activity when
compared to antisense strands being delivered after viral infection (5).

Finally, antisense activity appears to be concentration and cell
line dependent. Harel-Bellan et al. (80) find 25 puM antisense c-myc
oligonucleotide effectively inhibits cellular proliferation in resting T
cells, but only reduces proliferation by 60% in IL2 dependent, growth
arrested T cells. Krieg et al. (98) report that induced cells internalize
oligonucleotides more efficiently than uninduced cells and that B and
T cells exhibit different extents of uptake. Maher and Dolnick (112)
found a positive, asymptotic relationship between oligonucleotide
concentrations and inhibition of translation of dihydrofolate reductase
mRNA. However, Rabagliati (165) report a nonspecific dose
dependent and cellular toxicity that increases with increasing amounts
of injected RNA. Nonspecific degradation of mRNA at the
microinjection site has been described in Xenopus embryos (183).
Clearly, the entire range of cellular responses to antisense
oligonucleotides has not been fully explored. The observed uptake
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variability between cell lines may potentially be exploited in future
drug targeting studies.

Activity. Cellular and viral genes have been targeted by antisense
oligonucleotides and tested in cell and cell-free cultures. Antisense
oligonucleotides which are homologous to 20 bases of the HIV genome
inhibit viral replication and viral plS and p25 protein synthesis by 67
95% (226). Other antisense viral protein or RNA targets have also
been extensively tested, such as the Sendai virus nucleocapsid and
phosphoprotein (75), Rous sarcoma virus 35S RNA (191, 225),
vesicular stomatitis virus N, NS, and G mRNAs (5), herpes simplex
virus IE protein (185), human papillomavirus E6 and E7 proteins,
influenza virus polymerase 3 (91), and HIV art, trs, p24, tat genes (4,
121, 170, 176).

Studies using cellular proteins as antisense targets yields
information on the role of these proteins in cell function. An
antisense pentadecadeoxyribonucleotide complementary to the
initiation codon and the subsequent four codons of human c-myc
proto-oncogene mRNA produces an inhibition of human leukemic cell
line HL-60 proliferation, prevents c-myc protein expression in human
T lymphocytes, prevents S phase entry, but not Go to G1 traversal (81).
Transfection of a plasmid expressing antisense c-myc is found to
trigger differentiation in HL-60 cells (223), 3T3-L1 preadipocyte cells
(62), and in F9 teratocarcinoma cells (73). Addition of antisense c
myc sequences inhibits proliferation in human T cells (80), HL-60
cells (218), L929 and HeLa cells (50), and reverses the ras
transformed phenotype in NIH 3T3 cells (183). Similarly, c-fos and c
src proto-oncogenes have been targeted by antisense oligonucleotides
which have been expressed by transfected plasmids (7, 83, 126, 127,
143). Exogenous addition of antisense oligonucleotides have been
used to target myb, c-mos, and bor-abl proto-oncogenes (30, 145,
197, 206). Exogenously added antisense oligonucleotide have also
been valuable in discerning the cellular function of proteins and
factors such as microtubules (29), myogenin (59), tissue plasminogen
activator (195), transforming growth factor B (162), T cell receptor
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(229), perforin (1), troponin C (201), intracellular adhesion molecule
(37), and cyclin (89).

OBSTACLES

Stability. Enzymes that degrade nucleic acids such as
phosphodiesterases, DNases, RNases, and nucleotidases are found in
most tissues. In cell culture, double label studies (149) suggest that
oligonucleotides are entering the cell and cell nucleus intact.
Intracellular half-lifes of underivitized oligomers have been estimated
to range from only a few minutes for some analogs (31) to several
hours (81) despite the opposing degradative effect of these enzymes.
Rabagliati et al. report different rates of degradation in different cell
types (166). Wickstrom (217) reports degradation of oligonucleotides
within 15 minutes in calf serum and a 30 minute half-life in post
mitochondrial extracts. In addition, endogenous helicases which
unwind RNA-RNA hybrids may diminish the effects of antisense RNA
(19, 165)

Derivitization has been shown to confer resistance of antisense

oligonucleotides to enzymatic degradation (125, 225). Bardos and Ho
(17) have tested partially thiolated DNA for stability against DNase, and
found thiolated DNA to be less susceptible to DNase degradation
compared to an unmodified DNA. Phosphorothioates are also shown to
have improved stability relative to phosphodiester oligonucleotides
(121), the rate of degradation dependent on the stereochemical
configuration (148). However, Woolf et al. (220) suggest that the
increased stability of a phosphorothioate derivitization in vitro may not
directly correlate with increased in vivo stability. For example, the
half-life of a phosphorothioate oligonucleotide in Xenopus embryos is
found to be less than 30 minutes, greater than 3 hours in Xenopus
oocytes, yet greater than 24 hours in cell lysates. Methylphosphonate
and o. analogs are shown to have superior stability compared to
phosphodiester oligomers. Cazenave (31) reports the half-life of an O.
analog in Xenopus oocytes to be greater than 8 hours compared to the
10 minute half-life of unmodified oligonucleotides. In serum,
exonuclease activity results in rapid oligonucleotide degradation (t1/2

:
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= 7 min.) (54), so modification of the oligonucleotide 5’ or 3' ends
could possibly protect the oligonucleotide from exonuclease
degradation (31, 181, 176, 48).

For such large molecules a change in conformation must also be
considered a potential stability problem since oligonucleotide
conformation may affect base-pairing or cellular uptake. Predicting
the effect of oligonucleotide conformation on its properties may be
extrapolated from DNA studies. For example, homologous DNA is
found to have greater cellular uptake than a synthetic DNA strand
composed of the same sequence, suggesting differences in
conformational states (94). Cation concentration may also affect
oligonucleotide conformation. Double-stranded DNA is found to
undergo condensation in the presence of trivalent cations, tetravalent
cations, certain proteins or polyamines (219). Some divalent ions are
also found to cause B to Z helix coil transitions in DNA (63). We are
unaware of any comparable conformation studies conducted with
oligonucleotides or analogs.

Specificity. Theoretically, problems associated with antisense
oligonucleotide specificity should be minimal. Assuming that the
human genome contains 109 coding base pairs and the distribution of
the bases is random, a sequence composed of 17 nucleotides should
occur only once in the human genome. However, the human genome
does contain reiterative sequences that serve a given function for
numerous genes. Therefore, in order to maximize specificity,
antisense oligonucleotides should only be targeted to unique
sequences, rather than general binding sites for DNA or RNA
processing proteins which may affect the expression of other proteins.
Appropriate controls are therefore necessary when targeting to these
regions.

Targeting to coding regions may also be insufficient to ensure
specificity and maximum activity. The secondary structure of the
target RNA is known to affect oligonucleotide hybridization affinity
(137, 224, 26). Also, oligonucleotides may bind sequences with less
than 100% homology, because the affinity for the target can be
proportional to the extent of homology. For example, the Tm of a
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21-mer and its complementary RNA can exceed 60°C. Single
mismatches result in approximately a 10°C decrease in Tm (224).
Theoretically, up to three mismatches will allow 50% of 21-mer to
remain bound to the nonhomologous strand at physiologic
temperature. The lack of stringency at 37°C can therefore permit
RNA hybridization with oligonucleotides with less than 100%
homology resulting in a decrease in specificity.

Lack of specificity may also result from non-antisense
interactions. The antiviral activity associated with phosphorothioate
oligonucleotides is believed to be the result of inhibition of reverse
transcriptase (121). Furthermore, aptamer chemistry (25, 205) is
based on the idea that large oligonucleotides will specifically bind with
high affinity to proteins. Therefore, oligonucleotides will potentially
interact with many proteins in a nonspecific manner. The result of
this interaction may be a perturbation in the function of that protein.
The therapeutic potential for these oligonucleotides due to high
affinity protein binding is presently a subject of active research.

Cellular Uptake. The biological activity of antisense oligonucleotides
has been repeatedly demonstrated against a variety of targets in
numerous cell lines. When added directly to the media, only 1-2% of
the total amount of added oligonucleotides is found to be associated
with the cells (218). Consequently, concentrations up to 100 puM may
be necessary for activity (5, 26). The inefficient cellular uptake of
phosphodiester oligonucleotides is therefore an obstacle in antisense
development as therapeutic agents.

The mechanism of cellular internalization of oligonucleotides is
unknown. The mechanism of cellular uptake of other nucleic acids has
been examined. For example, the natural frequency of DNA
transfection into cells is about 1 in 104 cells expressing a stable
transfection (198). Investigators find that DNA internalized by cells
may be degraded into fragments and reincorporated into the host cell
(23, 69, 94) or taken up intact (13, 92, 179). A putative DNA receptor
has also been identified in leukocytes (22). Because of the
inefficiency of DNA uptake, several techniques are designed to
increase efficiency. Artificial introduction of DNA into cells can be
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induced by a calcium phosphate precipitation (110), DEAE-dextran
(123), microinjection (93, 125), electropermeabilization (150),
electroporation (60), asbestos (8), lipofection (57, 58) or protoplast
fusion (53, 169). In contrast, nucleoside monomer uptake is efficient
and thought to occur by a facilitated diffusion and sodium-dependent
active transport mechanisms in the cell membrane (95, 152, 159).
Nucleoside transporters are also found in lysosomes and are more
efficient than cell membrane transporters (157). A nucleotide
monophosphate transporter has also been described in Baellowibrio
bacteriovorus (172) and Mycoplasma mycoides (141).

It is unclear whether oligonucleotide transport occurs via a
previously described transport mechanism in the cell membrane, or
by a unique pathway. Eukaryote cell membranes typically transport
small molecules or ions directly from the extracellular media to the
cytoplasm via pores, channels, or carriers. Macromolecule uptake
normally occurs by endocytosis or phagocytosis and either results in
return of the macromolecule to the cells surface or delivery to
lysosomes. Once in the lysosome, the molecule is usually degraded
and the metabolites enter the cytoplasm. Few macromolecules are
known to circumvent either of these pathways. A notable exception is
the viral fusion proteins, HA/N and F proteins (117, 118, 141, 215,
216). Viruses such as vesicular stomatitus virus encode proteins
which allow the virus and protein to enter the cytoplasm through the
endosome. These proteins undergo conformational changes as the pH
of the endosome decreases. The result of the change is a fusion
competent protein which allows the virus to escape the endosome
before reaching the degradative environment of the lysosome and
successfully invade the cytoplasm of the host cell. Diptheria toxin also
enters the cell by this mechanism (51). Although this is a well
described phenomenon for these viral proteins, this mechanism has
not been described for other proteins or nucleic acids. Therefore,
despite the apparent universality of oligonucleotide transport, no
known eukaryote cell membrane transport system can adequately
account for this process.

Some examples of macromolecular transporters have been
described. Protein transporters exist in the mitochondrial membrane
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(35, 138, 186, 209). These transporters allow protein translocation
from the cytoplasm to the mitochondrial interior. The translocation
process is thought to occur in a linear fashion beginning with the N
terminus. Additionally, nuclear encoded mRNA (34) and tRNAs (116)
are found in the mitochondria interior suggesting the presence of a
RNA transporter in the mitochondrial membrane. Another example of
nucleic acid transporters is the T4 phage virus channel. This channel
is carried by the T4 virus and is used to inject its DNA into E. coli
(105). Cell membrane transporters whose substrates are
macromolecular nucleic acids have not yet been described.

The first study which describes oligonucleotide internalization is
by Zamecnik and Stephenson, which was also the first to describe the
antisense concept (225). Addition of 20 puM of a [32Pl-labeled
oligonucleotide results in a 15 puM cell associated oligonucleotide
concentration. The intracellular distribution of fluorescently-labeled
oligonucleotides is examined in HL-60 cells by microscopy (109, 190)
and is found to be punctate. The results of these studies and
subsequent description of a putative 80 kci receptor (109, 222) leads
investigators to conclude oligonucleotide internalization occurs by
receptor-mediated endocytosis.

Some discrepancies have been found regarding intracellular
distribution of oligonucleotides. Acridine-labeled oligonucleotides are
found to be confined to the cytoplasm (88, 109, 222) but non
acridine-labeled oligomers are found around the nucleus (71, 190) or
in the cytoplasm and nucleus (222). In trypanosomes, however, a
3' acridine-labeled oligomer is found to be distributed uniformly
throughout the organism (207). In other studies, phosphorothioate
oligonucleotides are found to be distributed in the cytoplasm and
nucleus (180), primarily in the cytoplasm (88), or only around the
nucleus (119). Microinjection studies reveal that fluorescently labeled
oligonucleotides migrate quickly to the nucleus by an energy
independent process (38, 104). The discrepancies revealed by these
studies demonstrate uptake is oligonucleotide and cell line dependent.

Phosphorothioates are thought to utilize the same transport
mechanism as phosphodiester oligonucleotides since they are found to
inhibit the uptake of 5'-acridine oligothymidylates (109). However,



18

Marti et al. (119) report a smaller inhibitory effect of
phosphorothioates on uptake of a fluorescently labeled oligonucleotide.
Also, the length of 5'-acridine labeled oligthymidylates is reported to
determine the rate and extent of cellular uptake after a 16 hour
incubation (109). The rate of uptake for phoshorothioate oligomers is
found to be slower than for phosphodiester oligonucleotides (190).
Methylphosphonate oligonucleotides fail to inhibit uptake of
phosphodiester oligonucleotides so are considered to enter cells by a
different mechanism, presumably diffusion (109).

The cellular uptake of oligonucleotides is found to require
cellular energy (226) and is competitively inhibited by nucleic acids
containing a 5' phosphate (109). These results are interpreted to
support the hypothesis of receptor-mediated uptake of
oligonucleotides into cells. However, an issue which remains largely
unaddressed is the mechanism of oligonucleotide escape from the
endosome or lysosome. Lysosomes are known to contain nucleases (9,
10) which should result in oligonucleotide degradation. Molecules
exceeding 200 daltons are found to be impermeable to the lysosomal
membrane (107). Therefore, oligonucleotides either exit the
endosome before fusion with the lysosome, or are internalized by
another pathway. Further studies of these issues are required.

When microencapsulated in liposomes, antisense
oligonucleotides are found to be nuclease resistant and biologically
active at lower concentrations relative to unencapsulated
oligonucleotides (103, 108, 168). In addition, microencapsulated
oligonucleotides may bypass normal uptake mechanisms. For example,
liposomes composed of negatively charged lipids which are "fluid" are
reported to fuse with cell membrane, whereas neutral "fluid" and
negative "solid" vesicles are endocytosed (160). Endocytosed
microencapsulated DNA is not degraded but do not result in
transformants (140). In contrast, DNA encapsulated in liposomes
which fuse with cell membranes are found to result in cellular

transformants (61, 142, 182, 214). Therefore, microencapsulation
may be a useful means of enhancing oligonucleotide delivery to cells.
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Oligonucleotides in vivo. Although oligonucleotide analogs
demonstrate activity and specificity in certain cell and cell-free
systems in vitro, many problems must be solved before they can be
evaluated for in vivo efficacy. Some of these problems include:
instability and nuclease degradation, cellular and tissue uptake in vivo,
toxicity, undesirable pharmacokinetic properties, and potential for
immunogenicity. Problems associated with stability and cellular
uptake have been considered by some groups at the initial drug design
stage, whereas potential in vivo problems remain largely unaddressed.

Oligonucleotide analogs in cell-free and cellular systems have
demonstrated increased stability to exonucleases, but very few of these
compounds have been tested in animals. Miller and Ts'o et al. find
the half-life of unmodified oligonucleotides to be 3-5 minutes when
injected into mice. When derivitized with cholesterol, the oligomer
has a half-life of 30 minutes. Methylphosphonate oligonucleotides
distribute somewhat uniformly throughout the mouse, do not cross the
blood brain barrier, but are found to penetrate the mouse skin when
administered in the form of a cream (131). Vlassov et al. (210) find
antisense oligonucleotides with alkylating groups to have antiviral
activity when injected into mice. The oligonucleotide tested also
distributes throughout the mouse and is rapidly eliminated from the
blood. In these early studies, antisense oligonucleoities exhibit
somewhat promising results, but the unacceptably short half-life in the
blood is a significant barrier to their use as therapeutic agents.

