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Previous work has shown that treatment1 of cells with
the antimetabolite 1-b-D-arabinofuranosylcytosine
(ara-C) is associated with induction of the c-jun gene.
The present studies demonstrate that ara-C activates
the c-Abl non-receptor tyrosine kinase. We also demon-
strate that activity of the stress-activated protein kinase
(SAP kinase/JNK) is increased in ara-C-treated cells.
Using cells deficient in c-Abl (Abl2/2) and after introduc-
tion of the c-abl gene, we show that ara-C-induced c-Abl
activity is necessary for the stimulation of SAP kinase.
Other studies using cells transfected with a SEK1 dom-
inant negative demonstrate that ara-C-induced SAP ki-
nase activity is SEK1-dependent. Furthermore, we show
that overexpression of truncated c-Abl results in activa-
tion of the SEK1/SAP kinase cascade.

1-b-D-Arabinofuranosylcytosine (ara-C)1 is the most effective
agent used in the treatment of acute myelogenous leukemia (1).
This agent misincorporates into cellular DNA (2, 3) and inhib-
its replication by site-specific termination of DNA strands (4–
6). Although the precise mechanisms responsible for the lethal
effects of this agent remain unclear, recent studies have sup-
ported the activation of nuclear signaling cascades in ara-C-
treated cells. Exposure of human myeloid leukemia cells to
ara-C is associated with induction of c-jun and other early
response genes (7, 8). The induction of c-jun transcription is
positively autoregulated by its product c-Jun in cells treated

with phorbol esters (9). Treatment with ara-C is also associated
with post-translational modification of c-Jun and enhancement
of Jun/AP-1 activity (10). Moreover, binding of activated c-Jun
to the AP-1 site in the c-jun gene promoter confers ara-C
inducibility of this gene (10). Two serines (Ser-63 and Ser-73) in
the transactivation domain of c-Jun that are phosphorylated in
response to phorbol ester and UV light have been identified as
substrates for the mitogen-activated and stress-activated pro-
tein (SAP) kinases (11–13). Other studies have demonstrated
that the SAP kinase/extracellular signal-regulated kinase
kinase 1 (SEK1) is responsible for activation of SAP kinase
(14, 15).
The product of the c-abl gene is a non-receptor tyrosine

kinase (16). c-Abl is localized to the nucleus and cytoplasm (17,
18) and shares structural features with Src family tyrosine
kinases. In addition, c-Abl contains C-terminal actin binding
and DNA binding domains (17, 18). The finding that c-Abl
associates with the retinoblastoma (Rb) protein has supported
a role for c-Abl in regulating the cell cycle (19). Other work has
demonstrated that overexpression of c-Abl is associated with
the arrest of growth in the G1 phase (20, 21). Overexpression of
a dominant negative c-Abl results in deregulation of with-
drawal from or reentry into the cell cycle (21). These findings
have suggested that c-Abl negatively regulates growth. Other
studies have demonstrated that c-Abl is phosphorylated on
multiple sites by p34cdc2 and that such modification inhibits
DNA binding (17, 22). c-Abl phosphorylates the C-terminal
domain of RNA polymerase II (23, 24) and stimulates tran-
scription (19). Despite these insights into a potential role for
c-Abl, the precise function of this tyrosine kinase remains
unclear.
The present studies demonstrate that c-Abl is activated by

ara-C treatment. We also demonstrate that c-Abl is required
for ara-C-induced SAP kinase activity and that c-Abl activates
SAP kinase through SEK1.

MATERIALS AND METHODS

Cell Culture—NIH3T3 fibroblasts were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% heat-inactivated fetal bovine
serum, 100 units/ml penicillin, 100 mg/ml streptomycin, and 2 mM

L-glutamine. NIH3T3 cells that stably express the SEK1 dominant
negative were prepared by electroporation of pC3DNA SEK1 AL (14),
and individual clones were selected by limiting dilution in the presence
of 500 mg/ml G418. Abl-deficient fibroblasts (Abl2/2) were isolated from
fetal tissue of a mouse homozygous for a disrupted c-abl gene (25). The
cells were grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% heat-inactivated fetal bovine serum, 100 units/ml penicillin,
and 100 mg/ml streptomycin (26). Abl2/2 cells were infected with a
helper-free retrovirus expressing the c-abl gene and selected in puro-
mycin (designated Abl1 cells).2 293 cells were grown as described (14).
NIH3T3 cells were infected with a helper-free retrovirus expressing the
SH3 domain deleted mutant of c-Abl (DXB) and selected in neomycin
(27). Cells were treated with 10 mM ara-C (Sigma).
Subcellular Fractionation—Nuclear proteins were isolated as de-

