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ABSTRACT Modifiedaal 0o an e ogodeoxy-
nucleotides (ODNs), particularly phosphorothioates ([S]ODNs),
have been extensivey used to inhibit gene expression The
potential sequencesp it ofant-iseo s makes them
attractive as molcular drugs for human d . The use of
antisense [SJODNs to inhibit gene expression has been compli-
cated by frequent nonspecific effects. In this study we show in
diverse cell types that [SJODNs, independent of their base
sequence, mediated the Indu of an Spl nuclear transcrip-
tion factor. The [SJODN-mdted Spi Inductio was rapid and
was ated with elevated levels ofSpl protein. Thisnduct
was d t on NF-acB activity, since hibition of NF-KB
acivity ab the [SJODN-induced Spl activity. [SIODN-
induced Spl' activity was seen in mouse spleen cells following in
M a stration. Spl activity Induced by [S]ODNs required

the tyrosine kinase pathway and did not have ta civatin
potental. These results may help to explain some of the non-
specific effects often seen with [SJODNs.

The potential usefulness of antisense oligonucleotides to
inhibit gene expression has been extensively documented (1,
2). This approach involves introducing oligonucleotides com-
plementary to mRNA into cells (3). The specific inhibition of
a target gene's expression by an antisense mechanism is
dependent on the formation of an antiparallel duplex by
complementary base pairing between the antisense DNA and
the target mRNA. Phosphorothioate oligodeoxynucleotides
((SJODNs), because of their nuclease resistance, offer con-
siderable promise for antisense therapy, and several inves-
tigators have reported their usefulness in in vivo antisense
therapy (4-8).
We have recently shown that antisense inhibition of the

ReIA subunit of the NF-KB transcription factor causes a
pronounced block of cellular adhesion to a substratum in
vitro and inhibits tumor cell growth in vitro and in vivo (7, 9,
10). In our efforts to understand the molecular mechanism
underlying inhibition oftumor cell growth by ReLA antisense
[SJODNs, we observed that the control oligomers but not
antisense ReLA oligomers induced a nuclear transcription
factor which was subsequently identified as Spl. Further
experiments revealed that regardless of their orientation and
size, phosphorothioates induced Spl activity rapidly in nu-
merous cell types following in vitro and in vivo treatment.
This induction could be prevented by inhibiting NF-KB
activity. In the context of Spl involvement in the regulation
of viral and cellular promoters, these results might explain
some of the nonspecific effects often seen with phospho-
rothioates.

MATERIALS AND METHODS
ODNs. The [S]ODNs and unmodified ODNs used in the

study (Table 1) were synthesized as described (7, 9, 11). The
double-stranded [S]ODN NF-KB competitive inhibitor has
been described (12).

Electrophoretic Mobility-Shift Assays. Cytoplasmic and nu-
clear extracts were isolated and electrophoretic mobility-
shift assays were performed as described (7, 9, 13). An ODN
containing the sequence 5'-GTA-G-GitAC-fl-,CA-GAG-
CTC-GAG-ATC-CTA-TG-3' was used to detect NF-KB ac-
tivity (14, 15), and an ODN containing the sequence 5'-ATT-
CGA-TCG-GGG-CGjG-GGC-GAG-3' was used to detect SpO
activity. Probes were labeled with [a-32P]dNTP as described
(15). Nuclear and cytoplasmic extracts (10 pg) and 3ZP-
labeled probe (1 ng; 50,000 cpm) were used in the binding
reactions. Unlabeled as well as mutant or irrelevant compet-
itive inhibitors were used to establish specificity of the gel
shift. Antibodies to the NFKB1 and RelA subunits ofNF-#cB
and to Spl (Santa Cruz Biotechnology, Santa Cruz, CA) were
used in the gel shift assays. Complexes were resolved by
electrophoresis in a nondenaturing 4% polyacrylamide gel
and autoradiographed.
Western Bloi. Nuclear extracts (10 ug) from K-BALB

cells or other cell lines treated with diverse [S]ODNs were
analyzed by Western blotting and the ECL detection method
(Amersham) utilizing an Spl antibody according to the man-
ufacturer's protocol (Santa Cruz Biotechnology, Santa Cruz,
CA).

Cell Lines and Oligomer Treatment. K-BALB (murine
fibroblast), B-16 (murine melanoma), HOS-MNNG (human
osteosarcoma), DU-145 (human prostate carcinoma), and
T-47D (human breast carcinoma) cells were maintained as
described (7). Primary mouse splenocytes were isolated as
described (13, 16). [SJODNs were administered to mice as in
prior studies (7, 13). Confluent cultures were treated with
concentrations of oligomers or other compounds as shown.
Genistein and staurosporine were obtained from Upstate
Biotechnology.

