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ABSTRACT

In this study the morphologic, cytokinetic, biochemical, and molecu1w:

consequences of low-dose continuous Puromycin-exposure were examined in

HL-60 cells, and in a variety of malignant and non-malignant human and

murine cell types. Puromycin (PM) is a composite of the aminonueleoside

dimethyladenosine and tyrosine-o-metbyletber. Functionally it is au analogue

of the terminal aminoacyl-adenosine portion of aminoacyl-tRNA, more

specifically of tyrosyl..tRNA At high coacentrations 5-S0#tg/ml (10-100#tM)

PM has been found to block protein synthesis completely by causing the

premature release from the ribosomes of truncated peptide chains which are

bound to PM through their carboxyl termini. The nascent PMGpeptide

complexes (PMPs) are rapidly degraded through a ubiquitin-dependent

pathway and are of interest because of (i) their potential to compete for

degradation with the natural substrates of the ublqultin-dependent pathway,

including cyclin B, and (ii) because their structure predicts an inhibitory effect

on tyrosine kinase activity. Inthe current' study then, special consideration

was given to the effect of PM on the cell cycle, on apoptosis (programmed. cell

death), and on tyrosine kinase activity, As a means of comparison, certain of

these effects were also examined with respect to another translation inhibitor

Cycloheximide (CHX), to two other substituted purines Puromycin

aminonucleoside (PAN) and 6..Dimethylaminopurine (6-DMAP), as well as to

the cyclophospbamide derivative Mafosfamide (ASTA Z 7557).
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The potent effects of low doses of PM on the cell cycle have to date been

obscured by the conventional usage of this drug at high concentrations (5-

50J,£g/ml)to inhibit protein synthesis. In unsynchronized cells, low doses of

PM (O.1-0.5J,£g/ml)were found to disrupt significant phase-to-phase cell cycle

transitions, causing a G2-Phase-arrest, a metaphase-mitotic-arrest, and

apoptosis. These observations were elicited by PM concentrations as low as

O.lJ,£g/mi,and were more pronounced at slightly higher PM concentrations,

including that (05J.£g/ml) which inhibited [14C]Leucine incorporation by

approximately 20% after one hour, and by approximately 50% after 24 hours.

A concentration of CHX (O.25J,£g/ml)which was equivalent to O.5JJg/ml of PM,

both in terms of molarity (O.9uM) and degree of inhibition of [14C]l.eucine

incorporation, failed to induce similar changes to those induced by PM. This

suggests that at these particular concentrations the PM-induced changes were

likely to have been related to the different mechanisms of protein synthesis

inhibition exerted by these two "classical" translation inhibitors. PM but not

CHX generates nascent peptidyl-PM complexes (PMPs), and it is therefore

feasible to propose that the subsequent intracellular effects exerted by the

PMPs may account, in part, for the differem:ial cytokinetic effects elicited by

these drugs. Furthermore the observation that the closely related substituted

purines PAN and 6-DMAP did not exert detectable morphological and

cytokinetic uffects may also be attributable to their failure to generate nascent

PMPs. Since the metaphase-to-anaphase transition is mediated by precipitous

ubiquitin-dependent eyelin B degradation, and since PMPs are degraded by the

same pathway, it is possible that in PM-treated cells this pathway was
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preferentially diverted into PMP proteolysis. One or more of the ubiquitin

pathway components might have become limiting for cyclin B degradation,

resulting in the observed metaphase-mitotic-arrest. As far as the mechanism

of the G2-Pbase-arrest is concerned, this may be related.to PM-mediated

attenuated tyrosine phosphorylation of the proteins that mediate the G2-

Phase/metaphase transition (see below).

In cells that were synchronised at the G001/8 boundary and subsequently

exposed to 2J,£g/ml PM, S-Phase progression was found to be retarded. A G2·

Phase-arrest was evident at 8 hours and was found to precede acute, explosive

apoptosis at 10 hours. Apoptosis was confirmed morphologically and

biochemically. [C1.4]Leuclneincorporarion studies revealed that in the 8th

hour of PM-exposure, protein synthesis was inhibited by ±94%. Thus in

synchronized, PM-treated cells, this study showed that the activation of the

apoptotic cascade was cell cycle-dependent Le. consequent on a G2-Phase ..

arrest, and that both the G2/ apoptosis transition and the process of apoptosis

itself were virtually protein synthesis ..independent. The mechanisms by which

the protein synthesis inhibitor PM retarded the passage of synchronised cells'

through S-Phase, disrupted the G2/metaphase transition, and activated the

apoptotic cascade may be related to PM's protein synthesis inhibiting activity,

Or alternatively to its ability to disrupt cellular tyrosine phosphorylation of the

regulatory proteins involved inmediating the G2.·Phase/metaphase transition.