THESIS RATIONALE AND OBJECTIVES

In vitro studies continue to demonstrate the potential for
antisense oligonucleotides as therapeutic agents. The primary barriers
for antisense development include stability, specificity, and cellular
uptake. Because the uptake of fluorescently labeled oligonucleotides
are frequently found to be punctate, and because of the identification
of a putative receptor protein, the mechanism of oligonucleotide
cellular uptake is thought to occur by receptor-mediated endocytosis.
However, neither the biologic activity of the fluorescently-labeled
oligonucleotides tested, nor the mechanism of oligonucleotide escape

:
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from endosomes or lysosomes has been established. In the absence of
this information, the mechanism of uptake of a biologically active,
unmodified oligonucleotide remains in question. Therefore, my
overall goal is to clarify the mechanism by which
oligodeoxyribonucleotides enter cells by studying the uptake of of a
model oligonucleotide into the Rauscher erythroleukemia cell line,
Red 5-1.5. The currently accepted mechanism of oligonucleotide
activity, i.e. binding to mRNA or DNA and subsequent protein synthesis
inhibition is strongly supported by the existing evidence, and so will
be an underlying assumption of my thesis.
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Figure 1. Oligodeoxynucleotide structure. Oligonucleotides are
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Figure 4. End modified derivatives. Molecules attached to the 3' or 5'
end of oligonucleotides include a) ethylenediamine tetraacetic acid
(EDTA), b) bleomycin, c) phenanthroline, d) porphyrin, e) ellipticine,
f) 2-chloroethylamino, g) acridine, h) psoralen, i) azidophenacyl, and j)
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Chapter 2. Antisense c-myc Oligonucleotide Cellular Uptake and
Activity

INTRODUCTION

Selective inhibition of protein translation by antisense
oligonucleotides has been demonstrated in numerous cell lines (3, 39,
42, 46). When added to cells in culture, these short chains of DNA or
RNA enter the cell by an unknown mechanism. They then
homologously base pair to the target mRNA resulting in selective
down-regulation of protein translation (6, 24, 25, 27, 34). The high
molecular weight and negative charge of unmodified phosphodiester
oligonucleotides are likely to prevent diffusion across cell membranes.
Indeed, Wickstrom et al. report only 2% of added oligonucleotide is
internalized by the cells (42). Therefore, knowledge of the
mechanism of oligonucleotide cell membrane transport is essential for
uptake optimization and targeting of oligonucleotides to cells. Some
investigators believe receptor-mediated endocytosis is the route of
uptake and a putative receptor has been identified (20, 44). Because
endosomes typically fuse with lysosomes the oligonucleotide is likely
to be degraded before reaching the active site. Therefore, either the
oligonucleotide must escape from the endosome before endosome
lysosome fusion, or the oligonucleotides enter cells by a different
mechanism.

In this study our goal is to examine the mechanism of uptake of
an oligonucleotide in a model system. The system consists of a
21-base phosphodiester antisense oligodeoxynucleotide (21-mer) and
the Rauscher Red 5-1.5 erythroleukemia cell line. This
oligonucleotide is complementary to the c-myc proto-oncogene AUG
translation initiation site. The antisense c-myc oligonucleotide is
chosen because of the demonstrated presence of c-myc in the
Rauscher cells (unpublished data) and because antisense c-myc
oligonucleotides have previously been used to study the cellular
function of c-myc protein including its role in cellular proliferation (9,
13, 15, 33, 42).

We find that the c-myc antisense oligonucleotide is biologically
active and internalized by the Rauscher cells, and therefore is an
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appropriate model to study the mechanism of oligonucleotide cellular
uptake. The oligonucleotide is found to be biologically active using two
types of proliferation assays and Northern blot analysis. Confocal
fluorescence microscopy is used to demonstrate cellular
internalization of FITC (fluorescein isothiocyanate) labeled
oligonucleotides. We utilize this cell system to study the effect of
inhibitors on oligonucleotide uptake. These studies show that
oligonucleotide uptake appears to be a complex process consisting of
surface binding as well as internalization. Cellular internalization
accounts for up to 40% of total uptake and is dependent on a trypsin
sensitive component and cellular energy. Uptake in these cells is
found to be nonspecific and unlikely to be due to receptor-mediated
endocytosis.

MATERLALS AND METHODS

Materials

Antisense oligonucleotide 21-mer (5'-
GAAGTTCACGTTGAGGGGCAT), and 20-mer (5'-
GAAGTTCACGTTGAGGGGCA) complementary to the c-myc proto
oncogene mRNA including the AUG translation initiation codon site,
nonsense oligonucleotide (5-ATGGAGTCACGTAACGGTTGG)
(scrambled sequence of the 21-mer), and an internally fluorescein
isothiocyanate-labeled (FITC) antisense 21-mer are synthesized and
purified by the Biomolecular Resource Center, UCSF, San Francisco,
CA. Fluorescein isothiocyanate (FITC) is also obtained from the
Biomolecular Resource Center, UCSF. The random sequence 21-mer
(5'-CTAAAAGGGCAGAAGAAGGAC) is obtained from the V.A. Genetics
Core Facility, V.A. Medical Center, San Francisco, CA. The NH4Cl is
obtained from Baker, Phillipsburg, NJ, chloroquine, 2-deoxyglucose,
salmon sperm nuclei, acrylamide, bis (N,N'-methylene-bis
acrylamide), bovine fibronectin, streptavidin-FITC, SITS (4-
acetamido-4'-isothiocyano-stilbene-2,2'-disulfonic acid), photobiotin,
dimethylsulfoxide, OsO4, sodium cacodylate, potassium ferrocyanide,
Epon, veronal acetate, bovine serum albumin (BSA), glutaraldehyde,
dATP, dGTP, dTTP, polyvinyl pyrrolidone (PVP), Ficoll, and dibutyl
phthalate are purchased from Sigma Chemicals, St. Louis, MO, and
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monensin are obtained from Calbiochem, La Jolla, CA. The azide,
trypsin, sodium dodecyl sulfate (SDS), EDTA (ethylene diamine
tetraacetic acid), tris (hydroxymethyl) aminomethane, urea, boric acid,
formamide, bromophenol blue, and Scintiverse II are purchased from
Fisher Scientific, Fairlawn, NJ, and dionyl phthalate and X-OMAT AR
film are purchased from Kodak, Rochester, NY. Gamma and o. [32PI
ATP (3000 Ci/mole), T4 polynucleotide kinase (10 units/pul), Hybond
nitrocellulose membranes, and terminal transferase (1.7 units/pul) are
purchased from Amersham, Arlington Heights, IL, and dextran sulfate
and Sephadex G-25 are obtained from Pharmacia, Uppsala, Sweden.
Fetal calf serum is purchased from Hyclone, Logan, UT, and Minimal
Essential Medium Alpha with nucleosides from Gibco, Gaithersburg,
MD. Chrono-Lume reagent is obtained from ChronoLog, Havertown,
PA. The human c-myc probe to the 3rd exon is purchased from
Oncor, Gaithersburg, MD. The human glyceraldehyde 3' phosphate
dehydrogenase (GAPD) probe is a gift from Dr. John Faust and Dr.
Timothy Meeker, V. A. Medical Center, San Francisco. Guanidine
isothiocyanate is purchased from Bethesda Research Labs,
Gaithersburg, MD.

Confirmation of Biological Activity
Rauscher Red 5-1.5 erythroleukemia cells (40) are maintained

in suspension cultures in Minimal Essential Medium Alpha (Appendix
A) with 20% fetal calf serum (preheated at 56°C for 1 hour),
100 units/ml penicillin, and 100 pg/ml streptomycin.

To confirm biological activity of the antisense c-myc 21-mer,
cellular proliferation is assayed by measuring viable cell concentrations
over three days in the presence or absence of oligonucleotide. At
t = 0, cells are diluted to 40,000 cells/ml in complete media in three
tubes. A single dose of 0.1 puM or 1.0 puM antisense or nonsense
oligonucleotide, or an equal volume of diluent (less than 50 pul/ml of
distilled H20) is added to a replicate tube. No resupplementation of
oligonucleotide is added to the cells after t = 0. The cells are
subcultured in five replicate wells in 96-well plates at a volume of
100 pil/well and incubated at 37°C in 5% CO2. Viable cells (those
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excluding 0.2% final concentration of trypan blue) are counted using a
Fischer hemocytometer.

In a similar experiment, proliferation is assessed by measuring
[3H]-thymidine incorporation into DNA (40). Cells are diluted to
40,000 cells/ml and 0.1 puM antisense or nonsense oligonucleotide, or
an equal volume of diluent (less than 50 pul/ml of distilled H20) is
added. Five replicate cultures are plated into 24 well plates at a
volume of 0.5 ml/well. The cells are maintained at 37°C in 5% CO2 for
3 days. Prior to cell harvest, 1 pCi/ul [3H]-thymidine is added to each
well and the cultures are incubated for an additional 16 hours. The
cells are collected and each well rinsed 3 times with 1 volume of cold

phosphate buffer (0.016 M phosphate, 0.15 M NaCl pH = 7.4). The
cells are centrifuged for 10 minutes at 800 x g at 4°C. The resulting
pellet is resuspended in 2 volumes of cold 10% trichloroacetic acid
with 1% pyrophosphate. The suspension is cooled on ice for
15 minutes and filtered through Whatman GF/C 2.4 cm glass fiber
filters by vacuum filtration. The test tube is rinsed 3 time with
1 volume of cold 5% trichloroacetic acid and 1% pyrophosphate which
is then filtered. The filters are rinsed twice with 1 volume cold

ethanol, dried, and then counted in Scintiverse II scintillation
cocktail.

Northern Blot Analysis of c-myc mRNA Levels
Cells are resuspended twice in serum-free media to

108 cells/ml, then maintained at 37°C. At time = 0, 0.1 puM final
concentration of antisense oligonucleotide is added to the cells. At
1 and 3 hours, 1.5 x 108 cells are harvested and total RNA is isolated
using guanidinium isothiocyante extraction. The samples (8 pg/well)
are electrophoresed in a 1.3% agarose gel with 18% formaldehyde for
3 hours at 90 volts. The RNA is transferred onto Hybond
nitrocellulose filters, incubated in prehybridization mixture composed
of 50% formamide, 5 x SSC (0.15 M NaCl, 0.015 M Na citrate),
0.5% SDS, 200 pg/ml Ficoll, 200 pg/ml PVP, 200 pg/ml. BSA, and
98 pg/ml denatured salmon sperm DNA at 40°C for 2 hours. The c
myc or GAPD probes are labeled with [32P doTP using a random
primer labeling method (11) (50 ng/ml probe, 0.02 pg/ml BSA, 4 HM
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dATP, dGTP, dTTP), added to the prehybridization mixture, and
incubated 16 hours at 40°C to hybridize the probe to the RNA. The
blot is washed twice in 2 x SSC and 0.1% SDS at 25°C, then twice in
0.1 x SSC and 0.1% SDS at 60°C. The blot is then exposed to X-ray
film for 1 - 7 days (32).

Confocal Fluorescence Microscopy Studies Using Fluoresceinated
Oligonucleotides

Fluorescence is visualized using a BioFad MRC-500 or MRC-600
confocal laser microscope. A BHS filter set (excitor filter 488 DF 10,
dichroic reflector DR 510 LP, barrier emission filter OG 515) is used,
gain set on automatic using a 60 x (Nikon Planado, NA 1.4) or 25 x
(Zeiss, NA 0.8) lense. Control cells are treated with 0.1 puM final
concentrations of FITC, streptavidin-FITC, or light-exposed
photobiotin-streptavidin-FITC. Autofluorescence controls include cell
treatments with 0.1 puM final concentrations of oligonucleotide,
oligonucleotide-biotin, or oligonucleotide-biotin-streptavidin.

The fluorescence experiments are executed using an internally
FITC-labeled oligonucleotide. An oligonucleotide is synthesized which
contains an amine-containing linker between the tenth and eleventh
nucleotide of the 21-mer. The FITC is coupled to the linker using a
modification of the Applied Biosystems Inc. generic protocol resulting
in a non-5'-labeled FITC-oligonucleotide. The dye coupling reaction
mixture consists of 11.3 pg/ul oligonucleotide, 0.42 mg/pil FITC in
0.22 puM NaHCO3. The oligonucleotide is desalted on a Sephadex
NAP-25 column, and the purity verified by reverse phase HPLC.

Cells are resuspended in serum-free media to a final
concentration of 20 x 106 cells/ml. An aliquot of 100 pil of cells are
incubated for 4 hours at 37°C on glass coverslips pretreated for one
hour at 37°C with 100 pil of 10 pg/ml fibronectin. Labeled antisense
oligonucleotide is incubated with the cells at a final concentration of
0.1 puM for 1 to 45 minutes at 37°C or 4°C, and the cells are rinsed
gently three times in serum-free media. The samples taken before
30 minutes or at 4°C are fixed by adding 75% ethanol followed by
immediate freezing at -20°C for 20 minutes. The coverslips are
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sealed over a concave slide and viewed using a BioFad MRC-600
confocal laser microscope.

The oligonucleotide is also labeled with FITC for fluorescence
microscopy studies using a biotin-streptavidin conjugation to compare
the effect of oligonucleotide modification on uptake and distribution
and to determine if an oligonucleotide with a large adduct such as
FITC-streptavidin-biotin can be internalized with the oligomer. First,
the oligonucleotide is biotinylated using a photobiotin labeling
technique (12). A mixture containing 0.5 pg/pil oligonucleotide and
0.5 pig/pil photobiotin is exposed to visible light to induce the
biotinylation reaction. The oligonucleotide is then purified by ethanol
precipitation to remove unreacted photobiotin. This reaction reacts
one biotin per 100-400 residues of single stranded DNA which likely
results in labeling less than one biotin per oligonucleotide molecule.
An equimolar amount of streptavidin-FITC is added to the
oligonucleotide-biotin and incubated at 37°C for 5 minutes resulting in
an oligonucleotide-biotin-streptavidin-FITC complex. The cells are
prepared on coverslips as described above, incubated at 37°C with
FITC -oligonucleotide complex at a final concentration of 0.1 puM for
45 minutes and then gently rinsed three times with serum-free media.
The coverslip is then sealed with nail enamel over a concave glass
slide and viewed using a BioFad MRC 500 confocal laser microscope.

Electron Microscopy of Rauscher Cells
Approximately 20 x 106 cells are centrifuged at 1000 x g. The

cell pellet is fixed in 1.5% glutaraldehyde, 0.1 M sodium cacodylate
buffer, pH 7.4, and incubated for 1 hour at 25°C. Cells are then
washed in 0.1 M cacodylate buffer with 7% sucrose, centrifuged at
10,000 x g for 5 minutes, and fixed in 196 OsO4 in veronal acetate
buffer or 1% OsO4 in water with 1.4% potassium ferrocyanide. The
fixed cells are dehydrated in ethanol, embedded in Epon, sectioned at
900 Å, and finally examined using a Zeiss 10CA electron microscope.

Uptake Inhibition Studies Using F32P)-labeled Oligonucleotide
The antisense 21-mer is labeled using T4 kinase and gamma

[32P)-ATP to yield an external 5' [32P phosphate. The reaction
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mixture consists of 0.5 pmoles/ul oligonucleotide, 0.5 pmoles/pil
gamma (32P)-ATP, and 0.3 - 0.9 units/ul T4 kinase. Terminal
transferase and o. [32P)-ATP is used to label the 3' end of the 20-mer
to result in a 21-mer with an internal (32P)-label. The reaction
mixture contains 2.2 pmoles/pil oligonucleotide, 2.2 pmoles/pil
o, [32P)-ATP, and 0.4 units/pil terminal transferase. These mixtures are
incubated at 37°C for at least two hours, heated at 56°C for 5 minutes
to inactivate the enzyme, then fractionated on a 5 ml Sephadex G-25
column (32).