scribed (28). In brief, cells were washed three times with phosphate-
buffered saline and suspended in 3 cell volumes of hypotonic solution
(10 mM b-glycerophosphate, 1 mM EDTA, 1 mM EGTA, 0.1 mM sodium
vanadate, 2 mM MgCl2, 10 mM KCl, 1 mM dithiothreitol, 0.5 mM phen-
ylmethylsulfonyl fluoride, 10 mg/ml aprotinin, and 10 mg/ml leupeptin).
After incubation on ice for 30 min to allow swelling, the cells were
disrupted in a Dounce homogenizer (15–20 strokes). The homogenate
was layered on a cushion of 1 M sucrose in hypotonic solution and
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subjected to centrifugation at 1,600 3 g for 15 min to pellet nuclei. The
nuclear pellet was washed twice by resuspension in 1 M sucrose/hypo-
tonic solution, and centrifugation was done at 1,600 3 g for 10 min. The
nuclei were then suspended in lysis solution (0.5% Nonidet P-40, 0.1%
sodium deoxycholate, and 0.1% Brij 35 in hypotonic solution). After
incubation at 4 °C for 30 min, the suspension was centrifuged at 12,000
3 g for 15 min, and the supernatant was used as the nuclear fraction.
c-Abl Immunoprecipitation and Immune Complex Kinase Assays—

Equal amounts of nuclear proteins were subjected to immunoprecipita-
tion with anti-c-Abl (K-12, Santa Cruz Biotechnology, San Diego, CA) as
described (28). Immune complexes were recovered by incubation with
protein A-Sepharose for 2 h at 4 °C. Preimmune rabbit serum (PIRS)
was used as a negative control. Immune complex kinase assays were
performed by incubating protein complexes in kinase buffer (50 mM

Tris, pH 7.5, 10 mM MnCl2, 1 mM dithiothreitol) with 5 mg of GST-
Crk(120–225) or GST-Crk(120–212) and 5 mCi of [g-32P]ATP for 30 min
at 28 °C. Phosphorylation was analyzed by 10% SDS-PAGE and auto-
radiography. In peptide phosphorylation assays, immune complexes
were incubated in kinase buffer with 20 mM peptide (EAIYAAPFAKKK)
(29), 10 mM ATP, and 5 mCi of [g-32P]ATP for 4 min at 25 °C. After
incubation, 25 ml were spotted onto P81 phosphocellulose discs (Life
Technologies, Inc.), followed by washing with 1% phosphoric acid and
then distilled water. The incorporated [32P]phosphate was determined
by scintillation counting.
c-Jun Immune Complex Kinase Assays—The GST-Jun(2–100) fusion

protein was prepared and purified by affinity chromatography using
glutathione-Sepharose beads as described (30). Cells were washed with
phosphate-buffered saline and lysed in 1 ml of lysis buffer (20 mM Tris,
pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 1 mM sodium vanadate, 1 mM

phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, and 10 mg/ml leu-
peptin and aprotinin). After incubation on ice for 30 min, insoluble
material was removed by centrifugation at 14,000 rpm for 10 min at
4 °C. Lysates were incubated with PIRS or anti-p54 SAP kinase (12)
and protein A-Sepharose for 2 h at 4 °C. The immune complexes were
washed three times with lysis buffer and once with kinase buffer and
resuspended in kinase buffer containing 1 mCi/ml [g-32P]ATP (6000
Ci/mmol, DuPont NEN) and 5 mg of GST-Jun. The reaction was in-
cubated for 15 min at 30 °C and terminated by the addition of SDS
sample buffer. The proteins were analyzed by SDS-PAGE and
autoradiography.
Transient Transfection Studies—Using the calcium phosphate

method, cells were transfected with 5 mg of pEBG, pEBG-SEK1, pEBG-
SEK1 K3R, pEBG-MEK1, or pEBG-SAP kinase (14). 293 cells were
also transfected with a retroviral vector (pGNG) encoding an SH3-
deleted transforming abl gene (14). After incubation for 16 h, the cells
were lysed in ice-cold lysis buffer. Lysates were incubated with gluta-
thione-agarose for 30 min, and the complexes were suspended in kinase
buffer containing [g-32P]ATP and GST-Jun. The reactions were incu-
bated for 15 min and the proteins separated by SDS-PAGE for analysis
by autoradiography and Coomassie Blue staining.