RESULTS
[SJODNs Induce a Nuclear DNA4-nding Activity. During

our studies aimed at understanding the molecular mechanism
underlying inhibition of tumor cell growth by RelA/NF-#cB
antisense [SJODNs (7), we observed that treating cells with
antisense RelA (SJODNs inhibited the expression of the
cytokine transforming growth factor P1 (TGFf81). We rea-
soned that the TGF31 promoter sequence might harbor
NF-#cB binding sites. Among several double-stranded mobil-

Abbreviations: ODN, oligodeoxynucleotide; [S]ODN, phospho-
rothioate ODN; TGF, transforming growth factor.
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Table 1. [S]ODNs used in this study
Gene (source) Sequence (5' to 3') Size, bp Orientation*
RelA (M)t ACC-ATG-GAC-GAT-CTG-TTT-CCC-CTC 24 S
RelA (H) GCC-ATG-GAC-GAA-CTG-TTC-CCC-CTC 24 S
RelA (M)t GAG-GGG-AAA-CAG-ATC-GTC-CAT-GGT 24 A
RelA (H) GAG-GGG-GAA-CAG-TTC-GTC-CAT-GGC 24 A
NFKB1 (M) ACC-ATG-GCA-GAC-GAT-GAT-CCC 21 S
NFKB1 (M) GGG-ATC-ATC-GTC-TGC-CAT-GGT 21 A
MCF Env (M) GAG-AAG-GCT-GGA-CCT-TCC-AT 20 A
HIV Rev TCG-TCG-CTG-TCT-CCG-CTT-CTT-CTT-GCC 27 A
DCC (M, R, H) TCT-AAG-ACT-ATT-CTC-CAT-ATT 21 A
MDM2 (H) AGA-CAT-GTT-GGT-ATT-GCA-CAT-TTG 21 A
E2F (H) AGG-GGC-CCC-GGC-CAA-GGC-CAT-GAC 24 A
p53 (H) CCC-TGC-TCC-CCC-CTG-GCT-CC 20 A
TGFa (H) TCC-AGC-CGA-GGG-GAC-CAT-TTT 21 A
v-Ki-ras GCT-AGT-GGC 9 S
v-Ki-ras GCC-ACT-AGC 9 A
CD11b (H) AAG-GAC-TCT-GAG-AGC-CAT-GGC 21 A

Phosphorothioate oligomers corresponding to diverse genes as shown were used in the study. MCF Env, mink cell
focus-forming retrovirus envelope; HIV Rev, human immunodeficiency virus Rev protein; DCC, deleted in colorectal
cancer; MDM2, munne double minute 2 oncogene; E2F, cellular transcription factor; M, murine; H, human; R, rat.
*S, sense; A, antisense.
tUnmodified phosphodiester ODNs were also used for these sequences.

ity-shift probes from the TGFf31 promoter sequence tested,
we detected binding of one of the probes (TGFj33) encom-
passing the sequence 5'-GCT-GAA-GGG-ACC-CCC-CTC-
GGA-GCC-CGC-CCA-3' to nuclear extract protein from
sense [S]ODN-treated K-BALB cells but not to nuclear
extract protein from untreated or antisense [S]ODN-treated
cells (Fig. 1). This binding was specific, since it was inhibited
competitively by unlabeled double-stranded TGF.33 DNA
but not by NF-KB DNA. These results suggested that the
nuclear activity we detected was unrelated to NF-KB activity.
The [S]ODN-Induced DNA-Binding Activity Is Spl. A care-

ful look at the double-stranded TGF,33 probe revealed an Spl
binding site (GGGCGGG) at the 3' end. Hence we suspected
that the sense oligomer-induced nuclear activity might be
Spl. We synthesized an authentic Spl mobility-shift oligomer
and analyzed the nuclear extracts from confluent K-BALB
cells treated with ReLA oligomers (Fig. 2A). In confluent
K-BALB cells no basal level of Spl activity was detectable
by electrophoretic mobility-shift assay; subconfluent cul-
tures, on the other hand, showed a higher basal level of Spi
activity (data not shown). Treatment of K-BALB cells with
control RelA sense oligomers induced Spl activity, but
-treatment with antisense ReIA oligomers failed to induce Spl