With regard to the latter suggestion, since PM-exposure is known to generate
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PMPs whose structure predicts an inhibitory effect on tyrosine kinase activity,

and since the search for specific tyrosine kinase inhibitors constitutes a novel

approach to the development of anticancer agents, the effect of a low dose of

PM (0.9 p.M/ jO.5p.g/ml) on tyrosine kinase activity was investigated.

Experiments were specifically controlled to exclude inhibitory effects

consequent on protein synthesis blockade. Soluble enzyme extracts derived

from PM-treated cells showed attentuated phosphorylation of two independent

synthetic tyrosine kinase-specific substrates, the polymer Poly(Glu:Tyr;4:1) and

the peptide substrate Raytide. In contrast, Protein Kinase Ospedfie activity

was unaffected by PM-exposure. It is likely that inhibition was due to

metabolite/a of PM, perhaps PMPs, rather than to PM itself.

Low-dose PM could thus provide a potentially useful tool for dissecting out the

role of tyrosine phosphorylation in the regulation and dysregulation of cell

growth, and could co~ceivably prove beneficial in the treatment of tumours in

which tyrosine kinase overactivity is linked to oncogenesis. PM could also

prove useful as a low-dose component of a multidrug chemotherapeutic

regimen inwhich its cell-cycle-specific effects could potentially 'be synergistic

with other anticancer agents that elicit similar cell cycle arrests, as well as with

chemotherapeutic drugs that activate the apoptottc cascade e.g, the

Cyclophospbamide derivative Mafosfamide,

Cyclophosphamide is a. widely employed a1kylating chemotherapeutic agent

whose cytotoxicity is mediated by the introduction into DNA of cross-links and
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single-strand breaks. Mafosfamide (ASTA Z 7557), a cyclophosphamide

derivative which rapidly generates 4-Hydroxycyc1ophosphamide after aqueous

dissolution, was employed inmm at doses ranging from 0.1 to 10 ug/ml, In

unsynchronised cells Mclosfamide-exposure was associated with an S-Phase

accumulation, a G2-Phase arrest, and morphological, ultrastructural, ..and

biochemical evidence of apoptosis, In syt1Lcbronisedcells, S-Phase progression

was considerably delayed in. the presence of Mafosfamide, The apoptosis

which was evident in Mafosfamide-treated cells 12 hours after release from the

thymidine block was found to occur in the presence of S-Pbase- and G2..Phase-

cell-cycle-arrests. Taken together the current data suggest that Mafosfamide

may well have potential synergism with PM in that both of these drugs elicit a

G2..Phase-arrest as well as activate the apoptotic cascade.

Since the expression of the proto ..oncogene c-~ bas been strongly but

variously implicated in the regulation of the apoptotic pathway, a study was

undertaken to examine the levels of c-~ mRNA transcripts in PM.. and

Mafosfamide-treated cells in which the apoptotic cascade was activated.

Mafosfamide was employed in vitro: at doses ranging from. 0,1 to 10~~g/ml.

No changes in c-~ mRNA levels were evident after 1 hour of exposure to

Mafosft ....mde. After 6 and 24 hours of Mafosfamide.·exposure however, there

was a dose .. and time-dependent decrease in c~nw transcripts. c..my~mRNA

expression was reduced to a greater extent than either the beta-actin or

GAPDH expression was. In the context of Mafosfamide-treated }iL..60 cells

therefore, upregulation d c..~ mRNA transcription was not fundamental for
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the activation of the apoptotic cascade. As far as PM was concerned, for this

part of the study doses of O.9J1.M and 2J1.MPM were employed iu..YittQ. Dose-

dependent c-~ mRNA up-regulation was present at 1 hour of PM..exposure,

and was associated with subsequent activation of the apoptotic cascade at 24

hours of exposure. Although high concentrations of protein synthElsis

inhibitors have been found by others to augment and stabilize mRNA

transcript levels e.g, 36-180#-'M of .PM has been found to elicit c~mY$~mlblNA

upregulation/superinduction, [C14]Leucine incorporation studies at 1 hour

demoIlStrarp~ minimal protein synthesis inhibition at the doses of P:M

employed, suggesting that c-~ mRNA, up ..regulation in this context may have

been the result of mechanisms which were independent of new protein

synthesis.