RESULTS AND DISCUSSION

Previous studies have demonstrated that ara-C induces a
stress response that includes activation of Jun/AP-1 and c-jun
transcription (7). In order to determine whether c-Abl is in-
volved in the cellular response to ara-C, we treated NIH3T3
cells with this agent and prepared anti-Abl immunoprecipi-
tates from nuclear lysates. In vitro kinase assays were per-
formed with the Crk protein as substrate. c-Abl binds to the
N-terminal SH3 domain of Crk and phosphorylates Tyr-221
(26, 31). Analysis of the anti-Abl immunoprecipitates with a
GST-Crk(120–225) fusion protein demonstrated increased
(;3–4-fold) Crk phosphorylation as a consequence of ara-C
treatment (Fig. 1A). The finding that there was little if any
phosphorylation of a GST-Crk(120–212) fusion protein, which
lacks the critical Tyr-221 for c-Abl phosphorylation, supported
detection of c-Abl activity (data not shown). The ara-C-induced
tyrosine kinase activity was also studied with a peptide
(EAIYAAPRAKKK) recently identified as a specific substrate
for c-Abl (29). Anti-Abl immunoprecipitates from ara-C-treated
cells phosphorylated this peptide at a level approximately
3-fold higher than that obtained with similar immunoprecipi-
tates from untreated cells (Fig. 1B). These results and the
finding that immunoprecipitates with PIRS fail to demonstrate

ara-C-induced peptide phosphorylation (Fig. 1B) support acti-
vation of c-Abl by ara-C.
Previous work has shown that SAP kinase is activated in

cells treated with tumor necrosis factor a, anisomycin, ionizing
radiation, and UV light (11, 12, 32). To determine whether
ara-C induces SAP kinase, we analyzed anti-SAP kinase pre-
cipitates for phosphorylation of the transactivation domain of
c-Jun. Using this approach, ara-C treatment was associated
with increased phosphorylation of a GST-Jun(2–100) fusion
protein (Fig. 2A). In contrast, cells deficient in c-Abl (Abl2/2)
failed to respond to ara-C with stimulation of SAP kinase
activity (Fig. 2A). In order to confirm the involvement of c-Abl
in ara-C-induced SAP kinase activity, we used Abl2/2 cells
that had been infected with a c-Abl containing retrovirus (desig-
nated Abl1). Immunoblot analysis of the Abl1 cells demon-
strated expression of c-Abl (33). While ara-C failed to induce
c-Abl activity in Abl2/2 cells, the Abl1 cells responded to ara-C
with stimulation of c-Abl activity (Fig. 2B). Moreover, the Abl1

cells responded to ara-C exposure with increases in SAP kinase
activity (Fig. 2C). These findings suggested that c-Abl is nec-
essary for activation of SAP kinase in cells treated with ara-C.
SAP kinase is activated by SEK1 (14, 15). In order to deter-

mine whether ara-C-induced SAP kinase activity is SEK1-de-
pendent, we prepared NIH3T3 cells that stably express a dom-
inant negative SEK1 in which the critical phosphorylation sites
are mutated as Ser 3 Ala and Thr 3 Leu (SEK1 AL mutant)
(provided by James Woodgett) (14). Treatment of the NIH3T3
SEK1 AL transfectants with ara-C was associated with stimu-
lation of c-Abl activity as determined by GST-Crk(120–225)
phosphorylation (Fig. 3A, lanes 1 and 2). In contrast, there was

FIG. 1. Activation of c-Abl by ara-C in NIH3T3 cells. A, NIH3T3
cells were treated with 10 mM ara-C for 30 min. Nuclei were isolated and
the nuclear proteins subjected to immunoprecipitation with anti-Abl. In
vitro immune complex kinase assays were performed using a GST-
Crk(120–225) fusion protein as substrate. GST-Crk(120–212) fusion
protein (which lacks the critical Tyr-221) was used as a negative control
(data not shown). B, NIH3T3 cells were treated with 10 mM ara-C and
harvested at the indicated times. Nuclear proteins were then subjected
to immunoprecipitation with anti-Abl antibody. Immunoprecipitations
were also performed with PIRS from cells exposed to 10 mM ara-C and
harvested at 30 min. In vitro immune complex kinase assays were
performed using the c-Abl substrate EAIYAAPFAKKK. The data (per-
cent control phosphorylation) represent the mean 6 S.E. of two sepa-
rate experiments.
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little if any phosphorylation of the GST-Crk(120–212) fusion
protein (Fig. 3A, lane 3). While these results supported activa-
tion of c-Abl, the NIH3T3 SEK1 AL cells failed to respond to
ara-C with activation of SAP kinase (Fig. 3B). Similar results
were obtained with other clones stably expressing the SEK1 AL
dominant negative protein (data not shown). Taken together,
these findings demonstrate that ara-C-induced SAP kinase

activity is c-Abl- and SEK1-dependent.
In order to confirm and extend our findings in ara-C-treated

NIH3T3 cells, we asked whether other cell types respond sim-
ilarly to this agent. Indeed, treatment of 293 kidney cells with
ara-C was associated with activation of c-Abl (Fig. 4A). These
cells also responded to ara-C with increases in SAP kinase
activity (Fig. 4B). To further analyze the relationship between
c-Abl and SEK1/SAP kinase, we transfected 293 cells with
pEBG-SEK1 and pGNG Abl (SH3-deleted abl gene) and as-
sayed glutathione-agarose protein complexes for in vitro phos-
phorylation of GST-Jun. Using these experimental conditions,
there was no detectable phosphorylation of GST-Jun (Fig. 4C).
Similar results were obtained following transfection of pEBG-
MEK1 and pGNG Abl (Fig. 4C). While transfection of SAP
kinase was associated with detectable GST-Jun phosphoryla-
tion, there was little if any effect on the intensity of this signal
by cotransfection with pGNG Abl or pEBG-SEK1 (Fig. 4C).
However, transfection of SAP kinase with both pGNG and

FIG. 2. Activation of SAP kinase activity by ara-C. A, NIH3T3
and Abl2/2 cells were treated with 10 mM ara-C and harvested at 2 h.
Total lysates were immunoprecipitated with anti-SAP kinase (anti-
SAPK) antibody, and in vitro immune complex kinase reactions con-
taining GST-Jun(2–100) fusion protein were analyzed by 10% SDS-
PAGE and autoradiography. B, Abl2/2 and c-Abl1 cells were treated
with 10 mM ara-C for 30 min. Nuclear proteins were subjected to im-
munoprecipitation with anti-Abl. In vitro immune complex kinase as-
says were performed using GST-Crk(120–225) fusion protein. C, total
cell lysates from control and ara-C-treated c-Abl1 cells were subjected
to immunoprecipitation with anti-SAP kinase, and in vitro immune
complex kinase reactions were performed with GST-Jun(2–100) fusion
protein as substrate.

FIG. 3. Activation of SAP kinase by ara-C is blocked in cells
overexpressing SEK1 AL dominant negative mutant. NIH3T3
SEK1 AL cells were treated with 10 mM ara-C for 30 min (A) or 2 h (B).
A. Nuclear proteins were analyzed for c-Abl activity using GST-
Crk(120–225) fusion protein as substrate (lanes 1 and 2). GST-
Crk(121–212) fusion protein was used as a negative control (lane 3). B,
total proteins were analyzed for SAP kinase (SAPK) activity. As a
positive control, Abl1 cells were treated with 10 mM ara-C for 2 h, and
total protein was analyzed for phosphorylation of GST-Jun(2–100).

