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Histidine-pyridine-histidine-3 (HPH-3) is an oxygen-activating ligand based on the structure of
bleomycin. HPH-3 induced the death of human pancreatic adenocarcinoma AsPC-1 cells in 24 h,
causing apoptotic morphology and internucleosomal degradation of DNA. HPH-3-induced cell
death was not inhibited by antioxidants such as reduced glutathione ard-acetylcysteine, whereas
hydrogen peroxide-induced cell death was inhibited by them, indicating that hydrogen peroxide is
not involved in the induction of apoptosis by HPH-3. Induction of apoptosis by HPH-3 was inhib-
ited by zinc and copper ions, indicating that chelation with ferrous ion is responsible for induction
of apoptosis, as is the case in chelation by bleomycin to cleave DNA. Bleomycinafd its frag-
ment having no DNA-binding region, glycopeptide-3, did not induce apoptosis in AsPC-1 cells.
Bleomycin A, induced G2/M block in flow-cytometric analysis, but HPH-3 did not and instead
induced an apoptotic pre-G1 peak. Thus, HPH-3 induced apoptosis in human pancreatic carci-
noma cells, which is a unique characteristic among bleomycin-related compounds.
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Cell death can be classified into necrosis and apoptosisluces HO,, to the culture medium also induced apoptosis
In the process of apoptosis, the cells programmed to dien cultured cell$®
are considered to be removed without the induction of Bleomycin is an anticancer agent that induces double-
inflammation in their microenvironment. In cultured cells, strand scission in DNA by oxygen activatitthAlthough
apoptosis is often induced by activation or inhibition of a low-molecular-weight compound, bleomycin consists of
specific signaling pathways. Activation of FAS on the cell oxygen-activating and DNA-binding domains, as shown
surface by anti-FAS, addition of tumor necrosis factar-  in Fig. 1A. Glycopeptide-3 (GP-3) corresponds to the por-
(TNF-a)? or transforming growth factdtd (TGF{1)> tion of bleomycin having no DNA-binding region. Many
inhibition of tyrosine kinasé® and intracellular injection physico-chemical data indicate that tfleaminoalanin-
of an inactive Grb 2 isoforthwere reported to induce amide-pyrimidineB-hydroxyhistidine region of bleomycin
apoptosis. Characteristic features of apoptosis include ceforms an iron complex to activate molecular oxygen.
shrinkage, apoptotic body formation, internucleosomalBased on the oxygen-activating region of bleomycin, one
DNA fragmentation, and early induction of cell death of us designed a new ligand system of molecules with a
after the signal transduction. Based on these criteria, radsymmetrical structure consisting of two histidine units and
ation and many anticancer agents induce apoptosis. Fa pyridine and named them histidine-pyridine-histidine
example, etoposide, adriamycin® and cisplati? were  compounds (HPHSY:® Among several HPH compounds,
reported to induce apoptosis in cancer cells. HPH-3 (Fig. 1B) is the most effective in activating oxy-

The effector phase of apoptosis may involve reactivegen.
oxygen species (ROS) and proteases such as caspaseslsolation or preparation of apoptosis inducers may be
ROS were reported to be involved in various instances ofiseful to develop new anticancer agents, since many solid
apoptosis such as that induced by TeF TGF31,* or tumor cells are resistant to apoptosis caused by anticancer
erbstatint? Addition of H,O, or menadione, which pro- agents. In the present study we examined the induction of
apoptosis by HPH-3 in human pancreatic carcinoma cells.
6To whom reprint requests should be addressed. We also compared its effect with that of bleomycin A
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Fig. 1. The structures of bleomycin, #A) and HPH-3 (B).

and with that of its fragment without the DNA-binding DNA fragmentation Cells (510°) were seeded in 60-

region, GP-3. mm culture dishes. After 24 h, chemicals were added and
the cells were incubated for a further 24 h, after which
MATERIALS AND METHODS they were collected and lysed in 4000f lysis buffer (50