In a further study undertaken to address this suggestion, the protein synthesis-

inhibitory effects of PM and CHX were dissociated from their C-mYC mRNA

superinducing effects. When employed at concentrations which were sub..

inhibitory with respect to protein synthesis (O.2#M), PM and CHX nevertheless

elicited the phenomenon of superinduction, possibly through mechanisms

related to interruptions in signal transduction. It is feasible that the tyrosine

kinase inhibition demonstrated in PM-treated cells, and the Protein Kinase C

inhibition evident in CHX-treated cells, may have contributed to the protein

synthesis-independent c..~ mRNA upregulation elicited by low doses of these

drugs.
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The findings of this. study are of interest because the use of PM previously In,

1955 as a ~ antineoplastic agent proved to be ineffective in a range of

clinical settings. Although significant protein synthesis inhibiting

concentrations of PM are unattainable in..rlr.2 without serious toxicity, this

litnitation does net necessarily apply to the more potent effects elicited by low~

dose p~,r. The data suggests that PM:may yet prove to be a useful

cbemotllerapeutil~ agent, not singly but as a component of a multidrug regimen

in whlch its potent cell-cycle-specific and apoptotic effects could well be

syner~stic with other ag.ents, and in. which its potent and specific tyrosine
\.

II
kina~e~inhibiting t1~:ffectscould be msximally exploited. This could be

accomplished by ffJrst accumulating cellsin specific non-GOal-Phase

compartments and then subsequently delivering appropriate cycle-active

chemotherapy. Thus the metaphase-mitotic-arrest caused by low-dose PM ..

exposure could be synergistic with the metaphase-specific agent Vincristine,

while the shunting of G2-Phase-arreste\d cells into apoptosis could act

synergistically with Etoposide, Cisplatin, or Mafosfamide. Phase lin
veterinary clinical trials incorporating PM into such multidrug regimens for the

treatment of spontaneous canine lymphomas are currently under way in our

laboratories.
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INTRODTJCI10N

Brief overview

The role of protein synthesis in the cell cycle and in the process of apoptosis is

contentious, as is the relationship between cell cycle phase and apoptosis

activation. Since each of these subjects have been reviewer' .->tlensively

elsewhere, this in.troduction merely serves to highlight the relationships that

are reported to exist between these variables, with special reference to the

"classical" translation inhibitors, Puromycin (PM) and Cycloheximide (CHX),

and also to the substituted purine nucleoside analogs Puromycin

aminonucleoside (PAN), and 6~Dimethylamfuopurine (6-DMAP). Also,

because PM is known to generate peptides whose structure has been suggested

to predict an. inhibitory effect on tyrosine kinase activity, and because the

search for 8Pecifi.ctyrosine kinase inhibitors constitutes a novel and exciting

approach to the development of anticancer agents, a discussion on the pivotal

role that tyrosine phosphorylation plays in the regulation of normal cell growth

and prolifera.tion and in neoplastic transformation has been included.

To further address some of the above issues from a potentially practical point

of view, the apoptosis-cell cycle relationship has been examined in the context

of the chemotherapeutic agent Mafosfamide •..., Mafosfamide is the in yitrQ

form of cyclophosphamide, one of the most versatile of the chemotherapeutic

agents known, and one which is also prototypical of the alkylating agents.
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Finally the issue of C-InY£ expression has been addressed in the specific

contexts of apoptosis, protein synthesis inhibition, and chemotherapeutic

agents.

PM, CHX, PAN, and ~DMAP

PM, an antibiotic derived from the fermentation of the yeast Streptomyces

a1bQruger (Baker ~ 1953), is well known for its inhibitory effect on protein

synthesis (Yarmolinsky and De La Haba, 1959; Moazed and Noller, 1989), and

indeed is considered to be one of the "classical" translation inhibitors.

Structurally it is a composite of the aminonucleoside dimetbyladenosine and

tyrosine-o-methylether i.e, it is composed of 3 structural units t a purine, an

amino sugar, and an amino acid (Yannolinsky and De La Haba, 1959).

Functionally it is an analogue of peptidyl-transferRNA, more specifically Of

tyrosyl-transferRNA At concentrations of 5..S0I'g/mI (l0-1ooI'M), PM blocks

protein synthesis completely by causing the premature release from the

ribosomes of truncated peptide chains. These are bound to PM through their

carboxyl termini, and are thought to contribute to PM's cytotoxic effects

(Longnecker,1972). Since the nascent PM~peptide complexes (PMPs) are

rapidly degraded through a ubiqultin-dependent pathway (Ciechanover $llJ!l,

1984), their metabolic effects are poorly understood. The PMFs are of

interest however, because of their potential to compete for degradation with

the natural substitutes of the ubiquitin ..dependent pathway (including cyclin,

p~ c-~ and c-~ (Glotzer ~ 1991;Reichsteiner, 1991», and because

their structure predicts an inhibitory effect on tyrosine kinase activity (Gordon
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sa.ru, 1986). In the latter regard it is noteworthy that. the carboxyterminal

tyrosine residues of .PMPs are reminiscent of synthetic random polymers of

tyrosine-containing aminoacids, some of which have been found to act as

competitive inhibitors of endogenous tyrosine kinases (Braun ~ 1984).