In inhibition studies, cells are centrifuged in 250 ml centrifuge
bottles at 600 x g at 25°C for 10 minutes and resuspended in serum
free media to a final concentration of 16 - 20 x 106 cells/ml. For the
receptor-mediated endocytosis inhibition experiments, cells are
pretreated for 30 minutes at 37°C with 0.1 mM chloroquine, or
0.1 mM monensin, or for 5 minutes with 0.1 mM phenylarsine oxide
(dissolved in dimethylsulfoxide). To study the role of cellular energy
in oligonucleotide uptake, cells are equilibrated in 3 ml aliquots at
4°C, 15°C, 25°C or 37°C for 5-10 minutes for temperature sensitivity
assays or pretreated with 10 mM. azide or 50 mM 2-deoxyglucose for
60 minutes at 37°C. Cells are pretreated with 0.25% trypsin for
60 minutes at 37°C to determine the role of trypsin-sensitive cell
surface proteins in oligonucleotide uptake. To test for the specificity
of the uptake system, 10 HM salmon sperm DNA, ATP, random
oligonucleotide, and dextran sulfate are preincubated with cells
1-4 minutes at 37°C. Salmon sperm DNA is extracted by the method
described (32). Briefly, 100 mg of salmon sperm nuclei is dissolved
in 150 pul dhº O and extracted twice with 150 pil of phenol: chloroform
(pH = 8). The DNA is precipitated and purified in 0.3 M NaAc and two
volumes cold ethanol. To study the possible role of an anion
transporter, cells are pretreated with 60 pum SITS, 10 mM. NaCl,
10 mM Na2SO4, or 10 mM NH4Cl for 15 minutes at 37°C. Control
cells are preincubated with an equal volume of diluent (less than 30 pil
distilled water/ml). Unless otherwise indicated all experiments are
performed at 37°C and with the addition of a final concentration of
0.1 - 10 HM oligonucleotide with an activity of 109 counts per
minute/ml.
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Radiolabeled oligonucleotide is added to the cells at t = 0. At
each time point, five replicate samples of 100 pil each are
microcentrifuged at 1200 rpm for 1 minute through 100 pil cushion of
2:7 dionyl phthalate: dibutyl phthalate in a 0.4 ml polypropylene
microcentrifuge tube and frozen at -70°C. Cell pellets are clipped off,
dissolved in 100 pil of 0.1% SDS by vortexing, then counted in 4 ml
Scintiverse II scintillation cocktail. Counts per minute (cpms) are
converted to cell-associated oligonucleotide based on known
oligonucleotide dilution.

Cells pretreated with trypsin or metabolic inhibitors are further
tested to determine the extent of cell membrane integrity using [14Cl
sucrose or [3H]-H2O. After trypsin or azide pretreatment,
4 x 104 cpms of [14C]-sucrose per ml of cells are added and [14C]-
sucrose uptake is measured over time by the procedure described
above. In addition, efflux of [3H]-H20 from preloaded cells is measured
after trypsin or azide pretreatment. After trypsin or azide treatment,
the cells are incubated with 1 pCi [3H]-H20 per ml of cells for
10 minutes. The cells are microcentrifuged for 1 minute,
resuspended in fresh media, then loss of [3H]-H20 is measured over
time using the procedure described above.

In efflux studies, cells are incubated for 60 minutes with 0.1 puM
final concentration (105 cpms/ml) of oligonucleotide and then
microcentrifuged for 30 seconds. The cell pellet is resuspended in an
equal volume of oligonucleotide-free media or media containing
1.7% trypsin and then processed as described above.

Cellular ATP is measured based on a luciferase and luciferin assay
using Chrono-Lume Reagent (17400 units/ml luciferase and
0.16 mg/ml luciferin) on a ChronoLog Lumivette luminometer
according to the manufacturers instructions. The cells are
resuspended in serum free media to 7 x 107 cells/ml, then treated
with two volumes of 5% trichloroacetic acid. The cells were diluted

1:45 in 10 mM tris/ 0.1 mM EDTA pH 7.75, and 50 pil of the Chrono
lume reagent is added to 450 pil of the diluted cells. The
chemiluminescent product is measured 10 seconds after addition of
the reagent to the cells. The chemiluminescence generated by the
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product is compared to a standard curve to quantitate the amount of
ATP present in the sample.

The analysis of variance is calculated using STATWORKS
(Version 1.2, Cricket Software, Phila., PA). Data are evaluated by
statistical analysis to determine significance between treatment
groups. Analysis of variance allows simultaneous evaluation of
statistical differences in experiments with greater than two treatment
groups. Evaluation of differences between treatments as a function of
time may also be determined and expressed as treatment x time
differences. Other commonly used statistical tests such as Student's t
test allows for evaluation of only two treatment groups at a single time
point and therefore are inappropriate for these studies. The reported
"p" values represent the probability of making an error in determining
differences between treatment groups. Differences between samples
yielding a "p" value < 0.05 are considered to be significant.

Stability studies
The stability of the 5'-[32P)-labeled oligonucleotide is measured

using polyacrylamide gel electrophoresis. At t = 0, approximately
106 cpms/ml of 5'-[32P)-labeled oligonucleotide is added to the cells.
After incubation at 37°C for 0, 60 and 120 minutes, 250 pul aliquots of
the cell suspension are microcentrifuged for 30 seconds. The cell
pellets are separated from supernatants and resuspended in fresh
media. Each 250 pil sample is vortexed with 50 pil of 0.1% SDS.
Aliquots of the cells and supernatants containing approximately
2000 cpms are diluted to 40 pil and mixed with 40 pil of 0.025%
bromophenol blue in formamide. The mixture is heated in boiling
water for 3 minutes, applied to a 19%:1% polyacrylamide:
bisacrylamide sequencing gel, and run in 5X TBE buffer (0.3 M tris,
0.23 M boric acid, 0.01 M EDTA) (32) at 600 volts for 2 hours. The
autoradiogram is exposed to Kodak X-OMAT AR film overnight at -
70°C. Radioactive bands are excised from the gel using a razor,
crushed and soaked in scintillation cocktail, and counted to quantitate
the amount of labeled oligonucleotide in each band.
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RESULTS

The biological activity of the c-myc antisense oligonucleotide is
tested in the Rauscher cells using two proliferation assays. Cell
concentrations are measured during a 3 day incubation after
oligonucleotide treatment. A two-way analysis of variance
demonstrates statistically significant treatment x time differences
between antisense treated cells compared to control and nonsense
(scrambled antisense sequence) treated cells (p < 0.05). Treatment
with 0.1 pm or 1 puM antisense oligonucleotide reduces cellular
proliferation by 44% or 75% respectively compared to control by day
3 (Figure 1). No significant difference in activity is found between
control and nonsense treated cells at 0.1 p.m. and 1 puM over the 3 day
period. Since a 5' phosphorylated oligonucleotide is used for the
uptake studies, we also test a non-radioactive 5' phosphorylated
oligonucleotide for its effect on cellular proliferation. No significant
difference in antiproliferative effect is observed between the antisense
c-myc 21-mer and its 5' phosphorylated analog.

The decrease in cellular proliferation by treatment with
antisense but not nonsense oligonucleotide at 0.1 puM is supported by
data from an assay measuring [3H]-thymidine incorporation into DNA
during a 3 day incubation. In all 3 treatment groups, cells incorporate
approximately 300 cpms [3H]-thymidine/ 0.5 ml by day 1. By day 3,
control cells incorporate 4507 it 982 cpms, nonsense (scrambled
antisense sequence) treated cells incorporate 4202 + 1059 cpms, and
antisense treated cells incorporate 3574 +11 15 cpms of
[3H]-thymidine (cpms/0.5 ml + standard error of the mean) reflecting
a statistically significant reduction in cellular proliferation due to
antisense, but not nonsense, treatment (p < 0.02).

Northern blot analysis support the hypothesis that the c-myc
antisense oligonucleotide is biologically active. Cellular c-myc mRNA
is measured after a 3 hour incubation due to the short half-life of c

myc mRNA (9, 12, 14, 32, 41). We observe a slight decrease in c-myc
mRNA but not GAPD mRNA after the 3 hour incubation with 0.1 puM
antisense oligonucleotide (Figure 2).
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In confocal fluorescence microscopic studies, cell adhesion to
fibronectin on coverslips followed by incubation with FITC-labeled
oligonucleotides results in cell viability greater than 99% as measured
by trypan blue dye exclusion using a light microscope. Control cells
which are incubated with FITC (Figure 3a), streptavidin-FITC (Figure
3b), or photobiotin-streptavidin-FITC show no cellular internalization
of the probe. No increase in autofluorescence is seen due to addition
of oligonucleotide, oligonucleotide-biotin, or oligonucleotide-biotin
streptavidin at 0.1 p.m. final concentration.

The internally FITC-labeled oligonucleotide is used to visualize
cellular uptake of the oligonucleotide Internalization of this probe is
not detected after incubation at 4°C, azide pretreatment, or in
incubations less than 15 minutes at 37°C. Figure 3c shows a
longitudinal cross section approximately 6 pm below the cell suface
taken after a 15 minute incubation at 37°C. The internally-labeled
oligonucleotide exhibits a diffuse fluorescence throughout the
cytoplasm. The nucleas is visible (arrows) and fluorescence is seen
throughout the nucleus. However, brightly staining granules
throughout the cell are also noted.

Uptake of the oligonucleotide-biotin-streptavidin-FITC complex
by the cells is observed after a 45 minute incubation at 37°C. In Figure
4a a longitudinal cross section taken above the cell surface, and 3 pum
(Figure 4b), 6 pum (Figure 4c) and 10 pm (Figure 4d) sections beneath
the cell surface are shown. Visualization of the region of the nuclear
membrane (arrows, Figure 4c) demonstrate that fluorescence occurs
both inside the nucleus and in the cytoplasm. The cytoplasmic
fluorescence is diffusely distributed and areas are observed which
exclude fluorescence. The nucleus contains diffuse areas of

fluorescence as well as areas of bright fluorescence. An electron
micrograph thin-section of the Rauscher cells is depicted in Figure 5.

In order to address the role of receptor-mediated endocytosis in
the uptake of oligonucleotides, we use the inhibitors chloroquine,
monensin, and phenylarsine oxide. We find that these compounds
have no significant effect on uptake of the [32Pl-labeled oligonucleotide
cells (Table 1).
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In the inhibition studies, we find antisense [32Pl-oligonucleotide
21-mer uptake into Rauscher cells requires cellular energy. Energy
inhibition by reduced temperature or by the metabolic inhibitors azide
and 2-deoxyglucose results in a significant reduction in
oligonucleotide cell association (p < 0.05). A trypsin-sensitive
component is also found to be important in cellular uptake of this
oligonucleotide (p < 0.05) (Table 2). These treatments do not
completely inhibit oligonucleotide uptake. This may be in part due to
only a 59% reduction of ATP by azide, incomplete trypsinization, or
surface binding. No oligonucleotide degradation is observed due to
treatment with 0.25% trypsin over three hours.

Neither uptake of the fluid-phase marker [14C]-sucrose (8) nor
leakage of [3H]-H20 from preloaded cells treated with trypsin or azide
treated cells is found to be significantly greater than in untreated
controls suggesting membrane integrity is unaltered by these
treatments. Addition of 11,000 cpms/ml of [14C]-sucrose results in
cellular uptake of 25 cpms it 6 cpms above background per sample for
untreated controls and 25 + 3 cpms above background per sample in
azide pretreated cells and 28 + 12 cpms above background per
sample in trypsin pretreated cells after a two hour incubation, total
uptake accounting for less than 0.3% of total added cpms. Following
resuspension of [3H]-H20 -treated cells, efflux of [3H]-H2O is not
accelerated due to trypsin or azide pretreatment. Two hours after
[3H]-H20 pretreatment and resuspension, we find about 8% of the
[3H]-H20 remains with the cells: 51 + 28 cpms above background
associated with control cells, 85 + 6 cpms above background with
trypsin-treated cells, and 60 + 5 cpms above background with azide
treated cells.

Efflux of the oligonucleotide after a 60 minute preincubation
with the cells is studied to determine the extent of cell surface

binding and cellular secretion of the internalized oligonucleotide.
Cells are pretreated with radiolabeled oligonucleotide for 60 minutes
followed by resuspension in oligonucleotide-free media. An immediate
loss of approximately 30% of cell-associated oligonucleotide is
observed with little additional loss of cell-associated oligonucleotide
detected in the subsequent 120 minutes (Figure 6). Trypsinization of
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these resuspended cells result in removal of an additional 30% of cell
associated oligonucleotide. Therefore, up to 40% of total uptake was
found to be trypsin and resuspension-insensitive.

The effects of five candidate uptake inhibitors are studied to
examine the specificity of the uptake system. Preincubation with
100-fold excess of the random sequence oligonucleotide is found to
significantly reduce the extent of [32P)-labeled antisense
oligonucleotide uptake. Pretreatment with 100-fold excess of other
charged molecules such as ATP, DNA, and dextran sulfate, also
reduces uptake (p < 0.05). To test for the possible involvement of an
anion transporter in oligonucleotide uptake, we preincubate the cells
with SITS, a red blood cell anion channel inhibitor (17), or anions
known to be transported by the red blood cell's anion channel, NaCl,
Na2SO4, and NH4Cl. We find that preincubation of the cells with these
compounds significantly decreases oligonucleotide uptake (p < 0.05)
(Table 3).

Additional competition studies using equal quantities of
radiolabeled antisense oligonucleotide with increasing dilutions of
unlabeled antisense oligonucleotide are found to result in a reduction
of the unlabeled with the radiolabeled oligonucleotide (Table 4). Cell
association of the oligonucleotide is also found to be dose-dependent
(Figure 7) (p < 0.01).

Uptake of a 21-mer with an internal [32P1-phosphate on the 20th
nucleotide exhibits rate and extent of uptake comparable to that of the
externally labeled oligonucleotide. Therefore, the external 5'-
phosphate is not required for uptake.

The stability of the 5'-[32P labeled oligonucleotide is examined
using gel electrophoresis. The oligonucleotide is found to remain
intact in the cells for the duration of the 2 hour experiment, with
some degradation of the oligonucleotide detected in the supernatant
after a 120 minute incubation. At this time, 75% of the

oligonucleotide in the supernatant is found to be undegraded, 10% is
found to be reduced to a smaller oligonucleotide, and about 15% of the
[32P)-label migrates to the same position as [32P)-ATP or free [92P)
which are found to co-migrate in the gel. Degraded oligonucleotide is
not detected prior to 120 minutes in the cell pellet (Figure 8).
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DISCUSSION

Oligonucleotides are thought to be capable of exerting a
sequence specific inhibition of gene expression by binding to
homologous target RNA either in the cytoplasm or in the nucleus. The
antisense oligonucleotide binds to the complementary RNA by Watson
Crick base pairing and hydrogen-binding. The oligonucleotide is then
thought to interrupt protein translation either by degradation of the
target RNA strand by RNase H (7, 26), or by interrupting ribosome
binding or translation (1, 5, 25). In vitro, hybridization of
oligonucleotides to DNA are found to result in triple helix formation
and transcription inhibition (21, 22, 31). Oligonucleotides designed
to compete with DNA binding proteins are reported to be biologically
active although definitive evidence for triple helix formation in cells is
presently lacking (28, 30).