mM Tris, 10 nM EDTA, 0.5% sodiunN-lauroyl sarcosi-
Cell lines and cell culture Human pancreatic adenocar- nate; pH 8.0) containing 100g/ml of proteinase K. The
cinoma AsPC-1 celtd were cultured in RPMI 1640 (Nis- mixture was incubated at 37°C overnight. After addition
sui Pharmaceutical Co., Ltd., Tokyo) medium containingof 300 yl of TE buffer (10 nM Tris, 10 nM EDTA; pH
10% heat-inactivated (56°C, 30 min) fetal bovine serum?7.5), the whole was centrifuged at 15,90@r 20 min,
(Bioserum, Lenexa, KS) at 37°C in a 5% L@&mo- and the precipitate was removed. After sequential extrac-
sphere. tions with 800 ul of phenol (twice) and chloroform
Materials HPH-3 was synthesized as described béfbre. (once), DNA was precipitated with ethanol. Precipitated
Bleomycin A was obtained from the Institute of Micro- DNA was resuspended in 40 of TE buffer containing 1
bial Chemistry, Tokyo. GP-3 was prepared from bleomy-ug/ml of RNase. The DNA samples were subjected to
cin A, (Y. Muraoka, unpublished result). HPH-3, electrophoresis in a 1.5% agarose gel and visualized by
bleomycin A, and GP-3 were all free of metal ions. ethidium bromide staining.
HPH-3 was initially dissolved in dimethyl sulfoxide, Flow-cytometric analysis Cells (%1(F) were seeded in
whereas bleomycin Aand GP-3 were dissolved in®l 10-cm culture dishes. After 24 h, chemicals were added to
Cell viability Cells (X10°) were seeded in 24-well cul- the cells, and the cultures were incubated for the desired
ture plates. After 24 h, chemicals were added to the cellgeriods. The cells were subsequently collected and fixed
and then the cells were incubated for the desired period$or 1 h with 70% ethanol, and their DNA was stained for
Cell viability was determined by cell counting with a 30 min with 0.1 mg/ml propidium iodide solution. Finally,
hemocytometer after staining with trypan blue. Survivingthe cells were analyzed with a flow cytometer (Epics
cells were expressed as a percentage of the total cell poflite, Coulter, Hialeah, FL).
ulation. Values were expressed as m&8bx of triplicate
determinations. RESULTS
Nuclear fragmentation Cells (Z10°) were plated on
coverslips in 12-well culture plates and treated with HPH-Induction of cell death and inhibition of growth by
3 for 24 h. Then the cells were fixed for 15 min with 3% HPH-3 HPH-3 reduced the viability of human pancreatic
paraformaldehyde solution, and the nuclei were stainedarcinoma AsPC-1 cells in 24 h at 10-88/ml, when
for 5 min with Hoechst 33258 dye. The cells on cover-viability was assayed by trypan blue dye exclusion, as
slips were examined under a fluorescence microscope. shown in Fig. 2A. It also inhibited the proliferation of the
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Fig. 2. Induction of cell death (A) and inhibition of growth (B)
of AsPC-1 cells by HPH-3. (A) Cells were treated with’0 (), 3
(0), 10 (A ) or 30 @ )ug/ml of HPH-3 or 30ug/ml of bleo-
mycin A, (m) for the indicated periods. Surviving cells deter-
mined by the trypan blue dye exclusion assay were expressed a
a percentage of the total cell population. Values are m2ids

of triplicate determinations. (B) Cells were incubated with 0
(x),1(0),3(a)or10@ g/mlof HPH-3, or with 3 & )

or 10 (m ) ug/ml of bleomycin A for the indicated periods.
Values are meansSD of triplicate determinations.

cells at slightly lower concentrations, as shown in Fig. _ -
2B. As expected, HPH-3 lowered the cell number When::'g- 3'[-_ '“dl]jC“O“l of ?POPIOS? ;_“ A$Pi'1pgeys bh/ HbPH|:|3P'|-$A3)
P nduction of nuclear fragmentation in AsPC-1 cells -3.
added at 1ng/m|. __On the other hand, bl_eomyCIQ Alq Nuclear fragmentation a%ter 24 h of treatment With;l@ﬂ))r/nl of
_not_ Ipwer the viability even at 3pg/_m| (Fig. 2A), but it HPH-3 was detected by staining with Hoechst 33258. (B) Induc-
inhibited the growth at 3—-10g/ml (Fig. 2B). tion of DNA fragmentation in AsPC-1 cells by HPH-3. The
Induction of apoptosis by HPH-3 HPH-3 induced DNA was extracted from cells treated with HPH-3 for 24 h and
AsPC-1 cell shrinkage and apoptotic body formation in 24electrophoresed on an agarose gel.
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Fig. 4. Effect of antioxidants on HPH-3-induced cell death inFig. 6. Effect of metal ions on HPH-3-induced cell death in
AsPC-1 cells. After 1 h of preincubation with antioxidants, cellsAsPC-1 cells. After 1 h of preincubation with a 8" concen-