Cycloheximide (CHX), like PM, is another "classical" translation inhibitor,

which prevents chain elongation by inhibiting the peptidyl transferase activity

of the 60S ribosomal subunit (Stryer, 1988), but which unlike PM, does not

generate nascent polypeptides (Allen and Zameenik, 1961).

The substituted purines, of which Puromycin (PM), Puromcyin

aminonucleoside (PAN), and 6':0itnetbylaminopurine (6-DMAP) are

prototypes, have been found to exert a variety of biochemical and cytological

effects when used at high concentrations ranging from 10-300J,&M. For

example, 6·DMAP, the purine component of both PM and Pt..N, reversibly

arrests cells in the G2-Phase of the cell cycle by inhibiting phosphorylation

(Rime ~ 1990). The nucleoside analog PAN, which is a composite of 6-

DMAP and 3-Aminorioose, has been found to inhibit mY..I replication in

Yitm (Vander Heyden, 1989), and PM, it'ielf a composite of PAN and tyrosine-

o-methylether, is as discussed above, well know for its inhibitory effect on

protein synthesis (Yarmolinsky and De La Haba, 1959),

~.ein $lJlthesis, the cell cycle. and &D®tosis

The role of protem synthesis in the cell cycle and in the process of apoptosis is
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contenr'ous, as is the relationship between cell cycle phase and apoptosis

activation. It would appear that much of the confusion surrcunding the

interrelationships between the cell cycle, apoptosis, and protein synthesis

reflects diverse contextual experimental scenarios in which the three variables

have not been independently controlled.

As far as apoptosis and protein synthesis is concerned, not only is there

conflicting opinion as to whether protein synthesis is (Nieto .tl..W.., 1992) or is

not (Kruman .e.iJ!l., 1992) required for the process to occur, but.in certain

settings protein synthesis inhibitors may actually induce it (Martin ~., 1990). .

or augment the apoptosis induced by other agents (Bazar and Deeg, 1992).

With respect to the cell cycle and protein synthesis, and depending on cell

synchronicity and on contextual diversity, protein synthesis inhibitors have been

found to halt the entry of cells into SaPhase (Doida and Okada, 1972), retard

the S/G2M transition (Nagata !ll..1\l., 1992), inhibit the passage of cells through

the G2-Phase (Kishimoto and Lieberman, 1964; Epifanova ~., 1969), induce

cells to accumulate in the G2M..Phase (Akamatsu ~., 1991), completely

block mitosis initiation (Epifanova a..al., 1969), and prolong metaphase in

those cells that are already in ~llIly mitosis when the drug is applied

(Epifanova ~., 1969). There does appear to be an absolute requirement

for protein synthesis for (i) progression through the G Ib-subl'hase of the cell

cycle (Pardee, 1989), and for (ii) progression from the end of DNA synthesis to

nuclear division and cytokinesis (Burke and Church, 1991).
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Cell cycle phase and the activation of the apoptotic cascade have been

variously linked. Apoptosis may be G(}"Phase (Bruno .e.l_.al., 1992) or S-Phase

specific (Del Bino and Darzynkiewicz, 1991), it may occur subsequent. to a 01-

Phase (Chen and Rosenberg, 1992) or to a G2-Fhase arrest (Eastman, 1990), it

may occur early in M-Phase (Ishida stt.ru., 1992), or it may occur

simultaneously during all phases of the cell cycle (Glynn~. 1992). Caution

must be exercised, however, in interpreting data from unsynchronised cultures,

because cell population fluxes may be occurring between different phases of

the cell cycle, concomitantly with the occurrence of apoptosis, This problem

is compounded if the agents used to induce apoptosis also impact on these

population fluxes, either by causing transition blocks, or by activating cells to

enter cycling status from the GO-Phase.

Mafosf§mideand the «II ~I~

Cyclophosphamide is a widely employed alkylating cancer chemotherapeutic

agent (Ahmed and Hombal, 1984; Kessinger ~ 1991) whose cytotoxicity is

mediated by the introduction into DNA of cross-links and single-strand breaks

(Hilton, 1984; Crook ~ 1986). Cyclophospharnlde derivatives are also

frequently used in vitro to purge leukemic cells from bone marrow (Crook ~

ru, 1986; Nata ~ 1988; Douay, 1985). One such derivative is the prodrug

Mafosfamide (ASTA Z 7557), a cyc10bexylamine salt that rapidly generates 4-

Hydroxycyc1ophospbarnide after aqueous dissolution. 4~

Hydroxycyclophosphamide degrades irreversibly via aldophosphamide to

phosphoramide mustard and acrolein (Niemeyer ~ 1989; Domeyer and
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Daldek, 1980; Le Blanc and Waxman, 1990), the therapeutically significant

metabolites of cyclophosphamidt' 'Sharkis.n.ru, 1980).