FIG. 4. Role of Abl in activating SAP kinase in 293 cells. A, 293
cells were treated with 10 mM ara-C and harvested at 30 min. Nuclei
were isolated and the nuclear proteins subjected to immunoprecipita-
tion with anti-Abl. In vitro immune complex kinase assays were per-
formed using a GST-Crk(120–225) fusion protein as substrate. B, 293
cells were treated with 10 mM ara-C for 2 h. Total lysates were immu-
noprecipitated with anti-SAP kinase, and in vitro immune complex
kinase assays were performed using GST-Jun(2–100) as substrate. C,
293 cells were transiently transfected with the indicated vectors and
after 16 h, cell lysates were incubated with glutathione-agarose for 30
min. In vitro immune complex kinase assays were performed in the
resulting protein complexes by using GST-Jun as a substrate. Proteins
were separated by SDS-PAGE and analyzed by Coomassie Blue stain-
ing (left panel) and autoradiography (right panel).WT, wild type; SAPK,
SAP kinase. D, pEBG-SAPK (2 mg/plate) was transiently transfected
into NIH3T3 DXB cells together with the pEBG SEK1 K3R dominant
negative. The molar ratio of the SAPK vector to the dominant negative
plasmid is indicated, with the total DNA concentration kept constant by
supplementation with pEBG vector. Total cell lysates were incubated
with glutathione-agarose for 30 min at 4 °C. In vitro immune complex
kinase assays were performed on the resulting protein complexes using
GST-Jun as substrate. Proteins were separated by SDS-PAGE and
analyzed by autoradiography.
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pEBG-SEK1 resulted in pronounced GST-Jun phosphorylation
as evidenced by an increase in signal and a decrease in elec-
trophoretic mobility (Fig. 4C). Moreover, the finding that trans-
fection of the pEBG SEK1 K3R dominant negative completely
blocks Abl stimulation of SAP kinase activity provided further
support for c-Abl involvement in activation of SEK1/SAP ki-
nase. The results also support the inability of MEK1 to substi-
tute for SEK1 in stimulation of SAP kinase by pGNG Abl
cotransfection (Fig. 4C). Other studies were performed with
pGNG Abl-transfected NIH3T3 cells that stably express the
SH3-deleted and activated Abl mutant (designated DXB) (27).
Transfection of DXB cells with pEBG SAP kinase and different
molar ratios of SEK1 K3R resulted in complete abrogation of
SAP kinase activity (Fig. 4D). Taken together, these results in
293 and NIH3T3 cells demonstrate that activation of c-Abl is
upstream to the SEK1/SAP kinase cascade. The finding that
SEK1 and SAP kinase are detectable in the nucleus3 also
suggests that this cascade may be activated independently of
cytoplasmic proteins.
Ara-C acts as an efficient but not absolute DNA chain ter-

minator (4). The conformational and hydrogen bonding differ-
ences of the arabinose sugar moiety (34) are consistent with
decreased reactivity of the 39 terminus following ara-C incor-
poration and thereby slowing or termination of DNA chain
elongation. The incorporation of ara-C into DNA results in
inhibition of replication forks and the accumulation of DNA
fragments (35). While the event(s) responsible for activation of
c-Abl remains unclear, DNA fragmentation may represent an
initial signal. In this context, treatment with certain other
agents that damage DNA, such as ionizing radiation, is also
associated with c-Abl activation (33). These findings and the
present studies suggest that c-Abl is involved in SEK1-depend-
ent activation of SAP kinase in response to DNA damage.

Acknowledgments—We thank Dr. James Woodgett for providing the
pC3DNA SEK1 AL mutant and Dr. John Kyriakis for anti-SAPK anti-
bodies. We also thank Dr. David Baltimore for providing Abl2/2 cells
and Dr. S. Feller for providing the GST-Crk constructs.

REFERENCES

1. Frei, E., Bickers, J. N., Hewitt, J. S., Lane, M., Leary, W. V. & Talley, R. W.
(1969) Cancer Res. 29, 1325–1332

2. Kufe, D. W., Major, P. P. & Beardsley, P. (1980) J. Biol. Chem. 225, 8997–9000
3. Major, P. P., Egan, E. M., Beardsley, G., Minden, M. & Kufe, D. W. (1981)

Proc. Natl. Acad. Sci. U. S. A. 78, 3235–3239
4. Kufe, D., Munroe, D., Herrick, D. & Spriggs, D. (1984) Mol. Pharmacol. 26,

128–134
5. Ohno, Y., Spriggs, D., Matsukage, A., Ohno, T. & Kufe, D. (1988) Cancer Res.

48, 1494–1498
6. Townsend, A. & Cheng, Y.-C. (1987) Mol. Pharmacol. 32, 330–339
7. Kharbanda, S., Sherman, M. L. & Kufe, D. (1990) J. Clin. Invest. 86,

1517–1523
8. Kharbanda, S., Saleem, A., Rubin, E., Sukhatme, V., Blenis, J. & Kufe, D.

(1993) Biochemistry 32, 9137–9142
9. Angel, P., Hattori, K., Smeal, T. & Karin, M. (1988) Cell 55, 875–885
10. Brach, M., Hermann, F. & Kufe, D. W. (1992) Blood 79, 728–734
11. Derijard, B., Hibi, M., Wu, I. H., Barrett, T., Su, B., Deng, T., Karin, M. &

Davis, R. J. (1994) Cell 76, 1025–1037
12. Kyriakis, J. M., Banerjee, P., Nikolakaki, E., Dai, T., Rubie, E. A., Ahmad, M.

F., Avruch, J. & Woodgett, J. R. (1994) Nature 369, 156–160
13. Pulverer, B. J., Kyriakis, J. M., Avruch, J., Nikolakaki, E. & Woodgett, J. R.

(1991) Nature 353, 670–674
14. Sanchez, I., Hughes, R. T., Mayer, B. J., Yee, K., Woodgett, J. R., Avruch, J.,

Kyriakis, J. M. & Zon, L. I. (1994) Nature 372, 794–798
15. Yan, M., Dai, T., Deak, J. C., Kyriakis, J. M., Zon, L. I., Woodgett, J. R. &

Templeton, D. J. (1994) Nature 372, 798–800
16. Wang, J. Y. J. (1993) Curr. Opin. Genet. & Dev. 3, 35–43
17. Kipreos, E. T. & Wang, J. Y. J. (1992) Science 256, 382–385
18. McWhirter, J. R. & Wang, J. Y. J. (1991) Mol. Cell. Biol. 11, 1553–1565
19. Welch, P. J. & Wang, J. Y. J. (1993) Cell 75, 779–790
20. Mattioni, T., Jackson, P. K., Bchini-Hooft van Huijsduijnen, O. & Picard, D.

(1995) Oncogene 10, 1325–1333
21. Sawyers, C. L., McLaughlin, J., Goga, A., Havilik, M. & Witte, O. (1994)

Cell 77, 121–131
22. Kipreos, E. T. & Wang, J. Y. J. (1990) Science 248, 217–220
23. Baskaran, R., Dahmus, M. E. & Wang, J. Y. J. (1993) Proc. Natl. Acad. Sci.

U. S. A. 90, 11167–11171
24. Duyster, J., Baskaran, R. &Wang, J. Y. J. (1995) Proc. Natl. Acad. Sci. U. S. A.

92, 1555–1559
25. Tybulewicz, V. L. J., Crawford, C. E., Jackson, P. K., Bronson, R. T. &

Mulligan, R. C. (1991) Cell 65, 1153–1163
26. Feller, S. M., Knudsen, B. & Hanafusa, H. (1994) EMBO J. 13, 2341–2351
27. Mayer, B. & Baltimore, D. (1994) Mol. Cell. Biol. 14, 2883–2894
28. Kharbanda, S., Yuan, Z.-M., Weichselbaum, R. & Kufe, D. (1994) J. Biol.

Chem. 269, 20739–20743
29. Songyang, Z., Carraway, K. L., III, Eck, M. J., Harrison, S. C., Feldman, R. A.,

Mohammadi, M., Schlessinger, J., Hubbard, S. R., Smith, D. P., Eng, C.,
Lorenzo, M. J., Ponder, B. A. J., Mayer, B. J. & Cantley, L. C. (1995)Nature
373, 536–539

30. Saleem, A., Yuan, Z.-M., Kufe, D. W. & Kharbanda, S. M. (1995) J. Immunol.
154, 4150–4156

31. Ren, R., Ye, Z.-S. & Baltimore, D. (1994) Genes & Dev. 8, 783–795
32. Kharbanda, S., Saleem, A., Shafman, T., Emoto, Y., Weichselbaum, R.,

Woodgett, J., Avruch, J., Kyriakis, J. & Kufe, D. (1995) J. Biol. Chem. 270,
18871–18874

33. Kharbanda, S., Ren, R., Pandey, P., Shafman, T. D., Feller, S. M., Weichsel-
baum, R. R. & Kufe, D. W. (1995) Nature 376, 785–788

34. Cozzarelli, N. (1977) Annu. Rev. Biochem. 46, 641–668
35. Burhans, W. C., Selegue, J. E. & Heintz, N. H. (1986) Biochemistry 25,

441–4493 S. Kharbanda, P. Pandey, and D. Kufe, unpublished data.

Induction of SEK1/SAP Kinase Pathway by ara-C 30281

 by guest on O
ctober 14, 2019

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


Kufe
Surender Kharbanda, Pramod Pandey, Ruibao Ren, Bruce Mayer, Leonard Zon and Donald

-D-ArabinofuranosylcytosineβPathway in the Cellular Response to 1-
c-Abl Activation Regulates Induction of the SEK1/Stress-activated Protein Kinase

doi: 10.1074/jbc.270.51.30278
1995, 270:30278-30281.J. Biol. Chem. 

  
 http://www.jbc.org/content/270/51/30278Access the most updated version of this article at 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/270/51/30278.full.html#ref-list-1

This article cites 35 references, 16 of which can be accessed free at

 by guest on O
ctober 14, 2019

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/content/270/51/30278
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;270/51/30278&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/270/51/30278
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=270/51/30278&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/270/51/30278
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/270/51/30278.full.html#ref-list-1
http://www.jbc.org/