COMPETITOR
NF-KB + + 4-
TGF :-3 + - + 4 - + t

NFKB1-AS NFK81-O REL A-AS REL A-S PBS
RFT 1Fr

.%

If i i2
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FIG. 1. Nuclear DNA-binding activity is induced by [S]QDN
treatment. Nuclear extracts from K-BALB cells treated with phos-
phate-buffered saline (PBS) or indicated [S]ODNs (20 PM) for 48 hr
were analyzed by mobility-shift assay using a double-stranded probe
(TGF83) in the presence (+) or absence (-) ofa 50-fold molar excess
of unlabeled double-stranded TGF33 or NF-KB competitive inhibi-
tors. RET, rabbit reticulocyte lysate.

activity (Fig. 2A). Furthermore, treatment of control (non-
oligomer-treated nuclear extracts from K-BALB cells) with
[S]ODNs in vitro did not cause induction of Spl activity,
suggesting that upregulation of Spl activity by [S]ODNs was
not an in vitro artifact of the gel shift assay. The mobility of
sense ReLA oligomer-induced Spl activity in the gel was
supershifted by the use ofan Spl-specific antibody but not by
ReLA or NFKB1 antibodies (Fig. 2A); this suggested that the
NF-KB subunits were not components of this complex. The
Spl activity induced by the ReLA sense oligomers was
concentrated in the nucleus, where it was detectable within
30 min, peaked at 6 hr. and stabilized above the basal level
by 24 hr (Fig. 2B). We reasoned that either the sense
oligomers induced Spl activity in a specific manner or that
induction of Spl could occur only in the presence of func-
tional NF-KB activity. To clarify this point, we exposed the
K-BALB cells to concentrations of ReLA antisense lS]ODNs
that would not inhibit NF-icB activity, in parallel with sense
[S]ODN treatment (Fig. 2C). The ReIA sense [S]ODN in-
duced Spl activity at 2, 10, and 20 AM (Fig. 2C). Surpris-
ingly, RelA antisense also induced Spi activity at 2 pM, but
not at higher doses known to inhibit NF-#cB activity. These
findings suggested that the induction of Spl activity could be
dependent on NF-icB activity but not necessarily on the
sequence of the inducing oligomer.
Sequence-Independent Induction of Spl Activity by

[SJODNs. To test the universality of induction of Spl activity
by [S]ODNs we chose several [S]ODNs in both sense and
antisense orientations of varying lengths and targets (Table
1). Treatment of K-BALB cells with any of these [SlODNs,
regardless of their length (9-24 bp) or orientation (sense or
antisense), caused induction of Spl activity (Fig. 3A). Addi-
tionally, [S]ODN homopolymers (sdC3 and sdC1s) as well as
unmodified phosphodiester ODNs to murine RelA (sense and
antisense) induced this activity. In contrast to murine RelA
antisense [S]ODNs, the antisense phosphodiester ODNs did
not inhibit NF-KB activity. The ODNs were as potent as the
[S]ODNs in inducing Spl activity. This induction was pre-
vented by pretreatment of cells with RelA antisense
[S]ODNs. Mechanisms other than antisense that reportedly
inhibit NF-KB activity [e.g., double-stranded [S]ODN NF-KB
competitive inhibitor (12) or antioxidants related to pyrroli-
dine dithiocarbamate (17)] also prevented Spl induction by
[S]ODNs in various cell lines (J.R.P. and R.N., unpublished
data). The induction of Spl activity by [S]ODNs also oc-
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cuned in primary mouse splenocytes (Fig. 3B) as well as in
other cell lines, including HOS-MNNG (osteosarcoma),
TA47D (breast carcinoma), and DU-145 (prostate carcinoma)
(J.R.P. and R.N., unpublished data).
This led us to investigate whether the enhanced Spl

activity was associated with elevated levels of Spl protein.
K-BALB cells were treated with [SJODNs (Fig. 3C) and the
nuclear extracts were prepared and analyzed by Western
blotting for Spl protein. In agreement with the gel shift
results (Fig. 3A), Spl protein was induced by treatment with
[S]ODNs, the sole exception being the RelA antisense
[S]ODN. We next addressed whether the in vivo administra-
tion of [SJODNs induced Spl activity in mice. The induction
of Spl activity was seen in spleen cells obtained 24 hr after
[SJODNs were administered subcutaneously (70 mg/kg) to
BALB/c nu/nu mice; this activity was supershifted by Spl
antibody (Fig. 3D).
Mechnism of Spi Induction by [S]ODNs. To begin to