A number of anticancer agents are able to induce apoptosis or programmed

cell death, e.g. etoposide, cisplatin, melphalan, methotrexate, camptothecin,

teniposide, amsacrine, and 5-fluorouraci1 (Eastman, 1990; Eastman, 1992;

Fernberg ~ 1991; Del Bino and Darzynkiewicz, 1991; Lock and Ross, 1990;

Sorenson ~ 1990). In the cases of etoposide (Lock and Ross, 1990) and

cisplatin (Sorenson ~ 1990), a preceding G2-Phase cell-cycle-arrest has

been associated with the subsequent activation of the apoptotic cascade,

whereas camptothecln, teniposide, and amsacrine have been found to induce S-

Phase-specific Internucleosomal DNA degradation (Del Bino and

Darzynkiewicz, 1991).

.t\gQptosis and c..my, egression

The proto-oncogene c~~ has been strongly implicated in the apoptotic

pathway. In certain contexts the process of apoptosis has been found to be

contingent on CD1.dYC expression (Bertrand ~ 1991; Askew s1J!L 1991;

Grassilli .e1Jll,1992; Sen, 1992; Shi ~ 1992; Evan ~ 1992; Kyprianou ~

aI, 1991), whereas in other scenarios down-regulation of c-~ mRNA levels

have accompanied the activation of the apoptotic cascade (Oritani ~ 1992;

Alnemri m...al. 1992; Gunji ~ 1992). For example down-regulation of the

c-~ gene has been found to precede IL-6~induced apoptosis of Y6 cells

(Oritani ~ 1992), steroid-induced apoptosis of 697 pre ..B lymphocytes
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(Alnemri ~ 1992), and phorbol ester ...induced apoptotis of U..937 cells

(Gunji a.al, 1992). On the other band, elevated c~~ mRNA levels are seen

in rat thymocytes undergoing apoptosis following dexamethasone treatment

(Grassilli, 1992), and c-~ has been found to be a potent inducer of apoptosis

in rat fibroblasts (Evan, 1992). c·~ expression is also a requirement for

activation-induced apoptosis of T-cell bybridomas (Shi ~ 1992), for

apoptotic regression of estrogen-treated MCF ..7 human mammary cancers

(Kypclanou.e.t.al, 1991), and for apoptosis elicited in c-~-amplified cell lines

(including JlL.60) by the DNA topoisomerase Il inhibitor VM-26 (Bertrand ~

ru, 1991).

Chemotherapeptic agents and ,-ron emressiQn

Certain anticancer agents have been found to reduce c-~ mRNA levels

(Arbiser ~ 1991; Futscher and Erickson, 1990; Pieper", 1989; Miller ~

al, 1987; Snyder .ei..aL ·1991),whereas others, including the cyclophosphamide

derivative 4-Hydroperoxycyclophospbamide. have been found to elevate c-~

mRNA transcripts and/ or c-~ oncoprotein levels (Futscher and Brickson,

1990; Sullivan and "'illis, 1989). InColo320HSR cells treated with the

cyclophosphamide derivative (4-hydroperoxycyclophosphatnide), c-~ mRL'JA

levels were found to increase after 1 hour of exposure but to decrease

subsequently, raising the possibility that alkylating agents may suppress the

expression of speeiflc transforming genes (Futscher and Erickson, 1990).

Further evidence for this comes from i.n.:rltI:u experimentation which

demonstrated that alkylating agents including nitrogen mustard and melphelan,
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but not 4-S-(propionic acidj-sulttdocyetophosphamlde, terminated c~!lU!£

transcription in a sequence-specific, drug-specific manner (Pieper 1tl-lll, 1989).

In addition mithramycin, which binds to G-C-rich sequences in the DNA minor

groove, has been found to inhibit c-~ transcription inHel.a cells (and other

genes which have G-C rich promoter sequences) by preventing the formation

of the transcription initiation complex (Miller ~ 1987). However, increased

·c-!ll$ protein has been observed to accumulate in a lymphoblastoid cell line in

response to certain alkylating agents (Dimeiliylsulphonate, Ethylmethane

sulphonate and Mitomycin C) (Sullivan and Willis, 1989), and elevated c..~

mRNA levels have been reported in SV40 transformed human keratinoeytes in

response to ultraviolet irradiation (Ronal ~.aL 1988) and in rat embryonic

cells exposed to ionizing irradiation (Higo ~, 1989).

.l!miein aynthesiij and c-myc euteuiru!