-

Some investigators believe oligonucleotide cellular uptake occurs
by receptor-mediated endocytosis. Loke et al. in HL-60 cells (20) and
Yakubov et al. in mouse fibroblast L929 cells (44) have identified a
putative oligonucleotide binding protein which bind to 5’- acridine
labeled oligonucleotides and suggest that uptake occurs by receptor
mediated endocytosis. The proposed pathway must include an
unknown mechanism by which the oligonucleotide escapes lysosomal
nuclease degradation and reaches the target site undegraded. These
and other studies of the mechanism of oligonucleotide cellular uptake
use oligonucleotides with unknown biological effects in that cell line.
Therefore, the goal of this study is to establish a model system using a
biologically active oligonucleotide which is internalized by the cells,
and then to use the model system to study the mechanism of
oligonucleotide cellular uptake.

In order to establish an appropriate cellular model suitable for
studying the mechanism of cellular uptake of oligonucleotides, we
confirm the biological activity and internalization of the antisense
c-myc oligonucleotide. First, the biological activity of the antisense
c-myc oligonucleotide is examined in two types of proliferation
studies, [3H] thymidine incorporation into DNA and viable cell
concentration assays. In both assays we find a 44% reduction in
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0.1 mM and a 77% reduction at 1 HM (viable cell concentration assay)
3 days after treatment with an antisense c-myc 21-mer, but not a
nonsense 21-mer (Figure 1). Other investigators using an antisense
c-myc oligonucleotide also report biological activity at 1 HM final
concentration. Wickstrom et al. (42) find a 20% reduction in cellular
proliferation at 1 HM compared to control using an antisense c-myc
15-mer. The discrepancy in extent of activity may be in part
explained by the difference in oligonucleotide length or the cell line
used. The melting point of oligonucleotide: RNA hybrid is found to
increase with increasing length of the complementary oligonucleotide
(45). However, Loke et al. (20) show that the extent of
oligothymidylate uptake is inversely proportional to its length.
Therefore we assume the 21-mer has a higher affinity for the target
mRNA and consequently greater activity relative to a 15-mer but may
be internalized to a lesser extent. Also, the physiological differences
between cell lines could also be a significant variable in biological
activity assays. Recent studies demonstrate differences in extent of
oligonucleotide uptake between different cell types (19). Because the
c-myc antisense oligonucleotide used here is biologically active, we
conclude that some fraction is internalized and gains access to the
active site within the Rauscher cells.

Because mRNA when duplexed to antisense oligonucleotides are
known to be susceptible to degradation in the presence of RNase H,
northern blot analysis is used to compare levels of c-myc mRNA in
antisense treated and control cells. We find a slight reduction in
levels of c-myc mRNA compared to GADPH mRNA after a 3 hour
incubation (Figure 2) which suggest that the oligonucleotide used is
biologically active and using an RNase H mechanism to degrade c-myc
mRNA. Inhibition of transcription by triple helix formation by the
antisense oligonucleotide would also be seen as a decrease in levels of
c-myc mRNA, and could account for the activity of the oligomer. The
results of these studies are also consistent with the internalization and

biological activity of the antisense c-myc 21-mer in these cells.
Confocal fluorescence microscopy is used to confirm the

internalization of the FITC-labeled oligonucleotide 21-mers. Because
the FITC probe is not internalized by the cells when unattached to the
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oligonucleotide (Figure 3a, b) we conclude that the oligonucleotide is
internalized with the probe, even in the presence of a bulky adduct
(Figures 3c, 4a-d). The fluorescence studies may also be used to
obtain information regarding the mechanism of oligonucleotide
internalization, although modification of the oligonucleotide may affect
the pathway of cellular uptake, activity and intracellular distribution
and is therefore a limitation of this technique. We observe diffuse
intracellular fluorescence using both of these analogs which suggest
minimal, if any, confinement in vesicles or endosomes (Figures 3c,
4a-d). In Figures 4b and 4c areas which exclude fluorescence are
shown which may be due to exclusion of the probe by organelles,
vacuoles, or macromolecular structures, such as the nucleolus. The
diffuse fluorescence observed contradicts the results of other studies

in which an oligonucleotide conjugated at the 5' end with the
fluorochrome acridine, exhibits a punctate fluorescence after
incubation with HL-60 or CV-1 cells (4, 20). However, the observed
difference in intracellular distribution of oligonucleotides may result in
part from the use of different oligonucleotides or cell lines.
Dissociation of the label from the oligonucleotide could also account
for the diffuse fluorescence. Whether the FITC-labeled

oligonucleotides taken up by the cells in these studies remain intact
after the 15 to 45 minute incubation is unknown, even though the
[32Pl-labeled oligonucleotide is not degraded in this time period
(Figure 7).

In addition to diffuse fluorescence, the internally labeled
oligonucleotide also shows a granular fluorescence (Figure 3c). The
size of the brightly staining spots is consistent with vesicle
confinement, and the diffuse fluorescence may result from
redistribution of the probe from the oligonucleotide. However, the
number of spots seen is not consistent with the number of cytoplasmic
vesicles detected by electron microscopy (Figure 5). Granular
fluorescence is also observed in the nucleus which is not expected to
contain endosomes or lysosomes. Intracellular aggregation or binding
of the probe to intracellular structures or proteins could possibly
account for the observed pattern of distribution. For example,
oligonucleotides with G-rich regions, such as the antisense
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oligonucleotide used in these studies, are known to be capable of
forming tetraplexes (16). Lack of aggregation in the oligonucleotide
biotin-streptavidin-FITC molecule may be due to steric hinderance
resulting from attachment of the bulky complex. Also,
phosphorothioate oligonucleotides are known to nonspecifically
associate with intracellular proteins (23) and phosphodiester
oligonucleotides are shown to act as high affinity ligands for proteins
(2, 37). Therefore, the oligonucleotide-FITC could possibly
accumulate at intracellular protein structures thus accounting for a
granular as well as diffuse pattern of fluorescence in the cytoplasm and
nucleus.

Variability in distribution of probe between cells within the same
sample is observed. Figure 4c shows a cell with no nuclear
fluorescence surrounded by cells with intranuclear fluorescence. We
hypothesize that this cell's nuclear transport mechanism is impaired
or the cell is dying. Dead cells are not expected to internalize
oligonucleotides since we find that cells treated with the metabolic
inhibitor azide or incubated at 4°C fail to internalize the fluorescently
labeled oligonucleotide. It has been shown that microinjected
fluorescently labeled oligonucleotides are transported to the nucleus
in ATP-depleted cells (4). However, the delivery of the
oligonucleotides by microinjection may bypass cellular processing
pathways used by oligonucleotides transported across the cell
membrane and therefore may utilize a different intracellular transport
mechanism. Variability between cells in the same sample is also
demonstrated by Krieg et al. (19). The lack of nuclear uptake in the
cell in Figure 4c suggests that differences in oligonucleotide uptake
between cells exists within the same culture.

In addition to the fluorescence studies, the [32P)-labeled
oligonucleotide efflux experiments demonstrates the internalization of
the antisense c-myc oligonucleotide into the Rauscher cells.
Pretreatment of cells with oligonucleotide followed by resuspension in
oligonucleotide-free media results in minimal loss of the
oligonucleotide from the cells in the subsequent 120 minutes,
suggesting that the oligonucleotide is not secreted (Figure 6). We
estimate that up to 60% of oligonucleotide uptake is surface bound and
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susceptible to removal by trypsin treatment and resuspension in fresh
media, while up to 40% is internalized by the cell. These results, in
combination with confocal fluorescence microscopy and the biological
assays, show that the oligonucleotide is internalized by the cells.
Therfore, because the antisense c-myc oligonucleotide is internalized
and biologically active in the Rauscher cells, this model system is
appropriate to further study the mechanism of oligonucleotide uptake.

The cell model is used to examine the effect of uptake inhibitors
using a [32P labeled antisense c-myc 21-mer. We find no significant
difference in the uptake of oligonucleotide after chloroquine,
monensin, or phenylarsine oxide pretreatment (Table 1). Monensin
and chloroquine (10, 17, 29, 36, 37, 41, 43) alkalinize endosomes and
lysosomes and thereby prevent receptor recycling,
endosome/lysosome fusion, full activity of lysosomal enzymes, and can
prevent pH-dependent fusion of viral fusion proteins. Phenylarsine
oxide is an endocytosis inhibitor of compounds known to be
endocytosed via a receptor (14, 35). The effect of receptor-mediated
endocytosis inhibitors is not consistent with the findings of Loke et al.
(20). Loke et al. find chloroquine pretreatment results in
accumulation of intracellular fluorescence of a 5'-acridine

oligothymidylate after a 16 hour incubation. However, these data may
not be inconsistent with the findings of Loke et al. due to the nature of
oligonucleotide or its derivitization, or the cell line used. Our results,
including the fluorescence studies, reduce the probability of
involvement of a traditional receptor-mediated endocytic pathway in
oligonucleotide internalization in the Rauscher cells.

We find that oligonucleotide uptake utilizes cellular energy and a
trypsin-sensitive component (Table 2). The inhibition of
oligonucleotide-probe internalization at 4°C implies that uptake is not
a passive process. The requirement of cellular energy has been
observed by other investigators (19, 45). However, energy inhibition
and cell surface trypsinization may indirectly affect oligonucleotide
cellular uptake. For example, both cellular energy and cell membrane
proteins are required for maintainence of cell membrane integrity and
potential. A reduction in cell membrane integrity, not measurable by
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changes in [3H]-H20 or [14C]-sucrose permeability, could indirectly
result in reductions in oligonucleotide uptake.

Uptake is also found to be reduced by other charged species,
including other oligonucleotides (Tables 3, 4) and is dose-dependent
up to 10 puM (Figure 7) which is consistent with the findings of Loke
et al. (20). However, we find no prerequisite for a 5' phosphate as a
competitive inhibitor since pretreatment with five non
phosphorylated charged compounds also reduce oligonucleotide
uptake (Table 3). We also find that the 5' phosphate is not required
for uptake since an internally labeled oligonucleotide exhibits similar
rate and extent of uptake compared to a 5' externally labeled
oligonucleotide. The 5' phosphate does not affect biological activity
since either a phosphorylated or a non-5' phosphoryated
oligonucleotide is found to be biologically active. These data suggest
that oligonucleotide uptake in these cells requires cellular energy,
does not require a 5' phosphate, and is nonspecific and inhibited by
charged species.

The cell system presented in this paper is found to be an
appropriate model for studying oligonucleotide cellular uptake. The
antisense c-myc 21-mer is biologically active and internalized by the
Rauscher cells. However, the intracellular distribution of the FITC
labeled oligomers and the lack of significant effect of inhibitors of
receptor-mediated endocytosis suggest that a non-endocytic uptake of
oligonucleotides is involved in this cell line. Uptake is also found to be
a complex process, involving surface binding and internalization, and
may prove to be unique.
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Figure 2-1. Antisense effect on cellular proliferation. Cells are
incubated with 0.1 puM or 1.0 puM final concentration antisense c-myc
oligonucleotide for 3 days at 37°C. Cell concentrations are measured
over 3 days based on trypan blue dye exclusion. Each point represents
the mean of 3 experiments. Error bars represent 1 standard error of
the mean.



76

hrs 1 3

myC h
- -

-

-- --
-- ---

GAPD * *

Figure 2-2. Northern blot of c-myc mRNA. Cells are incubated with
(+) or without (-) 0.1 puM antisense oligonucleotide for 1 or 3 hours at
37°C. Total cellular RNA is isolated electrophoresed (8 pg/well) for
3 hours at 90 volts. The RNA is transferred to a nitrocellulose filter,

then probed for (a) c-myc mRNA and (b) marker gene GAPD.
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Figure 2-3. Confocal fluorescence microscopy of controls and
internally labeled FITC-labeled oligonucleotide. Cells are incubated
with 0.1 puM final concentration of (a) unconjugated FITC (scale bar =
5 pum) or (b) FITC-streptavidin (scale bar = 5 pum) or (c) internally
FITC-labeled oligonucleotide (scale bar = 10 pum) for 15 - 45 minutes
at 37°C, then visualized using confocal fluorescence microscopy.
Sections taken are approximately 6 pum below the cell surface.
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Figure 2-4. Confocal fluorescence microscopy of FITC-streptavidin
biotin-labeled oligonucleotide. Cells are incubated with 0.1 puM final
concentration FITC-streptavidin-biotin-labeled oligonucleotide at 37°C
for 45 minutes, then visualized using confocal fluorescence
microscopy. Sections taken (a) above the cells and approximately (b)
41m (c) 7 pum, and (d) 10 pum below the cell surface are shown (scale
bar = 5 pum).

:
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Figure 2-5. Electron micrograph of Rauscher Red 5-1.5 cells.
Rauscher cells are fixed and sectioned at 900 A. Nu, nucleolus, G,
Golgi, AL, annulate lamellae.
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Figure 2-6. Oligonucleotide efflux. Cells are incubated with 0.1 p.M
final concentration oligonucleotide for 240 minutes at 37°C. An
aliquot of the cells are resuspended in oligonucleotide-free media at
60 minutes. Data are from a representative experiment. Error bars
represent 1 standard deviation.
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Figure 2-7. Concentration-dependent uptake of oligonucleotide. Cells
are incubated with 0.01, 0.1, 1.0, or 10 puM final oligonucleotide
concentration for 120 minutes at 37°C. Samples are taken between
1 and 120 minutes. Data are from a representative experiment. Error
bars represent 1 standard deviation.
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Figure 2-8. Oligonucleotide stability. The controls are: (a) [32P)-
labeled 21-mer, and (b) free (32P). Cells are incubated with [32P)-
labeled oligonucleotide for 0 to 120 minutes at 37°C. Media (d, f, h)
and cell pellets (c, e, g) are separated then electrophoresed in a
19% polyacrylamide gel (approximately 2000 cpms/lane). Incubation
times are 1 minute in lanes (c) and (d), 60 minutes (e) and (f), and
120 minutes (g) and (h), respectively.
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TREATMENT 96 PMOLES/ | CPMS/106 Il p
CONTROL | 106 CELLs | CELLs

control 100 128 544 4 N/A
monensin 94 120 643 4 NS

chloroquine 100 128 486 4 NS

DMSO 100 152 405 3 N/A
phenylarsine 110 160 4.38 3 NS
Oxide in DMSO

Table 2-1. Effect of inhibitors of receptor-mediated endocytosis.
Cells are preincubated with 0.1 mM monensin or chloroquine for
30 minutes or 0.1 mM phenylarsine oxide for 5 minutes at 37°C. Cells
are then incubated with 0.1 puM final concentration oligonucleotide for
60 minutes at 37°C. Results are listed as % of untreated control, and
average number of cpms/106 cells.
of n experiments. Data are evaluated by analysis of variance. Values of

Values listed represent the mean

p < 0.05 are considered to be statistically signficant (NS = not
signficant).

:
:

.
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TREATMENT 96 PMOLEs/ | CPMS/106 n p
CONTROL | 106 CELLs | CELLs

37°C 100 140 942 3 N/A
25°C 54 76 826 3 |<0.05

15°C 54 76 730 3 |<0.05

4°C 54 76 885 3 |<0.05

control 100 124 585 6 N/A
azide 58 72 400 6 |<0.05

trypsin 35 44 234 6 |<0.05

2-deoxyglucose 53 66 196 3 |<0.05

Table 2-2. Effect of metabolic inhibitors and trypsin. Cells are
preincubated at 37°C, 25°C, 15°C, or 4°C for 10 minutes, or are
pretreated with 0.25% trypsin, 10 mM azide, or 50 mM
2-deoxyglucose for 60 minutes at 37°C. Cells are then incubated with
0.1 mm final concentration oligonucleotide for 60 minutes. Results are
listed as % of untreated control, and average number of cpms/106
cells. Values listed represent the mean of n experiments.
evaluated by analysis of variance. Values of p < 0.05 are considered to
be statistically signficant.