were treated (solid columns) or not (open columns) witlu@0  tration of the desired metal ion for 1 h, cells were treated (solid
ml of HPH-3 for 24 h. Surviving cells determined by the trypancolumns) or not (open columns) with 3 (28.2 ug/ml) of

blue dye exclusion assay are expressed as a percentage of WiH-3 for 24 h. Surviving cells were determined by the trypan
total cell population. Values are meai8D of triplicate determi- blue dye exclusion assay and are expressed as a percentage of
nations. GSH, reduced glutathione; NA®I-acetylcysteine; the total cell population. Values are mea8® of triplicate

DTT, dithiothreitol; AsA, ascorbic acid. determinations.
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Fig. 5. Induction of cell death in AsPC-1 cells byGH (A) Cells were treated with J@, for 24 h. (B) Effect of antioxidants on
H,O.-induced cell death. Cells were pretreated with\M raduced glutathione d{-acetylcysteine for 1 h, after which IMrH,O, was
added. Surviving cells were determined by the trypan blue dye exclusion assay and are expressed as a percentage bfpibe- total ce
ulation. Values are meataSD of triplicate determinations.
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Fig. 7. DNA flow-cytometric analysis of HPH-3- (A), bleomycin-AB), GP-3- (C), and §D,- (D) treated AsPC-1 cells. Cells were
treated with 1QuM (9.4 ug/ml) HPH-3 for 8, 16 or 24 h, or with 3@M bleomycin A, 30 uM GP-3, or 1 M H,O, for 24 or 48 h.

They were then stained with propidium iodate and analyzed by flow cytometry. The cells were severely damaged when trHated with
UM HPH-3 for 48 h.

h at 30ug/ml, as well as nuclear fragmentation detectableinduced cell death. On the other hand, hydrogen peroxide
by Hoechst 33258 staining (Fig. 3A). It also inducedinduced cell death in AsPC-1 cells at 0.3-Mmas
internucleosomal fragmentation of DNA at 10-86/ml shown in Fig. 5A. The hydrogen peroxide-induced cell
after incubation for 24 h (Fig. 3B). Thus, the cell deathdeath was completely inhibited by reduced glutathione
induced by HPH-3 was shown to be apoptotic. and N-acetylcysteine (Fig. 5B). Therefore, it is unlikely
Effect of antioxidants on HPH-induced cell death that hydrogen peroxide is involved in the mechanism of
Antioxidants such as reduced glutathioi¢acetylcys- HPH-3-induced cell death.

teine, dithiothreitol, and ascorbic acid were added to theEffect of metal ions on HPH-3-induced cell death In
cells prior to HPH-3. As shown in Fig. 4, except for the case of bleomycin, chelate formation with a trace
ascorbate, these antioxidants did not inhibit the HPH-3-amount of ferrous ion (P is considered to be responsi-
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ble for oxygen activation and DNA scissithBleomycin ~ mouse leukemia L1210 cells, human acute promyelocytic
is also known to bind Ctand Zrii* more strongly than leukemia HL60 cells, and human epidermoid carcinoma
Fe.19 Therefore, we studied the effect of these metalKB cells. It was also effective in inducing apoptosis in
ions on HPH-3-induced cell death. Each metal ion waanultidrug resistant KBC-4 cells.

added at the equivalent molar concentration to that of The structure of HPH-3 was derived from the oxygen-
HPH-3. As shown in Fig. 6, Zhand C@& inhibited the activating region of bleomycit? It is not known what
reduction in viability induced by HPH-3, whereas other kind of reactive oxygen species is responsible for DNA
divalent ions such as Mg C&*, and Mi#* did not. Thus, scission by bleomycin. We also could not identify the type
metal-chelating activity is likely to be responsible for the of reactive oxygen produced by HPH-3 to induce apopto-
cytotoxic effect of HPH-3. sis. However, involvement of hydrogen peroxide was
Flow-cytometric analysis of DNA from AsPC-1 cells excluded, since reduced glutathione awacetylcysteine
treated with HPH-3, bleomycin A, or GP-3 Neither  did not inhibit the HPH-3-induced cell death, whereas
bleomycin A nor GP-3 even at 10@M induced cell they did inhibit the hydrogen peroxide-induced cell death.
death in AsPC-1 cells. Bleomycin,Anhibited prolifera- Among the 4 antioxidants employed, only ascorbic acid
tion of the cells at 3-3@M in 3 days, as shown in Fig. inhibited the induction of apoptosis by HPH-3. HPH-3 did
2B; but GP-3 at 3QuM did not (data not shown). Then, not react with ascorbic acid directly in the aqueous solu-
we compared the effect of HPH-3 to that of related com-ion, as judged by thin-layer chromatographic analysis.
pounds, bleomycin Aand GP-3, on cell-cycle progres- Among glutathioneN-acetylcysteine, and ascorbic acid,
sion. A 24-h or 48-h treatment with HPH-3 at A®l (9.4 only ascorbic acid was reported to be a scavenger of sin-
ug/ml) induced a pre-G1 peak, indicative of apoptotic glet oxyger?® 2 Therefore, it is possible that HPH-3 pro-
cells, as shown in Fig. 7. No accumulation of G1 or G2/duces singlet oxygen to induce apoptosis. Ascorbic acid is
M cells was observed. On the other hand, bleomygin Aa two-electron reductant, and can reducé& Fe Fe*.??
even at 30uM did not induce pre-G1 cells, and clearly As in the case of bleomycin, HPH-3 is likely to chelate
caused the accumulation of G2/M cells. GP-3 is the por+e”* in the medium to form HPH-3-FeO,, which should
tion of bleomycin A having no DNA-binding ability. GP- be responsible for oxygen activation, as*&®, is likely

3 did not induce either pre-G1 cells or accumulation ofto be converted to FeO,". Thus, another possible expla-
G2/M cells. Thus, only HPH-3 induced apoptotic cell nation would be that ascorbate interferes with the transi-
death among the 3 related compounds. Since adriamycirtion from Fé* to Fé* in the chelate.

cisplatin, and vinblastine did not induce early cell death in Bleomycin was reported to be a weak apoptosis
AsPC-1 cells, we used hydrogen peroxide as a positivéinducer, and it induced apoptosis only at a high intracellu-
control. It also induced pre-G1 peaks in AsPC-1 cellslar concentration in Chinese hamster ovary ¢@lisn
(Fig. 7D). Both HPH-3 and hydrogen peroxide weakly AsPC-1 cells it did not induce apoptosis, although it

induced pre-G1 peaks in AsPC-1 cells. caused a G2/M block (Fig. 7) and inhibited the growth.
Bleomycin contains a DNA-binding region, whereas
DISCUSSION HPH-3 does not. However, the two are known to have

comparable oxygen-activating ability. Therefore, we first

Although adriamycin, cisplatin, and vinblastine are expected that removal of the DNA-binding region from
known to induce apoptosis, they did not induce cell deaththe structure of bleomycin would confer apoptosis-induc-
or apoptotic morphology in AsPC-1 cells at B/ml in ing activity upon bleomycin. However, GP-3, a fragment
24 h (manuscript in preparation). However, HPH-3of bleomycin having no DNA-binding region, did not
induced early cell death, internucleosomal DNA degradainduce apoptosis at all. Thus, apoptosis-inducing activity
tion, and morphological apoptosis in these cells. Theseems to be a unique characteristic of HPH-3 among bleo-
HPH-3-induced cell death and DNA fragmentation weremycin-related compounds. HPH compounds may be use-
not inhibited by 100uM caspase-1 inhibitor Ac-YVAD- ful core structures to design new potent and selective
CHO or by 100uM caspase-3 inhibitor Ac-DEVD-CHO. agents for induction of apoptosis in neoplastic cells.
Also, HPH-3 did not change the cellular level of Bcl-2, or
that of Bax in 12 h, as judged by western blotting analysis,cxknowLEDGMENTS
(data not shown). Therefore, HPH-3 may act directly at
the effector phase of apoptosis rather than at the induction The authors wish to thank Mr. S. Kumeda and Miss K.
phase by producing reactive oxygen species. Nakazawa for technical assistance.

HPH-3 induced early cell death and apoptotic morpho-(Received March 30, 1998/Revised June 19, 1998/Accepted July
logical changes not only in AsPC-1 cells, but also in2, 1998)
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