The overall regulation of eukaryotic gene expression is

inextricably linked, inter alia, to factors governing mRNA stability and

degradation (Carter and Malter, 1991), The steady-state levels of a specific

mRNA species can be controlled at anyone of the multiple steps involved in

its metabolism i.e transcription initiation, transcription elongation, post-

transcriptional RNA processing (addition of the 5' cap, the 3' poly(A) tail, and

splicing), niRNA transport from the nucleus to the cytoplasm, translation. and

cytoplasmic mRNA accumulation and degradation (Carter and Malter, 1991;

Atwater ~ 1990).
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The term "superinduction!' bas traditionally been applied to the process by

which complete protein synthesis inhibition results in the augmentation and

stabilization of inducible mRNA transcripts (Mahadevan and Edwards, 1991).

For example, high doses i.e. 36-1801lM of the "classical" translation inhibitors

PM and CHX have been used to elicit c-~ mRNA superinduction (Laird-

Offringa ~ 1990). Within the context of protein synthesis inhibition, the

phenomenon of superinduction has been attributed to a number of different

processes including mechanisms relating to the inhibition of translation per se

(Wisdom and Lee, 1991), the inhibition of translation-dependeat poly(A) tail

shortening (Laird-Offringa ~ 1990), and enhanced mRNA stability due to

the loss of labile transcriptional repressors or RNAses (Greenberg and Zi~

1984; Dam ~ 1984).

Recentlyit has been recognised that superinduction may also be elicited

through mechanisms which involve signal transduction pathways~ and which are

distinct from protein synthesis inhibition (Mahadevan and Edwards, 1991;

Frick ~ 1988; Hauguel-de Mouzon and Kahn, 1991). For example, sub-

inhibitory concentrations of the protein synthesis inhibitor anisomycin has been

found to superinduce c-~ and c-jun mRNA, specifically through the

phosphorylation of two chromatin-associated proteins pp33 and pp15

(Mahadevan and Edwards, 1991).

]yrosine kinase inhibitors as aDticuDcer ue.nts.

Phosphorylation of protein tyrosine plays a pivotal role in the regulation of
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normal cell growth and proliferation, and in neoplastic transfcrmation, In the

cell cycle; the 02..to M..Phase transition is controlled by phosphorylation/

dephosphorylation reactions involving the Tyrosine-IS residue of the p34~

kinase (Krek and Nigg, 1991). In addition a number of transmembrane

growth factor receptors (including those of Epidermal Growth Factor, Platelet-

derived Growth Factor, and Insulin-like Growth Factor), as well as a variety of

cytosolic non-receptor ..associated oncogene products (such as pp60~, p59~

p62~ etc), exhibit tyrosine kinase activity (Bishop, 1983; Hollywood, 1991;

Ullrich and Schlessinger, 1990; Cantley .e.uJ.,1991; Aaronson, 1991).

The search for specific tyrosine kinase inhib}tors represents a novel approach

to the development of anticancer agents (Grunicke, 1991; Wong and Goldberg,

1981; Akiyama~, 1987),in that it is based on the modification of

transmembrane and intracytoplasmic tyrosine kinase signal transduction, rather

than on the killing of tumour cells by inhibition of transcription, translation,

and DNA synthesis (Powis ru1, 1990; Newman and Dogramatzis, 1991).

Quercetin (Glassman ~ 1981; Graziani ~ 1983), genistein (Akiyama ~

m, 1987), erbstatin (Gazit m..w., 1989), amiloride (Davis and Czech, B85), and

herbimycin A (Uehara ~t.aL 1989), have au proved effective against tyrosine

kinases, Problems of toxicity, specificity, and drug delivery to tumours have

limited their clinical applications however. For example, although genistein is

a much more specific inhibitor of tyrosine kinases than is quercetin, its toxicity

has precluded its in vivo use in patients to date. More recently, derivatives of

tyrphostin other than erbstatin have been found to inhibit BOF-stimulated
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growth of squamous carcinoma cells, in vitrQ, and in nude mice inoculated with

such cells (Yoneda ~ 1991).
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CHAPTERl

Unexpected cytokinetic effects induced by Puromycin include a GZ..aattest, a

metaphase-Mitotic-arrest, and apoptosis.
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The potent effects of low doses of PM on the cell cycle have to date been

obscured by the conventional usage of this drug at high concentrations (5-

50t£g/ml) to inhibit protein synthesis. In this in Yitt:a study undertaken in a

variety of malignant and non-malignant human and murine cell types, we

found that low doses of PM (O.1-0.5f,&g/nll) disrupted significant phase-to ..phase

cell cycle transitions, causing a G2-arrest, a metaphase-mitotic-arrest, and

apoptosis, InHL-60 cells these observations were elicited by PM

concentrations starting at O.l~g/m1, and were more pronounced at slightly

higher PM concentrations, including that (O.5J.Lg/ml)which inhibited

[14C]Leucine incorporation by approximately 20% after one hour, and by

approximately 50% after 24 hours, A concentration of CHX (O.25t£g/ml)

which was equivalent to O.5t£g/ml of PM, both in terms of molarity (O.9uM)

and degree of inhibition of p4C]Leucine incorporation, failed to induce similar

changes to those induced by PM. This suggests that at these particular

concentrations the PM-induced changes were likely to have been related to the

different mechanisms of protein synthesis inhibition exerted by these two

"classical" translation inhibitors. PM but not CHX generates nascent peptidyl-

PM complexes (PMPs), and we therefore propose that the subsequent

intracellular effects exerted by the PMPs may account, in part, for the

differential Gytoldnetic effects elicited by these drugs. The role of PM is

currently being evaluated in :rim as a low-dose component of a multidrug

chemotherapeutic regimen in which its cell-cycle-specific effects could
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potentially be synergistic with other agents.
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INIRQDU{llQN