Data are
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TREATMENT | FINAL 96 PMOLES/ | CPMS/106 Il p
CONC CONTROL | 106 CELLs | CELLs

control N/A 100 120 569 6 N/A
random 10 HM 77 92 581 6 |<0.05

oligomer
ATP 10 puM 56 67 549 6 |<0.05

DNA 10 puM 54 65 487 6 |<0.05

dextran 10 p.m. 52 62 306 6 |<0.05
sulfate

control N/A 100 45 337 3 N/A
SITS 60 puM 80 39 613 3 || <0.05

control N/A 100 65 704 4 N/A
NaCl 10 mM 79 39 521 4 |<0.05

Na2SO4 10 mM 45 36 447 4 |<0.05

NH4Cl 10 mM 61 40 517 4 |<0.05

Table 2-3. Effect of charged compounds.

evaluated by analysis of variance. Values of p < 0.05 are considered to
be statistically signficant.

Cells are preincubated
with 10 pum random oligomer, ATP, DNA, or dextran sulfate for
1 - 4 minutes, or with 60 pum SITS, 10 mM. NaCl, Na2SO4, or NH4Cl
for 15 minutes at 37°C. Cells are then incubated with 0.1 puM final
concentration oligonucleotide for 60 minutes. Results are listed as
% of untreated control, and average number of cpms/106 cells.
Values listed represent the mean of n experiments. Data are
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FINAL OLIGOMER PMOLES/106 CPMS/106 CELLS p
CONCENTRATION CELLS

0.01 puM 10 1530 <0.01

0.1 pum 145 1340 <0.01

1.0 puM 1272 1020 <0.01

10 puM 8644 780 <0.01

Table 2-4. Effect of addition of unlabeled oligonucleotide.
Approximately 106 cpms of [32P)-labeled oligonucleotide is diluted
with unlabeled oligonucleotide to a final concentration of 0.01, 0.1,
1.0, and 10 puM. Cells are incubated with 0.01 - 10 puM final
concentration oligonucleotide for 60 minutes at 37°C. Results are
listed as average number of cpms/106 cells. Data are from a
representative experiment and are evaluated by analysis of variance.
Values of p < 0.05 are considered to be statistically signficant.
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Chapter 3. Antisense c-myc Oligodeoxyribonucleotide Cellular Uptake.

INTRODUCTION

The specificity of oligonucleotide binding to target genes can
make these compounds potent inhibitors of gene expression. They
have potential for use as therapeutic agents in several areas including
anticancer and antiviral chemotherapy. Because oligonucleotides are
bulky and charged, the cell membrane is expected to pose an obstacle
to entry. Initially, studies have been undertaken with the assumption
that oligonucleotides cross cell membranes by passive diffusion (1).
More recently the role of receptor-mediated uptake has been studied
and a putative receptor protein has been identified (2, 15). Our goal is
to better understand the pathways by which
oligodeoxyribonucleotides enter cells in the absence of drug delivery
systems. In this study, we examine the uptake of [32Pl-labeled
antisense c-myc oligodeoxyribonucleotide 21-mer into Rauscher cells
in the presence or absence of various inhibitors. We find that uptake
involves greater than one process, is partially dependent on a trypsin
sensitive process, and is partially energy dependent. Uptake is not
significantly influenced by pretreatment with several receptor
mediated endocytosis inhibitors but is reduced by addition of charged
compounds. Addition of either an anionic channel inhibitor, chloride
or sulfate partially inhibits oligonucleotide uptake.

MATERLALS

Antisense oligonucleotide 21-mer (5'-GAAGTTCACGTTGAGGGG
CAT) complementary to the mRNA of the c-myc proto-oncogene
starting at the AUG translation initiation codon, and a nonsense
oligonucleotide, a scrambled sequence of the antisense c-myc
oligonucleotide, (5'-ATGGAGTCACGTAACGGTTGG), were synthesized
and purified by the Biomolecular Resource Center, UCSF, San
Francisco, CA. The random sequence 21-mer (5'-
CTAAAAGGGCAGAAGAAGGAC) was obtained from the V.A. Genetics
Core Facility, V.A. Medical Center, San Francisco, CA. The NH4Cl was
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obtained from Baker, Phillipsburg, NJ, chloroquine, 2-deoxyglucose,
SITS (4-acetamido-4'-isothiocyano-stilbene-2,2'-disulfonic acid),
salmon sperm nuclei, acrylamide, bis (N,N'-methylene-bis
acrylamide), phenylarsine oxide, and dibutyl phthalate from Sigma
Chemicals, St. Louis, MO, monensin from Calbiochem, La Jolla, CA, and
azide, trypsin, sodium dodecyl sulfate, EDTA
(ethylenediaminetetraacetic acid), tris (hydroxymethyl)
aminomethane, urea, boric acid, formamide, bromophenol blue, ACS II
and Scintiverse II from Fisher Scientific, Fairlawn, NJ. Dionyl
phthalate and X-OMAT AR film were obtained from Kodak, Rochester,
NY. Gamma [32P)-ATP (3000 Ci/mole), [3H]-H2O, (14C)-sucrose and T4
kinase was obtained from Amersham, Arlington Heights, IL, and
dextran sulfate from Pharmacia, Uppsala, Sweden. Fetal calf serum
was purchased from Hyclone, Logan, UT, penicillin and streptomycin
from UCSF Cell Culture Facility, San Francisco, CA, and Minimal
Essential Medium -Alpha from Gibco, Gaithersburg, MD. Chrono-Lume
reagent was obtained from Chrono-Log, Havertown, PA.

METHODS

The antisense 21-mer was labeled using T4 kinase and gamma
[32P)-ATP to yield an external 5' phosphate (19). Rauscher Red 5-1.5
cells (24) were maintained in Minimal Essential Medium - Alpha with
100 units/ml penicillin, 100 pg/ml streptomycin and 20% fetal calf
serum (preheated at 56°C for 1 hour). To confirm the biological
activity of the antisense c-myc 21-mer at 0.1 puM final concentration,
cell concentrations were measured in three day proliferation assays.

Cells were centrifuged in 250 ml tubes at 600 x g at 25°C for
10 minutes and then resuspended in serum-free media to a final
concentration of 16 - 20 x 106 cells/ml. Cells were then equilibrated
in 3 ml aliquots at 4°C, 15°C, 25°C or 37°C for 5 - 10 minutes for
temperature assays, or pretreated at 37°C with 10 mM azide, 50 mM
2-deoxyglucose, or 0.25% trypsin for 60 minutes in noncompetitive
inhibition studies. In competitive inhibition studies, 10 pum salmon
sperm DNA, ATP, random sequence oligonucleotide, or dextran sulfate
was preincubated at 37°C with cells 1-4 minutes. Salmon sperm DNA
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was extracted as described by Maniatis (19). In anion inhibition
experiments, the cells were preincubated at 37°C for 15 minutes with
10 mM. NaCl, NH4C1 or Na2SO4, or for 60 minutes with 60 pum SITS.
Cells were pretreated at 37°C for 30 minutes with 10 mM NH4C1,
0.1 mM chloroquine, or 0.1 mM monensin, or for 5 minutes with
100 HM phenylarsine oxide for the receptor-mediated endocytosis
experiments. Control cells were preincubated for under the same
conditions as treated cells but with equivalent dilutions of distilled
water substituted for treatments. Unless otherwise indicated all

experiments were performed at 37°C and with the addition of 104 -
105 counts per minute per ml [32P)-labeled oligonucleotide mixed
with unlabeled oligonucleotide to a final concentration of 0.1 - 10 puM.

Radiolabeled oligonucleotide diluted with unlabeled
oligonucleotide was added to cells at t = 0. At each sampling time,
five 100 pil samples were centrifuged at 1200 rpm for 1 minute
through 100 pil of 2:7 dionyl phthalate:dibutyl phthalate in a 0.4 ml
polypropylene microcentrifuge tube. All samples were then frozen at
-70°C. Pellets were clipped off, dissolved in 100 pil of 0.1% sodium
dodecyl sulfate by vortexing, then counted in 4 ml scintillation
cocktail (ACSII or Scintiverse II). Counts per minute were converted
to cell-associated oligonucleotide based on the known oligonucleotide
dilution.

In efflux studies, cells were centrifuged for 20 - 30 seconds after
0.5 to 60 minute incubation with oligonucleotide. The cell pellet was
resuspended in an equal volume of fresh media and processed as
described above.

To assess the integrity of the cell membrane after trypsin and
azide pretreatments, the following studies were conducted.
Approximately 4 x 104 counts per minute of membrane impermeant
[14C]-sucrose (7) was added per ml of cells after trypsin or azide
pretreatment. Cells were incubated at 37°C for 120 minutes, then
processed as described above. In another test for cell permeability,
the cells were incubated at 37°C with 1 pCi [3H]-H2O per ml of cells
for 10 minutes after trypsin or azide pretreatment. The cells were
centrifuged for 1 minute, resuspended in fresh media, and processed
as described above.
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The stability of the [32Pl-labeled oligonucleotide was studied by a
polyacrylamide gel electrophoresis assay. Oligonucleotide was added
to cells at t = 0. Aliquots of 250 pil were centrifuged for 30 seconds
after incubations up to 120 minutes at 37°C. The extracellular media
was separated from the pellet, and the pellet resuspended in 250 pil of
fresh media. The resuspended pellets and media were vortexed with
50 pil of 0.1% sodium dodecyl sulfate to lyse the cells. Aliquots
containing 2000 counts per minute were diluted to 40 pil, and 40 pil of
0.025% bromophenol blue in formamide was added to each sample.
The samples were heated in boiling water for 3 minutes then loaded
onto a 19:1 polyacrylamide:bisacrylamide sequencing gel. The samples
were run in buffer (0.3 M tris, 0.23 M boric acid, 10 mM EDTA pH
8.0) (19) for 2 hours at 600 volts. The gel was exposed to X-ray film
overnight at -70°C.

Cellular ATP was measured based on a luciferase and luciferin

assay using Chrono-Lume Reagent on a ChronoLog Lumivette
luminometer according to manufacturers instructions.

Data are statistically analyzed to determine significance between
treatment groups. Analysis of variance allows for evaluation of
statistical differences in experiments with greater than two treatment
groups. Student's T-test is a statistical test which compares only 2
treatment groups at a single time point and is therefore inappropriate
for these studies. The analysis of variance is calculated using
STATWORKS (Version 1.2, Cricket Software, Phila., PA). The
reported "p" values represent the probability of making an error in
determining differences between treatment groups.

A kinetic modelling program, STELLA (version 2.1), was used to
describe and simulate the experimental data. Kinetic constants were
chosen to result in a reasonable simulation of the data.

RESULTS

In general, oligonucleotide uptake curves show rapid cell
association in the first minute followed by a slower uptake process.
Oligonucleotide uptake then appears to approach steady state

.
rºl
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conditions. Less than 2% of total added oligonucleotide becomes cell
associated after a 120 minute incubation at 37°C, resulting in cell
associated concentrations 1/3 to 1/5 of the extracellular
oligonucleotide concentration.

We find that a component of the uptake of oligonucleotides into
Rauscher cells requires energy. Inhibition of cellular energy
production by reduced temperature or by the metabolic inhibitor azide
results in a significant, but incomplete reduction in oligonucleotide
uptake (p < 0.05) (Figures 1 and 2). Pretreatment with another
metabolic inhibitor, 2-deoxyglucose, also significantly reduces uptake
(p = 0.01). Azide pretreatment reduces cellular ATP to 60% of
controls.

A trypsin-sensitive component is also found to be important in
cell association of this oligonucleotide (Figure 2). Trypsin
pretreatment incompletely reduces rapid binding seen within the first
minute and uptake after the first minute. Simultaneous administration
of azide and trypsin does not further reduce cell association below
trypsin treated levels, implying that the trypsin-sensitive component
may be responsible for internalization and is the energy-utilizing step
in oligonucleotide uptake. Degradation of the oligonucleotide due to
trypsin is not observed during a two hour incubation at 37°C. Neither
uptake of the fluid-phase marker [14C]-sucrose (control 25 + 6 cpms,
azide 25 + 3 cpms, trypsin 28 + 12 cpms) nor leakage of [3H]-H2O
(control 51 + 28 cpms, azide 60 + 5 cpms, trypsin 85 + 6 cpms) in
azide or trypsin treated cells is found to differ from untreated
controls.

The amount of extracellularly bound oligonucleotide is also
studied. After an hour of exposure to labeled oligonucleotide, cells are
diluted in media immediately prior to centrifugation with or without
100-fold excess unlabeled oligonucleotide. These dilutions remove
approximately 10-30% of the oligonucleotide associated with the cell
pellet. No difference is seen between dilutions containing or lacking
unlabeled oligonucleotide. Pretreatment of the cells with trypsin
does not affect the amount of oligonucleotide removed by dilution.
When the cells are resuspended in fresh media instead of diluted, a
rapid dissociation occurs in the first minute followed by stabilization of
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cell associated oligonucleotide. This rapid dissociation results in loss
of approximately 40-50% of cell-associated oligonucleotide. Next, in
order to differentiate nonspecific interactions from trypsin-sensitive
surface binding, oligonucleotide-loaded cells are treated with 1.7%
trypsin at 37°C. This treatment removes approximately 30% of cell
associated oligonucleotide within the first minute and subsequent
resuspension removes an additional 30% leaving approximately 40% of
cell-associated oligonucleotide remaining after resuspension and
trypsin treatment. Cells which are incubated with labeled
oligonucleotide for only 30 - 60 seconds, then resuspended in trypsin
containing media, result in almost complete removal of cell associated
oligonucleotide (< 5 pmoles/ 106 cells). In addition, the antisense
21-mer complementary to the c-myc proto-oncogene, which is
involved in cellular proliferation, at 0.1 p.m. final concentration is found
to significantly inhibit cellular proliferation. Cellular proliferation is
inhibited by 44% compared to control by 3 days (p < 0.05). These
results suggest that up to 40% of cell associated oligonucleotide
becomes internalized whereas up to 60% of uptake is due to a
combination of trypsin-sensitive and trypsin-insensitive surface
binding.

To assess the effect of charged compounds on oligonucleotide
cell association, a 100-fold molar excess of ATP, random sequence
oligonucleotide, salmon sperm DNA, or dextran sulfate is preincubated
with the cells. This preincubation is found to result in a significant
reduction in the extent of uptake in all four cases compared to the
control (p < 0.05) (Figure 3). Unlabeled antisense c-myc
oligonucleotide also competes with [32Pl-labeled oligonucleotide.
(Figure 4). Uptake is found to be concentration-dependent
(p < 0.01) and not saturated up to 10 pum (Figure 5).

Pretreatment of cells with the anion channel inhibitor SITS

results in significant reduction in oligonucleotide uptake (p < 0.05)
(Figure 6) as does preincubation with excess chloride and sulfate
(p < 0.05) (Figure 7). Addition of 10 mM NH4Cl, NaCl, or Na2SO4
results in a final chloride concentration of 134 mM, sulfate
concentration of 10.8 mM, and sodium concentration of 312 mM
(after NaCl addition) or 322 mM (after Na2SO4 addition) in Minimal
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Essential Medium - Alpha. When the cells are pretreated with
inhibitors of receptor-mediated endocytosis, the inhibitors monensin
and chloroquine are shown to have no effect on uptake, whereas
NH4C1 significantly decreases oligonucleotide cell-association (Figure
8). No significant difference is found at time = 1 minute between the
four treatment groups as measured by t-test. Phenylarsine oxide also
fails to inhibit oligonucleotide uptake (p< 0.05).

Gel electrophoresis demonstrates no significant degradation of
the oligonucleotide in the cells after a 120 minute incubation or in the
extracellular media after a 60 minute incubation. Between 60 and

120 minutes, 28% of the oligonucleotide in the medium has been
degraded into a smaller oligonucleotide, monomer, or free phosphate
(Figure 9). Free phosphate and (32P)-ATP are found to migrate the
same distance in the gel. Therefore, more than 50% of the
oligonucleotide remains intact in the medium for the duration of this
experiment and oligonucleotide degradation within the cell is not
significant in the time period studied.

DISCUSSION

Antisense oligonucleotides have been used experimentally for
more than a decade as specific inhibitors of target gene expression (1,
28). The oligonucleotides are designed to specifically base-pair by
Watson-Crick hydrogen-bonding to complementary RNA. The target
RNA may either be heteronuclear RNA normally found in the cell
nucleus, or mRNA found in the cytoplasm (4, 17, 20, 29). The
resulting hybrid is thought to prevent RNA processing by interfering
with splice protein or ribosome binding. An enzyme that degrades the
RNA in a RNA-DNA duplex, RNAse H, also plays a role in antisense
oligonucleotide inhibition of gene expression (6, 18).

Gene expression can be selectively inhibited either by adding
the antisense oligonucleotide to the cell containing media, by
introducing the oligonucleotide directly into the cytoplasm by
microinjection (12), or by use of a plasmid vector which expresses an
antisense RNA sequence inside the cell (5, 11). It is assumed that the
oligonucleotide is able to reach the site of action while simultaneously
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maintaining sequence specificity. The highly negatively charged
oligonucleotides are unlikely to cross the cell membrane by simple
diffusion. Other traditional routes of molecular uptake in mammalian
cells normally result in macromolecular degradation, such as
endocytosis, or are traditionally used for much smaller molecules as in
carriers or cotransporters. Therefore, because no known cell
membrane transporter can account for the uptake and activity of
antisense oligonucleotides, their mechanism of uptake may prove to be
unique.

Evidence of protein involvement in the cellular uptake of
oligonucleotides exists, but the nature of the mechanism remains
unknown (15, 27). Loke et al. have identified a putative 80 kd
receptor protein with high affinity for an oligothymidylate. The
oligothymidylate labeled with a 5'-acridine exhibits a punctate
intracellular pattern when incubated with the HL-60 cells. The
authors conclude that oligonucleotide uptake occurs via a receptor
mediated endocytic pathway. The punctate fluorescence of an
acridine-labeled oligonucleotide is confirmed by Stein et al. (21). If
this punctate pattern is caused by oligonucleotides inside lysosomal or
pre-lysosomal vesicles then it remains unclear how the oligonucleotide
is able to survive lysosomal enzymes and escape to the site of action.

In this study, we address the mechanism of oligonucleotide
uptake using a 21-base single stranded deoxyribonucleic acid
oligonucleotide (21-mer) complementary to the translation initiation
region of the c-myc proto-oncogene. The antisense c-myc 21-mer is
chosen because similar oligonucleotides have previously been shown to
have biological activity (8, 10, 25). Our studies demonstrate that the
antisense c-myc oligonucleotide inhibits cellular proliferation. The
sequence of the oligonucleotide is not expected to play a role in the
uptake process, although oligonucleotide length and composition may
influence uptake. We are not aware of any evidence for sequence
specificity in cellular uptake of oligonucleotides.

The sequence specificity of oligonucleotides is based on the
presumption that the oligonucleotide binds to the target RNA in the
nucleus or cytoplasm. This hypothesis suggests that the site of action
for an intact oligonucleotide is an intracellular location. Preliminary
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studies using an antisense c-myc 21-mer labeled with fluorescein
isothiocyanate show intracellular fluorescence when incubated with
the cells, an observation not seen with free fluorescein isothiocyanate
(data not shown). The fluorescence studies and proliferation assays
provide qualitative evidence that a portion of the antisense
oligonucleotide used in this study is internalized by the cell. In
addition, efflux studies and washes with and without trypsin result in
incomplete removal of cell-associated oligonucleotide. These studies
demonstrate that to some extent the c-myc antisense oligonucleotide
associates with the cell surface and is internalized.

Because oligonucleotide uptake is partially reduced as a result
of metabolic inhibitor pretreatment or exposure to low temperature, a
portion of association involves cellular energy (Figures 1 and 2). This
energy requirement may be directly due to a primary active transport
process, or indirectly due to other processes such as secondary active
transport, or maintenance of cell membrane potential, structure or
integrity. Failure to completely reduce uptake in these studies may
be partially due to incomplete ATP depletion by azide or may
represent a large surface binding contribution in the absence of
internalization. However, the extent of uptake at low temperatures
after 120 minutes coincides with first minute binding at 37°C, and is
therefore consistent with cell surface binding.

The reduction in oligonucleotide uptake after trypsin
pretreatment suggests that a cell surface protein, possibly a receptor,
is necessary for oligonucleotide uptake (Figure 2). Following
treatment with 0.25% trypsin, cell association only occurs in the first
minute. The magnitude of this rapid binding is comparable to the low
temperature surface association described above and so may be due to
nonspecific, trypsin-insensitive surface binding, or incomplete
trypsinization. The absence of continued uptake after initial rapid
binding implies that oligonucleotide internalization occurs via a
trypsin-sensitive component. The observed inhibition of uptake due to
trypsinization may also be due to an indirect effect, such as
perturbation of the properties of the lipid bilayer. We conclude from
these studies that uptake consists of a trypsin-sensitive and a trypsin
insensitive component.
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The oligonucleotide bound to the cell surface likely accounts for
the rapid efflux seen in the efflux and wash studies. Following rapid
efflux, cell associated oligonucleotide stabilizes suggesting that the
oligonucleotide is neither undergoing secretion nor transcytosis.
Wash studies demonstrate that approximately 60% of cell associated
oligonucleotide is surface bound after a 60 minute incubation with
oligonucleotide. Half the surface bound oligonucleotide is removed by
trypsinization, and the other half is removed by resuspension.
Preloading cells with oligonucleotide for 30 - 60 seconds followed by
resuspension and trypsinization results in almost complete removal of
cell associated oligonucleotide. These results are consistent with the
hypothesis that cell surface binding occurs rapidly and consists of a
trypsin-sensitive and a trypsin-insensitive component.

Addition of charged species is found to nonspecifically reduce
oligonucleotide uptake. Oligonucleotide uptake is decreased by
preincubating the cells with nucleic acids, a non-nucleic acid
polyanion, and dextran sulfate (Figures 3 and 4). The findings by Loke
et al., that a 5' phosphate is necessary for oligonucleotide uptake
inhibition, are therefore inconsistent with these results (15). We find
that SITS (Figure 6), chloride and sulfate (Figures 7 and 8) also reduce
oligonucleotide uptake. At 60 pm final concentration, SITS inhibits
red blood cell anion channels which transports small anions such as
chloride or sulfate (13). However, because only small anions are
known to traverse anion channels, nonspecific interactions is the most
probable explanation. Channels which transport macromolecules such
as DNA have not yet been described in mammalian cell membranes,
although evidence for such transporters has been demonstrated in
mitochondria (3, 16). In non-mammalian cells, channels are used by
bacterium in genetic transformation. A T4 phage virus is known to
carry a channel which is used to inject its DNA into its host E. coli
(14). Whether the reduction in uptake is due to inhibition of the
anion channel, or due to nonspecific charge-charge interactions, has
yet to be determined.

The effects of inhibitors of receptor-mediated endocytosis are
also tested to examine the role of receptor-mediated endocytosis in
oligonucleotide uptake. Endosomal acidification is required in some
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systems for receptor recycling (23), endosome/lysosome fusion (26),
and full activity of lysosomal enzymes. Monensin, chloroquine, and
NH4Cl prevent the acidification of endosomes and lysosomes. In this
study, monensin and chloroquine have no effect on uptake, whereas
NH4Cl significantly decreases oligonucleotide cell-association (Figure
8). Why NH4Cl demonstrates an inhibitory effect whereas monensin
and chloroquine do not is unclear but the effect may be an example of
the charge effect discussed above. These results are also
inconsistent with the findings of Loke et al. (15) who demonstrate that
chloroquine causes accumulation of a 5' acridine-labeled
oligothymidylate. This inconsistency may be due to the 5' modification
of their oligothymidylate, the different composition of the
oligonucleotide, or the cell lines used. Phenylarsine oxide, an
endocytosis inhibitor of compounds known to be endocytosed via a
receptor (9, 22), also fails to inhibit oligonucleotide uptake in these
studies. These results in combination with those discussed above

diminish the probability of receptor-mediated endocytosis being the
primary route of oligonucleotide entry into these cells.

Clearly, oligonucleotide uptake is a complex process even under
serum-free conditions. The observations presented here are
consistent with two intracellular, one extracellular, and two surface
components as depicted in Figure 10a. The model is useful in that it
schematically summarizes our data. However, because of the
complexity of oligonucleotide interactions with cells, there may be
other schemes that equally well account for the observations
presented. We hypothesize that surface binding of unmodified
oligonucleotides consist of a slowly (i.e. trypsin sensitive) and rapidly
equilibrating (i.e. trypsin insensitive) component, the former resulting
in cellular internalization. The first intracellular component
(intracellular 1) is proposed to equilibrate with the trypsin-sensitive
surface component. The second (intracellular 2) may represent
saturable, high affinity binding within the cell and accounts for cellular
retention of the oligonucleotide. The extracellular concentration is
maintained constant throughout the simulation. Equilibrium constants
are chosen in order to simulate oligonucleotide uptake and cell
association in the absence of inhibitors.
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Uptake in the presence of inhibitors is simulated by reducing
the binding (k3) or uptake (kB) rate constants 100-fold. These
models also result in a reasonable simulation of the experimental data.
Because the experimental data suggests that internalization occurs
from the slowly equilibrating, trypsin sensitive component, models in
which internalization occurs from the fast equilibrating, trypsin
insensitive component are not presented in this paper. Models with
less than five compartments or seven rate constants are found to
result in inferior data simulation. For example, if kö is removed to
simulate an active, one-way transport process into the cell, the curves
simulated with azide pretreatment or the efflux model result in
inferior fits compared to if ké is present. Although we believe this
model is the simplest model capable of simulating our data, other
more complex models are likely to also result in reasonable
simulations. This model also does not account for the complications
resulting from addition of serum to the extracellular compartment.

The data in this study are consistent with oligonucleotide uptake
occurring via a complex process which includes a trypsin-sensitive
component and cellular energy. The absence of significant inhibition
of uptake by receptor-mediated endocytosis inhibitors implies that
uptake does not occur via a traditional receptor-mediated endocytosis
mechanism in these cells. Whether or not a channel of this nature is

involved in oligonucleotide internalization, the physiological
significance of the oligonucleotide transport system, its distribution
across cell lines, the mechanism of transport, and methods to
optimize oligonucleotide uptake, are areas which merit further study.
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abbreviations: SITS (4-acetamido-4'-isothiocyano-stilbene-2,2'-
disulfonic acid), EDTA (ethylenediaminetetraacetic acid), DNA
(deoxyribonucleic acid), ATP (adenosine triphosphate), RNA
(ribonucleic acid), mRNA (messenger ribonucleic acid), SEM
(standard error of the mean)

Random 21-mer oligonucleotide was a gift from Dr. Tim Meeker, V.A.
Medical Center. ChronoLume reagent was a gift from Dr. George
Fournier, V.A. Medical Center. This work was supported in part by
grants from the California Biotechnology Research and Education
Program, University of California, San Francisco Academic Senate
Committee on Research, Achievement Rewards for College Scientists,
and a Biotechnology training grant, GM-08388 (CAH). The comments
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Figure 3-1. Effect of temperature on oligonucleotide uptake. Cells
are pre-equilibrated at 4°C, 15°C, 25°C, or 37°C. At t = 0,
oligonucleotide is added to the cells such that the final concentration
is 0.1 p.m. Samples are taken between 1 and 120 minutes. Each point
represents the mean of 3 experiments. As a visual aid, typical errors
at selected values are represented by vertical bars that are one SEM
(standard error of the mean).
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Figure 3-2. Effect of azide or trypsin pretreatment on oligonucleotide
uptake. Cells are preincubated with 0.25% trypsin or 10 mM. azide for
60 minutes at 37°C. At t = 0, oligonucleotide is added to the cells
such that the final concentration is 0.1 puM. Samples are taken
between 1 and 120 minutes. Each point represents the mean of 6
experiments. As a visual aid, typical errors at selected values are
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Figure 3-3. Effect of competitive inhibitors on oligonucleotide uptake.
Cells are preincubated with 10 HM salmon sperm DNA, random
oligonucleotide, ATP, or dextran sulfate for 1-4 minutes at 37°C. At
t = 0, oligonucleotide is added to the cells such that the final
concentration is 0.1 pum. Samples are taken between 1 and
120 minutes. Each point represents the mean of 6 experiments. As a
visual aid, typical errors at selected values are represented by vertical
bars that are one SEM.
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Figure 3–4. Effect of competitive inhibition on oligonucleotide uptake.
Approximately 106 cpms of [32P)-labeled oligonucleotide is diluted
with unlabeled oligonucleotide and is added to the cells at t = 0 such
that the final oligonucleotide concentration added is 0.01, 0.1, 1.0,
and 10 puM. Samples are taken between 1 and 120 minutes. Data is
from a representative experiment. As a visual aid, typical errors at
selected values are represented by vertical bars that are one standard
deviation.
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Figure 3-5. Concentration dependent oligonucleotide uptake. At t =
0, oligonucleotide is added to the cells such that the final
concentration is 0.01, 0.1, 1, or 10 puM. The steady-state value of
uptake is plotted versus added oligonucleotide concentration. Data are
from a representative experiment.
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Figure 3-6. Effect of SITS on oligonucleotide uptake. Cells are
preincubated with 60 puM SITS for 60 minutes at 37°C. At t = 0,
oligonucleotide is added to the cells such that the final concentration
is 0.1 puM. Samples are taken between 1 and 120 minutes. Each point
represents the mean of 3 experiments. As a visual aid, typical errors
at selected values are represented by vertical bars that are one SEM.
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Figure 3-7. Effect of charged compounds on oligonucleotide uptake.
Cells are preincubated with 10 mM NH4C1, NaCl or Na2SO4 for 15
minutes at 37°C. At t = 0, oligonucleotide is added to the cells such
that the final concentration is 0.1 puM. Samples are taken between 1
and 120 minutes. Each point represents the mean of 4 experiments.
As a visual aid, typical errors at selected values are represented by
vertical bars that are one SEM.
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Figure 3-8. Effect of inhibitors of receptor-mediated endocytosis on
oligonucleotide uptake. Cells are preincubated with 10 mM NH4Cl,
0.1 mM chloroquine, or 0.1 mM monensin for 30 minutes at 37°C. At
t = 0, oligonucleotide is added to the cells such that the final
concentration is 0.1 pum. Samples are taken between 1 and
120 minutes. Each point represents the mean of 5 experiments. As a
visual aid, typical errors at selected values are represented by vertical
bars that are one SEM.
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Figure 3-9. Oligonucleotide stability and degradation. Extracellular
media and cells are electrophoresed after incubation with [32P)-labeled
oligonucleotide for 1 to 120 minutes. Approximately 2000 counts per
minute are loaded onto a 19% polyacrylamide sequencing gel and
electrophoresed for 2 hours. The controls are: (a) [32P]-labeled
oligonucleotide and (b) free 32P. The 32P-labeled oligonucleotide
obtained from the cells appears in lanes (c), (e), (g), and from media
in lanes (d), (f), (h). The cells are incubated with the 32P-labeled
oligonucleotide then separated from the media at 1 minute, lanes (c),
(d); 60 minutes (e), (f); and 120 minutes (g), (h).
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Figure 3-10. Kinetic model summarizing data. (a) Summary of
essential observations is presented as a kinetic model consisting of 1
extracellular, 1 surface component with rapid association (k1 =
30 min−1) and dissociation (k2 = 300 min−1), 1 surface component
with slow association (k2 = 0.075 min−1) and dissociation (k4 =
1 min−1). Internalization occurs from the slow binding component (ks
= 0.75 min−1) (intracellular 1) followed by efflux (ké = 0.75 min−1) or
transfer to a saturable compartment (intracellular 2) (k? = 0.05 min−1).
Rate constants are chosen to reasonably match experimental
observations. (b) The simulated oligonucleotide concentration
associated with each component (amount/cell volume) is shown over
time.
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Chapter 4. Calcium Dependent Cellular Uptake of a c-myc Antisense
Oligonucleotide

º,

INTRODUCTION

Specific down regulation of gene expression by antisense
oligonucleotides is based on the assumption that oligonucleotides are
internalized by cells and reach the target nucleic acid in the cytoplasm
or nucleus undegraded. The antisense oligonucleotide target is
typically heteronuclear or mature mRNA sequences, but DNA targets
have also been tested with some success (31, 33). The mechanism of
oligonucleotide internalization is unclear. Unmodified
oligonucleotides are unlikely to diffuse across the lipophilic cell
membrane due to their size (> 4.5 kd) and negatively charged
phosphodiester backbones. Loke et al. in HL-60 cells (24) and
Yakubov et al. in fibroblast L929 cells (45) report evidence for
oligonucleotide transport by an endocytotic mechanism and a putative
binding protein has been identified. However, macromolecules
internalized by endocytosis are usually either delivered to lysosomes or
returned to the cell's surface. The mechanism of oligonucleotide
escape from the lysosome to the active site is unknown. Other routes
of uptake, such as carrier mediated active or facilitated transport, is
usually reserved for ions and small molecules, such as glucose.
Therefore, oligonucleotide cellular uptake merits further study since
the mechanism may prove to be unique.

The mechanisms of macromolecular and nucleic acid transport
across biological membranes are poorly understood. Nucleoside (20,
32) and nucleotide (30, 34) transport across lysosomal and cell
membranes is well characterized but transport of larger nucleic acids
is poorly defined. One exception would be bacteriophage T4 which is
reported to use a virally-encoded channel to inject its DNA into E. coli
(23). When DNA is added directly to cells (3, 38), as a calcium
phosphate precipitate (25), or with DEAE-dextran (27), a fraction of
the DNA is thought to be endocytosed, transported to the cytoplasm or
nucleus by an unknown mechanism, and finally incorporated into the
host genome. In addition, mitochondria interiors are found to have
nuclear-encoded RNA and proteins, which suggest that mitochondrial
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membranes are capable of importing macromolecules from the
cytoplasm (6, 26). Whether oligonucleotides use a related transport
system in the cell membrane is unknown.

MATERLALS AND METHODS

Antisense oligonucleotide 21-mer (5'-
GAAGTTCACGTTGAGGGGCAT), and 20-mer (5'-
GAAGTTCACGTTGAGGGGCA) complementary to the c-myc proto
oncogene mRNA including the AUG translation initiation codon site is
synthesized and purified by the Biomolecular Resource Center, UCSF,
San Francisco, CA. The random sequence 21-mer (5'-
CTAAAAGGGCAGAAGAAGGAC) is obtained from the V.A. Genetics Core
Facility, V.A. Medical Center, San Francisco, CA. The NH4Cl is obtained
from Baker, Phillipsburg, NJ, chloroquine, 2-deoxyglucose, salmon
sperm nuclei, acrylamide, bis (N,N'-methylene-bis-acrylamide), SITS
(4-acetamido-4'-isothiocyano-stilbene-2,2'-disulfonic acid), and
dimethylsulfoxide are purchased from Sigma Chemicals, St. Louis, MO,
and monensin are obtained from Calbiochem, La Jolla, CA. The azide
and trypsin are purchased from Fisher Scientific, Fairlawn, NJ, and
dionyl phthalate and X-OMAT AR film are purchased from Kodak,
Rochester, NY. Dextran sulfate is obtained from Pharmacia, Uppsala,
Sweden. The human c-myc probe to the 3rd exon is purchased from
Oncor, Gaithersburg, MD. The human glyceraldehyde 3' phosphate
dehydrogenase (GAPD) probe is a gift from Dr. John Faust, V. A.
Medical Center, San Francisco. Guanidine isothiocyanate is purchased
from Bethesda Research Labs, Gaithersburg, MD.

In uptake studies, confluent cells are resuspended twice in
serum-free media (Minimal Essential Media-Alpha) containing 0
1.8 mM CaCl2 to a final concentration of 16 - 20 x 106 cells/ml. The
media is supplemented with additional CaCl2 to final concentration of
either 1.8 or 5.4 mm and incubated for 10 minutes at 37°C. Cells are

pretreated with the inhibitors for the indicated times (see Table 1).
At time = 0, a final concentration of 0.1 mM [32P labeled antisense
oligonucleotide is added to the cells with an activity of 10° counts per



1 22

minute/ml. Five replicate 100 ul samples are taken between 1 and
120 minutes and counted (n = the number of experiments).

Statistical significance between treatment groups is analyzed by
analysis of variance. This test allows simultaneous evaluation of
differences between greater than two treatment groups whereas
Student's t-test is appropriate for analysis of statistical difference
between only two treatment groups. The reported p value indicates
the probability of making an error in determining the existance of
signficant difference between treatments. Differences between
treatments resulting in p < 0.05 are considered to be statistically
significant (NS = not significant).

The stability of the 5'-[32Pl-labeled oligonucleotide in physiologic
and elevated calcium is measured using 19% polyacrylamide gel
electrophoresis. Cells are preincubated with 1.8 or 5.4 mM calcium
for 10 minutes at 37°C. At t = 0, approximately 106 counts per
minute/ml of 5' [32P)-labeled oligonucleotide is added to the cells.
Samples are then centrifuged to separate cells from the media, then
vortexed with 0.1% SDS to lyse cells. Radioactive bands are excised
from the gel using a razor, crushed and soaked in scintillation
cocktail, and counted to quantitate the amount of labeled
oligonucleotide in each band.

Northern blot analysis is used to assess the effect of antisense
oligonucleotide on c-myc mRNA. Cells are preincubated in 1.8 or
5.4 mM calcium for 10 minutes. At time = 0, 0.1 puM antisense
oligonucleotide is added. After a 0 - 3 hour incubation at 37°C, RNA is
purified from the cells using guanidine isothiocyanate extraction as
previously described (35). The purified RNA (15 pig/sample) is
electrophoresed in a 1.3% agarose gel containing 13% formaldehyde.
The RNA is transferred to a nitrocellulose filter and hybridized with
the [32P labeled human c-myc or human glyceraldehyde 3'-phosphate
dehydrogenase probe. The probes are labeled by the random primer
labeling method (12).
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RESULTS AND DISCUSSION

Chernomordik et al. (7) report that DNA encapsulation into the
interior of liposomes occurs in the presence of calcium or magnesium.
Thus, in this study we examine the effect of calcium and magnesium
on cellular uptake of an c-myc antisense oligonucleotide 21-mer into
Rauscher Red 5-1.5 erythroleukemia cells. The antisense
oligonucleotide is complementary to the AUG translation initiation
codon site of c-myc, a proto-oncogene involved in cellular proliferation
and differentiation (14). In earlier studies, we find that the antisense
c-myc oligonucleotide at 0.1 puM final concentration inhibits cellular
proliferation over three days whereas a scrambled sequence of the
oligonucleotide has no effect (44). In addition, Northern blot analysis
shows a reduction in cellular c-myc mRNA after antisense treatment.
We also show that when conjugated to fluorescein isothiocyante, the
oligonucleotide is internalized by the cells and is distributed
throughout the cytoplasm and nucleus. Because we find that the
antisense c-myc oligonucleotide is biologically active and transported
into the cells, we use this cell model system to further study the
mechanism of oligonucleotide transport.

We investigate the possible role of calcium in oligonucleotide
cellular uptake using the antisense c-myc oligonucleotide 21mer
labeled with a 5'-[32P phosphate. In the presence of physiologic
calcium concentrations (1.8 mM) cellular uptake of oligonucleotide
occurs rapidly within the first minute, followed by a slower uptake
process. Steady state is reached in 30 - 60 minutes resulting in
oligonucleotide uptake of approximately 90 - 120 pmoles/10° cells
after addition of 0.1 puM oligonucleotide (Figure 1). Uptake is also
found to be calcium-dependent. Steady state uptake of up to
2800 pmoles/106 cells of labeled oligonucleotide is observed when
incubated in elevated calcium concentrations (Figure 2). In addition,
we find that the extent of uptake is proportional to the added calcium
concentration, up to 5.4 mM calcium in the Rauscher cells (Figure 3).
Therefore, increasing extracellular calcium concentrations
significantly increases the extent of oligonucleotide cell association. It
is unknown if the mechanism of calcium dependent oligonucleotide
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uptake is related to calcium phosphate (250 mM) mediated DNA
transfection, which is thought to occur by phagocytosis (25).

Calcium dependent oligonucleotide uptake is observed in 3 cell
lines in addition to the Rauscher cells, but the extent of uptake is
found to vary between the cell lines. Under calcium-free conditions,
the extent of uptake is found to range from 56 pmoles/106 cells in
Rauscher cells to 400 pmoles/106 cells in BaF3 T-cells after a
60 minute incubation at 37°C. Similarly, in 5.4 mM calcium, uptake
ranges from 1600 pmoles/106 cells in BF hybridoma cells to
4800 pmoles/106 cells in Wehi-3 macrophage cells. Krieg et al. (22)
also reports cell type dependency in the extent of oligonucleotide
uptake. Steady-state uptake is enhanced between 13-and 50-fold
when incubated in 5.4 mM CaCl2 compared to calcium-free conditions
in these four cell lines demonstrating that calcium dependent uptake
is not unique to the Rauscher cells (Figure 4).

To determine the amount of surface bound oligonucleotide, the
following studies are done using the Rauscher cells. First, cells are
preincubated at 37°C for 60 minutes with labeled oligonucleotide and
then resuspended in oligonucleotide-free media. Cellular
resuspension in oligonucleotide-free media results in the immediate
loss of approximately 40% of cell associated oligonucleotide in either
1.8 or 5.4 mM CaCl2. However, if cells are preincubated with
oligonucleotide, treated with 1.7% trypsin for 30 - 60 seconds, then
resuspended in fresh media devoid of trypsin, a 60% loss of
oligonucleotide is observed in either 1.8 or 5.4 mM CaCl2. We
conclude from these studies that surface binding accounts for
approximately 60% and internalized oligonucleotide accounts for up to
40% of total uptake in either physiologic or elevated calcium
conditions.

The extent of degradation of [32P labeled oligonucleotide is
measured using polyacrylamide gel electrophoresis. When incubated
at 37°C in physiologic calcium conditions (1.8 mM) for 120 minutes,
28% of the oligonucleotide in the supernatent is degraded to a smaller
oligomer, free [32P), or [32P ATP whereas in 5.4 mM CaCl2, the
oligonucleotide remains undegraded. In both cases, the
oligonucleotide associated with the cells is undegraded after a
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120 minute incubation (Figure 5). Therefore, the oligonucleotide
does not undergo extensive degradation for the duration of the uptake
studies in either 1.8 or 5.4 mM calcium. Also, these studies suggest
that the oligonucleotide may be less susceptible or less accessible to
nuclease degradation in 5.4 mM calcium due to the absence of
oligonucleotide degradation in the supernatent after the 120 minute
incubation.

Cells are preincubated with up to 20 times physiologic
magnesium concentrations to ascertain the effect of magnesium on
oligonucleotide cellular uptake. After a 60 minute incubation at 37°C,
no significant difference in the extent of oligonucleotide uptake is
observed during incubation of cells in 11 mM magnesium (172 +
40 pmoles/106 cells) compared to physiologic magnesium
concentrations, 0.55 mM (160 + 44 pmoles/106 cells) (pmoles/
106 cells + standard error of the mean). These results indicate that
oligonucleotide uptake is not magnesium dependent in this
concentration range.

Antisense oligodeoxynucleotides are designed to base pair to
homologous mRNA resulting in an RNA-DNA duplex. The RNA in this
duplex is then cleaved by RNase H (10, 29). Therefore, we measure
levels of c-myc mRNA to determine whether enhanced cellular uptake
of antisense oligomers is accompanied by an increase in biological
activity of the oligonucleotide. We find that at physiologic calcium
concentrations, treatment with 0.1 puM final concentration of the c
myc antisense oligonucleotide in the Rauscher cells results in a slight
decrease in c-myc mRNA levels after a 3 hour exposure as determined
by Northern blot analysis of total cellular RNA. When the cells are
incubated in high calcium concentrations (5.4 mM) we find a
significant decrease in c-myc mRNA compared to physiologic
(1.8 mM) caleium, indicating a correlation between enhanced uptake
and biological activity (Figure 6).

In order to study the mechanism of oligonucleotide uptake, we
compare the effects of uptake inhibitors on cell association of the [*Pl
labeled oligonucleotide in Raucher cells in high and normal calcium
concentrations. In earlier studies we find that oligonucleotide uptake
in physiologic calcium concentrations has both trypsin-sensitive and
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energy dependent components (44). Pretreatment with the metabolic
inhibitors azide and 2-deoxyglucose significantly reduces cellular
uptake in 1.8 mM calcium. Under elevated calcium conditions, the
metabolic inhibitors have no signficant effect. Furthermore, we find
that trypsin pretreatment and reduced temperature also decrease
oligonucleotide uptake in 5.4 mM CaCl2, but to a lesser extent than the
inhibition observed in physiologic calcium conditions. Inhibitors of
receptor-mediated endocytosis have no effect in either 1.8 or 5.4 mM
CaCl2 suggesting that uptake does not occur by receptor-mediated
endocytosis (Table 1). We infer from these studies that the
effectiveness of uptake inhibition by the inhibitors tested is calcium
dependent.

The lack of consistancy of inhibitor effectiveness at 1.8 mM
compared to 5.4 mM CaCl2 may be the result of greater than one
mechanism participating in oligonucleotide cellular uptake. If uptake
occurs by one or more mechanism which are equally dependent on
calcium, we would anticipate that uptake inhibitors would have
predictable effects over a wide range of calcium concentrations.
However, if uptake occurs by more than one mechanism with different
calcium dependencies, inhibitor effectiveness would depend on the
relative contribution of the inhibited pathway in total uptake and the
dependency of that pathway on calcium. For example, if a component
of oligonucleotide uptake is energy independent (such as surface
binding) but calcium dependent, then increasing extracellular calcium
would result in a greater fraction of oligonucleotide associated with
the calcium-dependent compartment than with the calcium
independent compartment. Therefore, the overall effect of cellular
energy depletion on oligonucleotide uptake would be reduced in
5.4 mM calcium relative to 1.8 mM calcium. Also, if calcium binds
oligonucleotides and induces a conformational change, the physical
properties of the oligonucleotide may be altered. This change may
permit the oligonucleotide to be transported by a pathway not used in
physiologic calcium conditions. Double stranded DNA is known to
bind calcium (4, 5), and a palindrome oligonucleotide is shown to bind
Mn+2 and Znt2 (13) which is consistent with this hypothesis.
However, our studies are not able to detect a significant increase in
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[45Cal uptake in the presence of the oligonucleotide. Cells treated
with 106 - 107 counts per minute/ml (45Cal result in uptake of 1.85%
+ 0.64 of total added (45Ca] per sample after a 60 minute incubation at
37°C, and 1.45% + 0.35 per sample in the presence of 0.1 puM
oligonucleotide. Intracellular calcium concentrations are also known
to be tightly regulated, so it is also possible that calcium accompanies
the oligonucleotide into the cell, but then is rapidly excreted to
maintain the proper intracellular calcium concentration.

Calcium has other physiologic roles in cellular functions, and
therefore may have an indirect role in oligonucleotide uptake. For
example, calcium is known to act as a second messenger for hormones
and cytokines. The rise in intracellular calcium induced by ligand
binding to membrane receptºrs results in activation of intracellular
proteins. Therefore, increasing extracellular calcium concentrations
may result in activation of proteins involved in oligonucleotide
transport.

-

*.
-

In this study we demonstrate that low concentrations of added
calcium enhances oligonucleotide uptake up to 50-fold as measured in
four cell lines which appears to result in increased biological activity.
Greater than one uptake mechanism may be involved in
oligonucleotide cellular uptake due to the differing sensitivies of
uptake inhibitors in 1.8 and 5.4 mM calcium. Inhibitors of receptor
mediated endocytosis are ineffective in either 1.8 or 5.4 mM CaCl2, so
the mechanism of uptake does not appear to be endocytosis in the
Rauscher cells. Although the mechanism of cellular uptake of
oligonucleotides is complex and still poorly defined, the technique of
increasing extracellular calcium concentrations may prove to be useful
in enhancing antisense oligonucleotide uptake and activity.



128

INHIBITORS | CONC. PRETREAT CALCIUM 1.8 mm CALCIUM 5.4 mM

MENT 96 CON. In p 1% CON. In p
azide 10 mM | 60 min 57 || 6 || < 0.05 || 97 || 3 || NS

37 oG

2-deoxy- 50 mM | 60 min. 77 || 3 | < 0.05 || 104 || 2 | NS
glucose 37 oO

4°C 10 min. 60 || 3 | < 0.05 || 73 || 3 | < 0.01

4 °C

trypsin O.25% | 60 min. 43 || 6 || < 0.05 || 71 || 3 | < 0.01
37 oO

chloroquine |0.1 mM |30 min. 94 || 4 NS 123 || 2 NS
37 o'c

monensin 0.1 mM | 30 min. 100 || 4 NS 99 || 2 NS

37 oG

phenylarsine |0.1 mM | 5 min. 110 || 3 NS 86 || 3 || NS
oxide 37 oc

Table 4-1. Effect of inhibitors on oligonucleotide uptake. Confluent
cells are resuspended twice in serum-free media containing 0 -
1.8 mM CaCl2 to a final concentration of 16 - 20 x 106 cells/ml. The
media is supplemented with additional CaCl2 to final concentration of
either 1.8 or 5.4 mM and incubated for 10 minutes at 37°C. Cells are

pretreated with the inhibitors for the indicated times. At time = 0, a
final concentration of 0.1 p.M (92P labeled antisense oligonucleotide is
added to the cells with an activity of 105 counts per minute/ml. Five
replicate 100 pil samples are taken between 1 and 120 minutes and
counted (n = the number of experiments, 9% con. = % of control).

Statistical significance between treatment groups is analyzed by
analysis of variance. The reported p value indicates the probability of
making an error in determining the existance of signficant difference
between treatments. Differences between treatments resulting in
p < 0.05 are considered to be statistically significant (NS = not
significant).
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Figure 4-1. Oligonucleotide uptake in Rauscher cells. Confluent cells
are resuspended twice in serum-free media containing 1.8 mM CaCl2
to a final concentration of 16 - 20 x 106 cells/ml. At time = 0, a final
concentration of 0.1 pm (32P labeled antisense oligonucleotide is
added to the cells with an activity of 105 counts per minute/ml. Five
replicate 100 pil samples are taken between 1 and 120 minutes and
counted. Data are from a representative experiment (pmoles/106 cells
+ 1 standard deviation).
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Figure 4–2. Effect of calcium on oligonucleotide uptake. Confluent
cells are resuspended twice in serum-free media containing 0 or
1.8 mM CaCl2 to a final concentration of 16 - 20 x 106 cells/ml. The
media is supplemented with additional CaCl2 to final concentration 0,
2.7, 5.4, 10.8, or 21.6 mm and incubated for 10 minutes at 37°C. At
time = 0, a final concentration of 0.1 pm (32P) labeled antisense
oligonucleotide is added to the cells with an activity of 105 counts per
minute/ml. Five replicate 100 pil samples are taken between 1 and
120 minutes and counted. Data are from the mean of 3 experiments
(pmoles/106 cells + standard error of the mean).
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Figure 4-3. Effect of added calcium on oligonucleotide uptake.
Rauscher cells are preincubated for 10 minutes at 37°C with 0, 2.7,
5.4, 10.8, or 21.6 mM final concentration CaCl2. At time = 0, 0.1 puM
final concentration [32P labeled antisense oligonucleotide is added to
the cells. Steady state uptake values (pmoles/106 cells) at 60 minutes
is plotted versus calcium concentration. Data are from the mean of 3
experiments (pmoles/106 cells + standard error of the mean).
Methods are the same as described in the legend in Figure 2.
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Cell Line

Figure 4–4. Effect of calcium on oligonucleotide uptake in four cell
lines. Cells are preincubated for 10 minutes at 37°C with 0 or
5.4 mM final concentration CaCl2. At time = 0, 0.1 HM final
concentration (32P labeled antisense oligonucleotide is added to the
cells. Steady state uptake values at 60 minutes in 5.4 mM CaCl2 is
divided by steady state uptake values at 60 minutes in 0 mM CaCl2.
Data are from the mean of 3 experiments. Error bars represent +
standard error of the mean. Methods are the same as described in

legend in Figure 2.
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Figure 4-5. Oligonucleotide stability in physiologic and elevated
calcium. The stability of the 5' [32P)-labeled oligonucleotide is
measured after incubation with cells in physiologic or elevated
calcium. Cells are preincubated with 1.8 or 5.4 mM calcium for
10 minutes at 37°C. At t = 0, approximately 106 counts per
minute/ml of 5' [32P)-labeled oligonucleotide is added to the cells and
incubated for 120 minutes. Samples are centrifuged to separate cells
(C) from media (S) then electrophoresed in a 19% polyacrylamide gel.
Radioactive bands are excised from the gel using a razor, crushed and
soaked in scintillation cocktail, and counted to quantitate the amount
of labeled oligonucleotide in each band.
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Figure 4-6. Northern blot of c-myc and GAPD RNA. Cells are
incubated in 1.8 or 5.4 mM calcium at 37°C, with (+) or without (-)
0.1 p.m. antisense c-myc oligonucleotide. Total RNA is isolated after a
1 or 3 hour incubation. RNA is electrophoresed, transferred to
nitrocellulose membrane, and probed for c-myc or GAPD as described
in Methods.
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Chapter 5. Summary and Conclusion

The development of antisense oligonucleotides as therapeutic
agents is limited by at least three obstacles: stability, specificity, and
cellular uptake. While numerous laboratories are synthesizing and
testing nuclease-resistant antisense analogs, little is known regarding
the specificity of oligonucleotides. Antisense oligonucleotides are
shown to have a range of nonspecific biological effects. In fact, the
exploitation of oligonucleotides as high affinity protein ligands is
presently being studied by several groups (1, 8). This oligonucleotide
protein interaction may in part account for the unanticipated
biological activity frequently observed with oligonucleotides designed
to be inert.

The mechanism of oligonucleotide cellular uptake is also poorly
defined. Cellular uptake of antisense oligonucleotides is found to be an
inefficient process. Oligonucleotide concentrations in the range of
10-4 - 10-6 M are frequently necessary to see biological activity in
cells. The high concentrations required for activity make the cost of
therapeutic use of antisense oligonucleotides prohibitive. Therefore,
the mechanism of oligonucleotide uptake must be studied in order to
optimize delivery of these compounds to the intracellular or cellular
site of action. In this thesis, my goal is to establish a cell model system
to study cellular uptake of oligonucleotides and to use this system to
test the effect of uptake inhibitors and elevated calcium on
oligonucleotide cellular uptake.

Because of the charge and size of unmodified phosphodiester
oligonucleotides, these macromolecules are unlikely to cross the cell
membrane unaided. Internalization of unmodified oligonucleotides by
currently proposed mechanisms such as receptor-mediated or
absorptive endocytosis also fail to account for the mechanism of
oligonucleotide transport from the endosome to the active site. In
eukaryote cells, knowledge of macromolecular transport mechanisms
across membranes is limited to proteins. Direct transport of proteins
across mitochondria membranes (5, 2, 9, 7) and viral fusion proteins
across endosome membranes (3, 4, 6, 10, 11) have been studied
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extensively. To date, the mechanism of macromolecular nucleic acid
transport across the endosome or cell membrane remains unknown.

In this thesis, I have established a cellular model to be used to

study the mechanism of cellular uptake of a biologically active
oligonucleotide. The activity and internalization of a model
oligonucleotide, an antisense c-myc oligodeoxyribonucleotide 21-mer
complementary to the AUG translation initiation codon, is
demonstrated in Rauscher Red 5-1.5 cells, an erythroleukemia cell
line. This cell line is chosen because of the demonstrated presence of
the c-myc proto-oncogene in this cell and because of a concurrent
interest in the role of c-myc in Rauscher cell differentiation. The
biological activity of the oligomer is demonstrated at 0.1 puM final
concentration using two types of proliferation assays and Northern blot
analysis (Chapter 2). Cellular proliferation is significantly reduced
after a three day incubation in the presence of antisense, but not
nonsense, oligonucleotide as measured by [3H] thymidine
incorporation into DNA and viable cell concentrations. Additionally, a
reduction in c-myc mRNA is observed after oligonucleotide treatment
as measured by Northern blot analysis. A marker gene, glyceraldehyde
3' phosphate dehydrogenase, is found to be unaffected by antisense
treatment during the 3 hour incubation. These results are consistent
with previously published studies on the activity of the antisense c
myc oligonucleotide. We also observe internalization of the oligomer
using confocal fluorescence laser microscopy. Two FITC (fluorescein
isothiocyanate) derivatives of the oligonucleotide are found to be
internalized to the nucleus and cytoplasm, whereas free FITC is not
internalized. The intracellular fluorescence patterns are found to
differ between the two analogs tested. We conclude from these
studies that the antisense c-myc 21-mer is biologically active, some
fraction of the oligonucleotide is internalized to the active site by the
Rauscher cells, and the system described is therefore an appropriate
model for our studies.

This model presented is used to study the effect of uptake
inhibitors on cellular uptake of a [32P labeled derivative of the 21-mer
(Chapter 3). We find that uptake is complex and consists of surface
binding and internalization. The surface binding component appears
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to consist of a trypsin-sensitive and a trypsin-insensitive component
and accounts for up to 60% of total uptake. Preincubation of cells with
charged compounds including nucleic acids, non-nucleic acids, and
monovalent salts, also reduce uptake, perhaps resulting from
competition for surface binding, or charge-charge interactions.
Cellular energy is required for a component of uptake since
internalization of the oligonucleotide is reduced when incubated at
temperatures < 37°C or when pretreated with the metabolic inhibitors
azide or 2-deoxyglucose. Compounds used to inhibit endocytosis, such
as chloroquine, monensin, and phenylarsine oxide, are found to be
ineffective in reducing oligonucleotide uptake in these cells. In
addition, the distribution of the fluorescent probe as visualized by
confocal fluorescence microscopy is not consistent with endocytosis.
We conclude that uptake of the 21-mer in Rauscher cells is unlikely to
occur by receptor-mediated endocytosis. A model consistent with the
data is presented in Chapter 3.

The role of calcium in oligonucleotide cellular uptake is also
examined (Chapter 4). Uptake of the [32P labeled oligonucleotide is
found to be enhanced up to 50-fold in media containing 5.4 mM
calcium compared to calcium-free media in Rauscher, BaF3, Wehi, and
BF cells. The mechanism of uptake in elevated extracellular calcium is
studied in the Rauscher cells. The enhanced uptake of the
oligonucleotide in elevated calcium results in enhanced activity of the
antisense c-myc oligonucleotide as seen by the apparent reduction of
c-myc mRNA levels in Northern blots preparations. Cell surface
binding is estimated to be approximately 60% of total cell associated
oligonucleotide as observed in physiologic calcium concentrations.
Azide, 2-deoxyglucose, and inhibitors of receptor-mediated
endocytosis are found to be ineffective in reducing oligonucleotide
uptake in the presence of elevated calcium. Temperature reduction
and trypsin pretreatment are found to reduce uptake but to a lesser
extent compared to inhibition observed in physiologic calcium
conditions. The cause for the less pronounced effect of inhibitors at
high calcium concentrations may be due to the contribution of a
different uptake mechanism which is active in elevated calcium, or
preferential use of a calcium-dependent uptake pathways which is less

(?"
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susceptible to the effect of certain inhibitors. Oligonucleotide | s
conformation may also be affected by high calcium concentrations sº
perhaps resulting in more efficient cellular uptake. Additional tº. C

studies are required to adequately address these issues. j”,
Clearly calcium plays a role in the cellular uptake of

oligonucleotides. The nature of the role of calcium in physiologic or
elevated calcium conditions is unknown. Our studies indicate that

cellular uptake is unlikely to occur by endocytosis, but still little is
known regarding the mechanism of uptake, whether it be unique or
similar to a previously described process such as calcium phosphate
mediated DNA transfection. DNA transfection by calcium phosphate
precipitation is thought to occur by phagocytosis. Like endocytosis,
phagocytosis delivers phagocytosed compounds to lysosomes.
Mechanisms which utilize a vesicle, such as endocytosis and
phagocytosis, are unlikely to deliver a biologically active molecule to
the intracellular site of action. Thus these pathways are poor
candidates for the primary mechanism of oligonucleotide cellular

uptake. These ambiguities are areas for further research. |
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Appendix A:

Minimal Essential Media-Alpha Formula (Gibco Laboratories)

COMPONENT
|NORGANIC SALTS:

CaCl2 (anhyd.)
CaCl2 - 2H2O
Fe (NO3)3

-
9H2O

KCI
KH2PO4
MgCl2 (anhyd.)
MgCl2

-
6H2O

MgSO4 (anhyd.)
MgSO4

-
7H2O

NaCl
NaHCO3
NaH2 PO4

-
H2O

Na2 HPO4 (anhyd.)
Na2 HPO4

-
7H, O

OTHER COMPONENTS:
D-Glucose
Lipoic acid
Phenol red
Potassium penicillin G
Sodium pyruvate
Sodium succinate
Streptomycin sulfate
Succinic acid

AMINO ACIDS:
L-Alanine
L-Arginine
L-Arginine . HCl
L-Asparagine H2O
L-Aspartic acid
L-Cystine
L-Cystine 2HCl
L-Cysteine HCl H2O
L-Glutamic acid
L-Glutamine
Glycine
L-Histidine
L-Histidine (free base)
L-Histidine HCl H2O
L-Isoleucine
L-Leucine
L-Lysine
L-Lysine (free base)
L-Lysine HCI
L-Methionine
L-Phenylalanine
L-Proline

97.67

6800.00

140.00

COMPONENT
AMINO ACIDS (cont.):

L-Serine
L-Threonine
L-Tryptophane
L-Tyrosine
L-Tyrosine (disodium salt)
D-Valine
L-Valine

VITAMINS:
L-Ascorbic acid
Biotin
D-Ca pantothenate
Choline bitantrate
Choline chloride
Folic acid
i-inositol
Nicotinamide
Pyridoxal HCl
Riboflavin
Thiamine HCl
Vitamin B12

RIBONUCLEOSIDES:
Adenosine
Cytidine
Guanosine
Uridine

DEOXYRIBONUCLEOSIDES:
2” Deoxyadenosine
2” Deoxycytidine HCl
2” Deoxyguanosine
2” Deoxythymidine

mg/L

25.00
48.00
10.00

51.90

46.00

50.00
0.10
1.00

1.00
1.00
2.00
1.00
1.00
0.10
1.00
1.36

10.00
10.00
10.00
10.00

10.00
11.00
10.00
10.00
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