understand the molecular mechanism underlying the induc-

tion of Spl by [S]ODNs, we tested the effects of kinase
inhibitors (Fig. 4A). Pretreatment with a tyrosine kinase
inhibitor (genistein), but not with a protein kinase C inhibitor
(staurosporine), inhibited the induction of Spl activity by
RelA sense oligomers. These results implicated a specific
tyrosine phosphorylation-mediated mechanism in the Spl
induction by [S]ODNs. Furthermore, the induction was
blocked by pretreatment with cycloheximide but not actino-
mycin D, suggesting that new protein synthesis was neces-
sary for this induction but that new mRNA transcription was
not (J.R.P. and R.N., unpublished data).
[S]ODNs as well as phosphodiester ODNs bind to cell

surface "receptors" (18). The binding can be competitively
inhibited by polyanions such as pentosan sulfate (19). Since

phosphodiester ODNs also induced Spl activity, we rea-
soned that causing the oligomers to bind to the cell surface
receptors might be sufficient for Spl induction. Interestingly,
we found that pentosan sulfate did not induce Spl activity,
whereas another polyanion, suramin, did (Fig. 4B), suggest-
ing that neither the oligomer binding to the surface nor the
sulfated structure is sufficient for Spl induction.

DISCUSSION
These studies were undertaken to clarify the molecular
mechanisms involved in antisense-mediated inhibition of
tumor cell growth in vitro and in vivo by the RelA subunit of
the NF-KB transcription factor complex (7, 9). The NF-KB
complex participates in the induction of numerous cellular
and viral genes (20-22). NF-KB has two subunits, p50
(NFKB1) and p65 (ReLA); both are members of a rapidly
growing class oftranscription factors that have unique amino-
terminal DNA binding and dimerization domains (14, 23).

Unexpectedly, a double-stranded DNA probe from a cel-
lular promoter (that of the TGFP1 gene) was found to bind
specifically to the nuclear extracts from ReIA orNFKB1 sense
[S]ODN-treated cells but not to untreated or to antisense
[S]ODN-treated cells. The nature of this activity was estab-
lished to be Spl transcription factor. Various [S]ODNs caused
rapid induction of Spl transcription factor activity in diverse
cell types, in vitro as well as in vivo, in a sequence-independent
manner. This induction was dependent on NF-KB activity,
since inhibition ofNF-cB activity prevented the Spl induction
by [S]ODNs. In addition, the Spl induction by [S]ODNs was
prevented by genistein, a tyrosine kinase inhibitor, suggesting
the involvement of protein phosphorylation in this response.
The enhanced Spl DNA-binding activity induced by various
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FiG. 3. Sequence-independent induction of Spl by [S]ODNs is dependent on NF-KB activity. (A) Spl induction by diverse [S]ODNs is
dependent on NF-KB activity. K-BALB cells were pretreated with (+) or without (-) ReIA antisense (murine) [SJODNs (20 pM) for 24 hr and
then treated with diverse [S]ODNs (20 pM) or with phosphate-buffered saline for an additional 24 hr. Nuclear extracts were analyzed by
mobility-shift assay for Spl and NP-aB activity. (B) Spl induction by (S]ODNs in primary mouse splenocytes. Primary mouse splenocytes were
isolated and cultured as described and treated with indicated [SJODNs (20 pM) for48 hr. Nuclear extracts were analyzed by mobility-shift assay
for Spl activity in the presence (+) or absence (-) of a 50-fold molar excess of unlabeled competitor. (C) Elevation of Spl protein levels by
[SJODNs. K-BALB cells were treated with PBS or 20 pM [S]ODNs as indicated for 24 hr, and the nuclear extracts were analyzed by Western
blot analysis using Spi antibody and an ECL chemilluminescence kit (Amersham). Authentic Spl protein was used as a positive control. Lane
M, molecular size narkers (BRL). (D) Induction of Spl activity in vivo. Duplicate mice (BALB/c nu/nu) were injected with phosphate-buffered
saline (PBS) ora representative [S]ODN, CD11b (1.4 mg/100 pA) subcutaneously, and 24 hrlater spleens were isolated and single-cell suspensions
were prepared. Nuclear extracts were analyzed by mobility-shift assay for Spi activity in the presence (+) or absence (-) of a 50-fold molar
excess of unlabeled competitors. Supershifts were performed with Spl antibody. Results from representative experiments are shown.

[S]ODNs was also reflected in enhanced levels ofSpl protein.
Further, our observation that phosphodiester ODNs as well as
sulfated polyanions such as suramin, but not pentosan sulfate,
induced Spl activity suggests that the presence of a sulfated
structure in these oligomers is not sufficient for Spl induction.

B

The dependence of [SJODN-induced Spl activity upon the
ReLA subunit of the NF-ecB transcription complex is striking.
Until the sequence of the Spl promoter is known, it will not
be possible to clarify whether this dependency on ReIA is a
primary or transactivational effect. Furthermore, the shift in
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FIG. 4. Mechanism of Spl induction by [SJODNs. (A) [S]ODN-induced SpI activity is dependent on protein phosphorylation. K-BALB cells
were treated with genistein or staurosporine at the indicated concentration for 1 hr before being treated with RelA sense (S) [SJODNs (20 pM)
for 4 hr. Nuclear extracts were prepared and analyzed by mobility-shift for Spl activity. (B) Differential induction ofSpl activity by polyanions.
K-BALB cells were treated with phosphate-buffered saline (PBS), ReLA sense (S) antisense (AS) [SJODNs (both at 20 pM), suramin (SUR, 300
AM), or pentosan sulfate (PEN, 50 AM) for 48 hr. Nuclear extracts were analyzed by mobility-shift assay for Spl activity in the presence (+)
or absence (-) of a 50-fold molar excess of unlabeled competitor.
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the electrophoretic mobility ofthe NF-KB complex in nuclear
extracts from [S]ODN-treated cells (Fig. 3A) suggests that
[S]ODNs also may modulate the delicate balance between the
homo- and heterodimers of the NF-KB complex. In the
context of several recent reports suggesting physical inter-
actions of NF-KB components-in particular the RelA sub-
unit-with various transcription factors, including Spl (24-
29), our results raise the possibility that the RelA NF-KB
complex might play a regulatory role in modulating transcrip-
tion factors.
The implications of [SJODN-mediated Spl induction in

vitro and in vivo are yet to be established. Originally discov-
ered as a specific factor required for simian virus 40 tran-
scription (30), Spl is a general transcription factor that
interacts with G-C boxes in the promoter region of several
viran and cellular genes (for a review see ref. 31). Although
its protein is ubiquitous, the levels of Spl mRNA and its
protein vary among tissue types and (in at least some cell
types) stages of development (32). Other than the present
observation, no inducers ofSpl activity have been described.

Several recent reports have demonstrated the in vivo
efficacy of antisense [S]ODNs (4-8), and clinical trials of
antisense [S]ODNs are already underway (for a review, see
ref. 2). Nonetheless, it has frequently been difficult to obtain
unequivocal evidence that [S]ODNs are truly sequence spe-
cific. Often the control oligomers exert sequence-selective
effects (3, 13). In the case ofcharged phosphorothioates, such
sequence-selective effects could be due to their ability to
interact or bind to proteins. This complicates attempts to
interpret antisense oligomer-based experiments. Activation
of transcription factors by these oligomers might at least
partially explain their lack of specificity. Since transcription
factors are potent regulators of cellular and viral gene ex-
pression, it is not unreasonable to exercise caution about
activation of such factors by [S]ODNs.

We thank W. Haas for stimulating discussion and critical reading
ofthe manuscript, C. Kunschand T. Curran for valuable discussions,
K. McIntyre for splenocyte cultures, and J. Narayanan for editorial
assistance.

1. Calabretta, B. (1991) Cancer Res. 51, 4505-4510.
2. Stein, C. A. & Cheng, Y. C. (1993) Science 261, 1004-1012.
3. Helene, C. & Toulme, J. J. (1990) Biochim. Biophys. Acta 1049,

99-125.
4. Kitajima, I., Shinohara, T., Bilakovics, J., Brown, D. A., Xu,

X. & Nerenberg, M. (1992) Science 258, 1792-1795.
5. Ratajczak, M. Z., Kant, J. A., Luger, S. M., Hijiya, N.,

Zhang, J., Zon, G. & Gewirtz, A. M. (1992) Proc. Nat!. Acad.
Sci. USA 89, 11823-11827.

6. Simons, M., Edelman, E. R., Dekeyser, J. L., Langer, R. &
Rosenberg, R. D. (1992) Nature (London) 359, 67-70.

7. Higgins, K. A., Perez, J. R., Coleman, T. A., Dorshkind, K.,

McComas, W. A., Sarmiento, U. M., Rosen, C. A. & Naray-
anan, R. (1993) Proc. Nat!. Acad. Sci. USA 90, 9901-9905.

8. Wahlestedt, C., Golanov, E., Yamamoto, S., Yee, F., Ericson,
H., Yoo, H., Intuffisi, C. E. & Reis, D. J. (1993) Nature
(London) 363, 260-263.

9. Narayanan, R.,Hins, K. A., Perez, J. R., Coleman, T. A. &
Rosen, C. A. (1993) Mol. Cell. Biol. 13, 3802-3810.

10. Sokoloski, J. A., Sartorelli, A. C., Rosen, C. A. & Narayanan,
R. (1993) Blood 82, 625-632.

11. Narayanan, R., Schaapveld, R. Q., Cho, K. R., Vogelstein, B.,
Tran, P. B., Osborne, M. P. & Telang, N. T. (1992) Oncogene
7, 553-561.

12. Eck, S. L., Perkins, N. D., Carr, D. P. & Nabel, G. J. (1993)
Mol. Cell. Biol. 13, 6530-6536.

13. McIntyre, K. W., Lombard-Gillooly, K., Perez, J. R., Kunsch,
C., Sarmiento, U. M., La1igan, D. J., L1 t, K. T. & Nary-
anan, R. (1993) Antisense Res. Dev. 3, 309-322.

14. Ruben, S. M., Dillon, P. J., Schreck, R., Henkel, T., Chen,
C. H., Maher, M., Baeuerle, P. A. & Rosen, C. A. (1991)
Science 251, 1490-1493.

15. Ruben, S. M., Narayanan, R., Klement, J. F., Chen, C. H. &
Rosen, C. A. (1992) Mol. Cell. Biol. 12, 444-454.

16. Branda, R. F., Moore, A. L., Mathews, L., McCormack, J. J.
& Zon, G. (1993) Biochem. Pharmacol. 45, 2037-2043.

17. Schreck, R., Meier, B., Mannel, D. N., Droge, W. & Baeuerle,
P. A. (1992) J. Exp. Med. 175, 1181-1194.

18. Stein, C. A., Tonkinson, J. L., Zhang, L. M., Yakubov, L.,
Gervasoni, J., Taub, R. & Rotenberg, S. A. (1993) Biochem-
istry 32, 4855-4861.

19. Loke, S. L., Stein, C. A., Zhang, X. H., Mon, K., Nakanishi,
M., Subasinghe, C., Cohen, J. S. & Neckers, L. M. (1989)
Proc. Nat!. Acad. Sci. USA 86, 3474-3478.

20. Nabel, G. & Baltimore, D. (1987) Nature (London) 326, 711-
713.

21. Lenardo, M. J. & Baltimore, D. (1989) Cell 58, 227-229.
22. Baeuerle, P. A. & Baltimore, D. (1988) Cell 53, 211-217.
23. Nolan, G. P., Ghosh, S., Liou, H. C., Tempst, P. & Baltimore,

D. (1991) Cell 64, %1-%9.
24. Perkins, N. D., Edwards, N. L., Duckett, C. S., Agranoff,

A. B., Schmid, R. M. & Nabel, G. J. (1993) EMBO J. 12,
3551-3558.

25. Stein, B., Baldwin, A. S., Jr., Ballard, D. W., Greene, W. C.,
Angel, P. & Herrlich, P. (1993) EMBO J. 12, 3879-3891.

26. Stein, B. & Baldwin, A. S., Jr. (1993) Mol. Cell. Biol. 13,
7191-7198.

27. Kaszubska, W., van Huasdujnen, R. H., Ghersa, P., De-
Raemy-Schenk, A., Chen, B. P., Hai, T., DeLamarter, J. F. &
Whelan, J. (1993) Mol. Cell. Biol. 13, 7180-7190.

28. Kerr, L. D., Ransone, L. J., Wamsley, P., Schmitt, M. J.,
Boyer, T. G., Zhou, Q., Bork, A. J. & Verma, I. M. (1993)
Nature (London) 365, 412-419.

29. Xu, X., Prorock, C., Ishikawa, H., Maldonado, E., Ito, Y. &
Gelinas, C. (1993) Mol. Cell. Biol. 13, 6733-6741.

30. Dynan, W. S. & Tjian, R. (1983) Cell 35, 79-87.
31. Pugh, B. F. & Tjian, R. (1990) Cell 61, 1187-1197.
32. Saffer, J. D., Jackson, S. P. & Annarella, M. B. (1991) Mol.

Cell. Biol. 11, 2189-2199.

Biochemistry: Perez et al.