The antibiotic Puromycin (PM), is a composite of aminonucleoside

dimethyladenosine and tyrosine-o-methylether (1). It is a functional analogue

of tyrosyl-transferRNA, and is well know for its inhibitory effect on protein

synthesis (2). PM concentrations of 5-50",g/ml block protein synthesis

completely by causing the premature release of truncated peptide chains which

are bound through their carboxyl termini to PM. Since the nascent PM-

peptide complexes (PMPs) are rapidly degraded through an ubiqnitin,

dependent pathway (3), their metabolic effects are poorly understood. The

PMPs are of interest however because of their potential to compete for

degradation with the natural substrates of the ubiquitin ..dependent pathway

(including eyclin, ~ c-~ and c-fQa) (4), and because their structure

predicts an inhibitory effect on tyrosine kinase activity (5). In the latter

regard it is noteworthy that the carboxy terminal tyrosine residues of the PMPs

are reminiscent of certain synthetic random polymers of tyrosine-containing

aminoaeids, some of which have been found to act as competitive inhibitors of

endogenous tyrosine kinases (6),

The regulation of cell cycle transitions has recently been elucidated and

extensively reviewed (7,8,9). The G2.. to M..Phase transition is regulated by a

co-ordinated cascade of kinase .. and phosphatase-mediated reactions (10),

while the metaphase to anaphase transition is mediated by rapid, ubiquitin-

dependent eyclin proteolysis (11), Consistent with what is now known to be
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an ')solute requirement for protem synthesis for progression through the Gfb-

subphase of the cell cycle (12), PM (5-20pg/ml) halts the entry of cells into S..

Phase (13), inhibits the passage of cells through the G2-Phase (14,15),

completely blocks mitosis initiation (15), and prolongs metaphase in those cells

that are already in early mitosis when PM is applied (15).

Cell cycle events and the process of apoptosis (programmed cell death) have

been linked through the recognition of an association existing between a 02-

arrest and subsequent activation of the apoptotic cascade (16). As far as

apoptosis is concerned, protein synthesis has a varied and sometimes

controversial role to play in this process. Certain cells enter apoptosis by a

process dependent on de novo protein synthesis (17,18), whereas in other cells

complete protein synthesis inhibition does not prevent apoptosis (19).

Furthermore, inhibition of protein synthesis may augment spontaneous

apoptosis (20), and in certain circumstances inhibition of protein synthesis per

se has been enough to trigger apoptosis (20,21,22,23). Specifically PM

employed at 50pg/ml induced apoptosis in HL-60 cells (23).

The concentrations of PM (5-S0t.'g/ml) achieved inntt.Q

(13~14,15)t and which significantly inhibit protein synthesis by greater than

95%, are unattainable in vivQwithout serious toxicity. Therefore to explore

the in vitro effects of PM on the cell cycle further, specifically as a prelude to

re-evaluating its potential in. YiY.Q. application in a chemotherapeutic context, we

~l;l.I?loyedvery low concentrations of PM ( < l/.'g/ml) which inhibited protein
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synthesis to a limited extent. We also compared PM's cytokinetic effects to

those elicited by an equivalent protein synthesis inhibiting concentration of

another protein synthesis inhibitor Cycloheximide (CHX). We found that at

these concentrations PM but not CHX induced apoptosis, and potently blocked

late cell cycle transitions, disrupting both the 02-to M-Phase, and the

metaphase to anaphase transitions. Since CHX prevents chain elongation by

inhibiting peptidyl transferase activity of the 60S ribosomal subunit (24), but

does not generate nascent polypeptides (25), We suggest that the intracellular

effects exerted subsequently by the PM-generated P:MPs may account for the

differential cytokinetic effects elicited by doses of these drugs that inhibited
. ~\ .

protein synthesis to an equivalent extent.

/1
Ii
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MATERIALS AND METIIODS

~11 culture

HL-60 human promyetoeytic leukemic cells, THP~l human monocytic leukemic

cells, and SP..2 murine myeloma cells (ATCC Rockville, MD, USA) were

maintained in logarithmic growth phase at 37°C in a humidified atmosphere of

air and 5% CO2, Four week old female (C3H/HeJ, endotoxin ..resistant) mice

were thymectomized and thymocyte suspensions prepared (26). All cells were

seeded at 1xl<r cells/ml in RPMI 1640 medium supplemented with 10% (v/v)

of heat-inactivated fetal calf serum, as well as lrglutamine (200M), and

Penicillin (SOU/ml) and Streptomycin (50~g/ml) antibiotics (all from amco,

Madison, WI, USA). Puromycin and Cycloheximide were obtained from

Sigma. At completion of incubations, culture viability was assessed using the

trypan blue dye exclusion technique. Cells were fixed and stained with May-

Grunwald-Giemsa, and examined, using light microscopy, for mitotic figures

and apoptotic cells. Previously defined criteria were used to identify apoptotic

cells (27). The number of mitotic and apoptotic cells pet 1000 cells counted

was determined, and then expressed as the mitotic index and as the apoptotic

index respectively.

Protein synthesis inhibitiQn

O.5p.Cif4C]Leucine (specific activty 50Ci/mmol; Amersham) was added to

cultures which were then further incubated at 37"C for one hour (28). At the

conclusion of the incubation period, cells were washed three time in



39
phosphate-buffered saline, 1m1 of 10% trichloroacetic acid was added andthe

tubes chilled on ice for 30 minutes. The precipitate :;t:; formed was filtered on

OF [C filter papers (Whatmann)~ and washed three times with 5%

trichloroacetic acid. The filters were dried and counted after adding aqueous

counting scintillant. e4C]Leucine incorporation was determined in triplicate.

~etric ana1ysia

Cells were prepared for analysis as described (29). The centrifuged cell pellet

was resuspended in a hypotonic nuclear isolation medium. containing

Propidium Iodide (Sigma), incubated on ice, and then inRNase at 37°C.

Fluorescence emitted from the Propidium Iodide-DNA complex was

quantitated after laser excitation of the fluorescent dye by the Couher EPICS-

Profile-If flow cytometer (Coulter Electronics, Inc, Fla), Cell debris and

doublets were excluded (30). The coefficient of variations of the peaks of the

control GOG1- and G2M-Phases were less than 3%. limits of cell cycle

phases as determined in the control DNA distributions were retained in the

subsequent analysis of the drug-treated populations.

DNA fragm~nta1iQn analysis

DNA isolation, extraction and electrophoresis was carried out according to the

following method. After 24 hours cells were sedimented and lysed, and DNA

extracted prior to incubation with RNAs~. Total DNA from '1.5xl00 cells was

loaded onto a 1.5% agarose gel and electrophoresed for 12 hours at 1.5 V/ern.

Both the gel and the electrophoresis buffer contained ethidium



brontide(l~g/ml).
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RESULTS

Viability

The viability at 24 hours of PM- and CHX-treated cultures was unaffected by

concentrations up to O.5J,£g/ml (Figure 1a). At higher concentrations

2:.1t£g/ml, the viability of both PM· and CHX-treated was compromised, with

the viability of PM..treated cultures being affected to a greater extent.

~1Jhibi!fu.u

'Ihe dose-response curves expressing the inhibitory activity of PM on protein

synthesis (as measured by [14C]Leuclneincorporation), are presented in Figure

lb. At 1 hour and at 24 hours, at a concentration of O.9I-'M(O.25J'g/ml),

CHX was found to inhibit [l4C]Leucine incorporation to a similar extent as a

concentration of O.9JLM(O.5t£g/ml) of PM did i.e. approximately 20-30% at 1

hour and approximately 50% at 24 hoU1:S(Figure Ic).

f.M_effects

Effects on the DNA histogram of Hlr60 cells following continuous exposure to

increasing PM concentrations confirmed a time- and a dose-related increase it].

the 02· and M-Phase populations, an almost reciprocal reduction in the S..

Phase population, and an apparently unperturbed GOGI-Phase population

(Figure 2, Figure Sa and b). Morphological studies showed a metaphase ..

mitotic-arrest and features of apoptosis, the apoptotic index being 12.4 in PM-

treated cells as compared to 1.02 in control cells, and to 1.4 in CHX ..treated
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(0.25I-'g/l111)cells (Figure 5), Apoptosis was confirmed ultrastructurally (not

shown), and by DNA electrophoresis which showed the pattern of double ..

stranded DNA fragments that results from the activation of an endogenous

endonuclease (Figure 6).

CHX effects

After 24 hOUI3 of CHX-exposure (O.2SfJg/ml) there was a GOGluarrest with

concomitant limitation of the S-, the 02-, and the M-Phases (Figure .2, Figure

4a and b); The morphological sequelae of CHX ..exposure were unremarkable

except for a reduced number of mitotic figures (Figure 4b). