cumulative changes occur in TAg-express-
ing mice between 4 and 7 months of age
that prohibit reversal of cellular transforma-
tion even in the absence of the primary
transforming stimulus. The nature of the
these changes remains to be identified.
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Correction of the Mutation Responsible for
Sickle Cell Anemia by an RNA-DNA
Oligonucleotide
Allyson Cole-Strauss,” Kyonggeun Yoon,* Yufei Xiang,

Bruce C. Byrne, Michael C. Rice, Jeff Gryn,
William K. Holloman, Eric B. Kmiect

A chimeric oligonucleotide composed of DNA and modified RNA residues was used to
direct correction of the mutation in the hemoglobin g5 allele. After introduction of the
chimeric molecule into lymphoblastoid cells homozygous for the S mutation, there was
a detectable level of gene conversion of the mutant allele to the normal sequence. The
efficient and specific conversion directed by chimeric molecules may hold promise as
a therapeutic method for the treatment of genetic diseases.

Siickle cell anemia is the classic prototype of
a hereditary hemoglobinopathy resulting from
a point mutation in the B-globin gene (I, 2).
The clinical condition results from homozy-
gosity of the sickle cell allele 85, in which an
A-to-T mutation within the sixth codon of
the B-globin coding region changes the nor-
mal glutamic acid residue to a valine. The
severity and prevalence of this disease have
made sickle cell anemia a candidate for gene
therapy. Over the past several years a variety
of strategies for genetic modification have
been devised. These have included transduc-
tion methods based on retrovirus and adeno-
associated virus vectors to deliver the normal
B- or y-globin gene to hematopoietic progen-
itor cells (3). Nevertheless, the attendant ran-
dom integration of retrovirus vectors and
genomic rearrangements accompanying inte-
gration of adeno-associated viruses are unde-
sirable consequences of gene transfer mediat-
ed by viral vectors. Correction of the BS allele
to B through a gene conversion mechanism
would provide a means for gene therapy that
circumvents this problem.

In a recent study from this laboratory, a
procedure was reported for correcting the
mutated form of an extrachromosomal gene
present on a plasmid by use of a chimeric
oligonucleotide composed of DNA and
RNA residues (4). The design of this mole-
cule was prompted by the discovery that
RNA-DNA hybrids were highly active in
homologous pairing reactions in vitro and
that hairpin caps at the ends of hybrid mol-
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ecules were no impediment to pairing (5).
These observations suggested a strategy for
targeted correction in which a short, double-
stranded oligonucleotide vector is activated
for recombination by incorporating RNA
residues and protected from exonucleolytic
degradation by capping both ends. The 2’-
O-methyl modification of ribose of the RNA
added protection against cleavage by ribonu-
clease (RNase) H activities.

To correct the 3% mutation, we designed
the chimeric oligonucleotide (SC1) as a
single molecule (with two sequences that
were inverted and complementary) capable
of folding back on itself to form a duplex
structure (Fig. 1). The molecule was com-
posed of DNA residues with two interven-
ing blocks of 10 2'-O-methyl RNA residues
flanking a short stretch of five DNA resi-
dues. When the molecule was folded into
the duplex conformation, the sequence of
one strand comprised all DNA residues
whereas the other strand contained the
RNA-DNA blocks. In this case, the inter-
nal sequence is complementary to the BS5-
globin sequence over a stretch of 25 resi-
dues that span the site of the B mutation,
with the exception of a single base (T). The
five DNA residues flanked by RNA residues
were centered about the mutant T residue
in the S coding sequence. A control chi-
meric oligonucleotide (SC2) was designed
in the same manner with the exception of
one base (A; designated in bold and with an
asterisk in Fig. 1).

The chimeric molecule was introduced
into lymphoblastoid cells (B cells) homozy-
gous for the B° allele by means of a com-
mercial liposome formulation, and the cells
were assayed for correction after 6 hours (6,
7). Correction of the single base mutation
was assessed by taking advantage of restric-
tion fragment length polymorphisms
(RFLPs) resulting from the B mutation
(2): the A-to-T transversion in the B° allele
results in the loss of a Bsu 361 restriction



site (CCTGAGG). A 1.2-kbp Bsu 36l
DNA fragment of the B-globin gene is ab-
sent in the BS allele and is replaced by a
diagnostic 1.4-kbp fragment (8). When
genomic DNA recovered from homozygous
BS lymphoblastoid cells was analyzed with
this procedure, the 1.4-kbp fragment was
observed (Fig. 2). However, two fragments
were observed in DNA from cells trans-
fected with the chimeric molecule. The
presence of the 1.2-kbp fragment in addi-
tion to the 1.4-kbp fragment indicates that
the BS allele was partially corrected in a
dose-dependent fashion.

To measure the efficiency of correction
rapidly and sensitively, we adapted a poly-
merase chain reaction (PCR)-based RFLP
analysis (9). Primers were designed to yield a
345-bp fragment spanning the site of the B°
mutation after PCR amplification of genom-
ic DNA. The fragment from normal cells
contains a Bsu 36] recognition sequence and
yields fragments of 228 and 117 bp upon
digestion, whereas 5 DNA contains the
sequence CCTGTGG and remains refracto-
ry to cutting. Analysis indicated that the
345-bp DNA fragment amplified from SC1-
treated BS cells was partially cleaved with
Bsu 361, indicating correction of the muta-
tion on some but not all chromosomes (Fig.
3). The frequency of correction was depen-
dent on the dose of the chimeric molecule
(SC1) used in transfection.

Direct sequencing of the PCR-amplified
345-bp fragment was performed to confirm
the T-to-A change in the coding strand. In
the DNA sample from BS cells transfected
with chimeric molecule SC1 (at a higher
concentration than used in the RFLP map-
ping), sequence analysis revealed an ap-
proximately equal mixture of A and T res-
idues at the site of the B° mutation (Fig.
4A). DNA from untreated 5 cells con-
tained only T at that position and DNA
from B* cells contained only A whether
treated with SC1 or not (Fig. 4A) (10). BS
cells transfected with the control chimeric
molecule SC2 remained unchanged in se-
quence after treatment (Fig. 4A). However,

Fig. 1. Sequences of the chimeric oli-
gonucleotides and of BS-, BA-, and
3-globin. The site of mutation is indicat-
ed by the asterisk in the A and BS
sequences. The homologous se-
quence in the 3-globin gene is aligned
with the corresponding sequence in
the B-globin gene. The residues under-
lined in 8-globin differ from those in BA.
Chimeric molecule SC1 contains 25 bp
of sequence identical to that in B,
whereas the control oligonucleotide
SC2 is identical to BS. DNA residues
are capitalized and 2'-O-methyl RNA T
residues are in lowercase. T

T

some of the DNA from normal cells trans-
fected with SC2 was partially converted to
the B° mutant sequence as evidenced by a
mixture of T and A residues at the site
altered in the B* allele (Fig. 4A). These
results indicate that the chimeric molecule
can direct introduction or correction of mu-
tations in the genome.

Because the B-globin gene is a member of
a family of related genes, there was the pos-
sibility that one or more of the other globin
genes might have been inadvertently altered
as a consequence of transfection with the
chimeric molecule. The most likely candi-
date for alteration was the 3-globin gene
because it is more than 90% homologous to
the B-globin gene. There is complete iden-
tity over the 5-bp DNA-core targeting re-
gion of the chimeric molecule SC1 and two
single-base differences characterizing regions
corresponding to the flanking RNA stretch-
es. To investigate whether there were alter-
ations introduced into the 8-globin gene af-
ter transfection of cells with the chimeric
molecules, we sequenced 3-globin DNA as
described above. When SC1 was used to
transfect cells, no change was found in the
3-globin sequence over the region of DNA
homology spanned by the chimeric molecule
(Fig. 4B). There was likewise no change
found in the 3-globin sequence of DNA
when SC2 was used to transfect cells (Fig.
4B). The outcome in this latter case is in
contrast to the observed change directed by
SC2 in the BA-globin sequence (Fig. 4A). It
is possible that the gene conversion mecha-
nism responsible for the change might be
inactivated when there is nonidentity in the
sequence spanned by the RNA region.

As a minimal screen to measure the reac-
tivity of the chimeric oligonucleotide on the
rest of the genome, mutagenesis of the hypox-
anthine-guanine  phosphoribosyl-transferase
(HPRT) gene was monitored. This gene en-
codes an enzyme in the purine salvage path-
way, and because it is X-linked, events at a
single allele can be measured by induction of
resistance to 6-thioguanine (11). In this ex-
periment (day —4), B* cells containing a

. S
...AC CTG ACT CCT GTG GAG AAG TCT Ge... B -globin
...TG GAC TGA GGA CAC CTC TTC AGA CG...

* .
...AC CTG ACT CCT GAG GAG AAG TCT GC... BA'9|°b'n
..TG GAC TGA GGA CTC CTC TTC AGA CG...
*
..AT CTG ACT CCT GAG GAG AAG ACT GC... o-globin
..TA GAC TGA GGA CTC CTC TTC IGA CG...
*
T GCGCG ug gac uga ggA CTC Cuc uuc aga cg T
T SCit
T .
T CGCGC AC CTG ACT CCT GAG GAG AAG TCT GC T
35
*
T GCGCG ug gac uga ggA CAC Cuc uuc aga cg T
T SC2

T
T CGCGC AC CTG ACT CCT GTG GAG AAG TCT GC T
35
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Fig. 2. Southern hybridization analysis of DNA from
SC1-treated cells. Genomic DNA from g* control
cells and BS cells transfected with SC1 was cut
with Bsu 361 and analyzed by Southern hybridiza-
tion. Globin DNA from BA and BS migrates as 1.2-
and 1.4-kbp fragments, respectively, indicated to
the right.

normal B-globin gene were transfected with
SC2-DOTAP (Boehringer Mannheim) for 16
hours, and the conversion of the normal
B-globin gene to the sickle cell genotype was
analyzed with the PCR method described
above (see Fig. 3). As shown in the inset of
Fig. 4C, the cleavage of the PCR-generated
fragment is reduced (B* + SC2, day 0), in-
dicating conversion from B* to 5. At this
time (day 0), 6-thioguanine was added and
cell survival was determined at various times
up to 14 days. There was no significant differ-
ence in cell counts during this period between
the cell population treated with the chimeric
oligonucleotide and the untreated cells (Fig.
4C). On day 14, the conversion of f* to BS
was measured in treated and untreated cells,
and again, a detectable amount of PCR prod-
uct remained uncleaved by Bsu 36l in the
SC2-treated but not untreated samples, there-

B p~_|Cell type
0 [ 134 | 267 [ 558 [ 11.17 0_ InM Chimera
eI T-T+[-T+T-T+][-T+IBsu 38l

Fig. 3. SC1 directs correction of BS to A in a
dose-dependent manner. A 345-bp fragment
spanning the site of the BS locus was generated
by PCR and digested with Bsu 361. DNA from g*
contains the sequence CCTGAGG and is cut by
Bsu 36l to yield 228- and 117-bp fragments
whereas BS DNA that has the sequence CCT-
GTGG is resistant to digestion.

1387



pS + sc1

| . ‘ ! | . (1
-:Ili II‘ w ; “: A Lf\:!‘i‘ A | |/ ﬂ | 'P'E 1 I‘%I Il r\{]L
LWL 0t Y J J”&M AL U\/v} R

A\
—O0—  JG+6TG
m —e—  JG+5C2+6TG

I\ £ 100
BA+SCZ _________ g
il !\ Iy
ALY LYEY VY L) ,_Jl ‘.L_‘ \ VAR ﬂ.r”!. ,‘ fwh'\.h'
R R e e R T P T G L s
| “ n
A {\ A | i 5 { : 0
‘ 5 al il 10 15 2
ATLTRR LA . /\u . V Day
Ly ] /\M‘.J VAL -JK .l‘=__f \JU\J\ N k;.hr e ¢

Fig. 4. (A) DNA sequence determination. Sequence analysis of the B- or

3-globin PCR products generated from cells transfected with 46 nM SC1 or
SC2. The arrow designates the targeted base (A or T) for correction or
conversion. (B) Sequence analysis of the 8-globin PCR products generated
from cells transfected with 46 nM SC1 or SC2. The arrow designates the

targeted base. (C) HPRT targeting as a measure of random mutagenesis
induced by the chimeric molecule. Treated and untreated cells were incubat-
ed with 6-thioguanine (6TG) for the indicated times, and cell survival was
measured directly by counting. PCR analyses were used to ensure that
conversion occurred in treated cells at O and 14 days, respectively.

by confirming the results obtained on day 0.
These observations suggest that treatment
with a chimeric molecule in a lymphoblastoid
cell induces the desired mutation conversion
but is not generally mutagenic within the
detection limits of the assay system. Hence,
the possibility of random mutagenesis, al-
though still present, is somewhat reduced.

This study shows that single base pair
alterations in B-globin genes of cultured
Epstein-Barr virus (EBV)—transformed cells
can be introduced in the mammalian ge-
nome upon transfection with a chimeric
RNA-DNA oligonucleotide. These find-
ings could form the basis of an approach to
gene therapy by providing an efficient
method for site-directed changes in targeted
genes. We are aware, however, that other
genes may not respond to such treatment
and thus extensive optimization studies for
each target must be conducted.

Note added in proof: Conversion of the
B-globin locus has not been successful in
TK6 cells, even though the uptake of a
radiolabeled chimeric oligonucleotide was
slightly better than in the EBV-transformed
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B cells. The background mutagenesis level in
the TK6 cells was 1.0 X 1076, The mutation
frequencies in the SC1 and SC2 chimeric
treated cells were 2.1 X 1076 and 2.7 X
1078, respectively. There was partial conver-
sion of the B-globin locus in K562 cells at 47
nM SC2, and these cells were also used for
an HPRT mutagenesis experiment. The
background mutagenesis frequency in these
cells was <1.3 X 10~7. The number of 6TG-
resistant colonies after treatment with SC2
was <1.3 X 1077,
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Enhanced Protein C Activation and Inhibition of
Fibrinogen Cleavage by a Thrombin Modulator

David T. Berg, Michael R. Wiley, Brian W. Grinnell*

A modulator of the enzymatic activity of human thrombin, designated LY254603, was
identified that enhances the thrombin-catalyzed generation of the anticoagulant factor
activated protein C, yet inhibits thrombin-dependent fibrinogen clotting. By means of
mutant substrates, it was shown that LY254603 mediates the change in enzymatic
substrate specificity through an alteration in thrombin’s S3 substrate recognition site, a
mechanism that appeared to be independent of allosteric changes induced by either
sodium ions or by thrombomodulin. This compound may represent the prototype of a
class of agents that specifically modulates the balance between thrombin’s procoagulant

and anticoagulant functions.

The serine protease thrombin is the pivot-
al controlling factor of all thrombosis, a
leading cause of death as well as of morbid-
ity associated with vascular disease. This
enzyme plays a dual role in the regulation of
blood coagulation. Thrombin’s classical role
is as a procoagulant enzyme that catalyzes
the conversion of fibrinogen to fibrin, but
thrombin also acts as an anticoagulant en-
zyme by the proteolytic activation of pro-
tein C, a key feedback regulator of the
coagulation cascade (1). These opposing
functions are physiologically controlled by
allosteric changes induced by Na* (2) and
cell-surface thrombomodulin (TM) (3),
which results in a change in thrombin’s
substrate specificity. TM functions by di-
rectly blocking thrombin’s procoagulant ac-

Cardiovascular Research Division, Lilly Research Labo-
ratories, Indianapolis, IN 46285-0444, USA.

*To whom correspondence should be addressed. E-mail:
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tivities (3) and stimulating the thrombin-
catalyzed generation of activated protein C
(aPC) in the presence of Ca’* (4, 5).
Thrombomodulin’s  interaction  with
thrombin via anion-binding site I (6) re-
sults in an allosteric change that alters
thrombin’s substrate specificity (7). This
allosteric change, at least in part, eliminates
repulsive interactions between Glu*® and
Glu'? in thrombin (3) and the P3 and P3’
acidic residues in protein C, which have
been shown to contribute to the slow rate of
activation by free a-thrombin (5, 8). In
addition to these allosteric changes in ac-
tive-site substrate specificity induced by
macromolecular interactions at anion-bind-
ing site 1, recent studies by Di Cera et al. (2)
have demonstrated that thrombin exists in
two forms allosterically controlled by Na™
binding. The “fast” form of thrombin (Na*-
bound) cleaves fibrinogen with higher spec-
ificity, whereas the “slow” form preferen-
tially cleaves protein C.
SCIENCE  »
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We reasoned that if thrombin existed in
multiple forms capable of recognizing differ-
ent substrates, then it might be possible to
identify agents that would shift the equilibri-
um from one form to the other. Therefore, we
tested approximately 8300 synthetic organic
compounds from the Lilly Research Laborato-
ries files (9) for agents that might increase the
rate of thrombin-dependent activation of hu-
man protein C. Compounds that had a stim-
ulating effect on protein C activation by
thrombin were further analyzed for their effect
on fibrinogen cleavage. Compounds with
both thrombin activities were inspected for
structural similarities, and, on the basis of that
analysis, additional analogs were obtained
from Lilly Research Laboratories files for com-
parative biochemical evaluation. After two
iterations of this approach, LY254603 was
identified (Fig. 1A, inset). At the screening
concentration of 25 pg/ml, the rate of throm-
bin-catalyzed aPC generation was substantial-
ly increased in the presence of LY254603, as
shown by an approximate eightfold increase
in the amount of aPC generated (Fig. 1A).
The compound had no effect on aPC amido-
lytic activity, as demonstrated in control ex-
periments with preactivated protein C.
Whereas the presence of LY254603 resulted
in a marked stimulation in the ability of
thrombin to cleave the protein C substrate, it
also resulted in a marked reduction in the
ability of thrombin to cleave fibrinogen (Fig.
1B). These data suggested that we identified a
compound capable of altering the substrate
specificity of thrombin.

The effects of LY254603 on stimulation of
protein C cleavage and reduction of fibrino-
gen cleaving ability were dependent on con-
centration. The concentration required to
double the rate of aPC generation in our
assays was approximately 500 nM, and the
maximal effect in this experiment reached a
plateau at approximately a 10-fold increase
(Fig. 1C). This plateau appeared to be a result
of the solubility of the compound in the re-
action, as the maximal water solubility was
observed to be approximately 25 pM. The
inhibitory effect of LY254603 on thrombin
cleavage of fibrinogen was concentration-de-
pendent within the same range, as observed
for the stimulating effect on protein C cleav-
age (Fig. 1D). In repeated experiments, the
median inhibitory concentration (ICs,) for
fibrinogen clotting and the concentration for
half-maximal stimulation of protein C cleav-
age were both ~3 uM. The ~10-fold increase
in aPC generation with the more than 95%
decrease in fibrinogen clotting (at the same
concentrations of both thrombin and
LY254603) effectively yields a shift of at least
several hundredfold in thrombin’s differential
cleavage specificity. LY254603 significantly
extended the activated partial thromboplastin
clotting time in human plasma (16 + 5sat 40
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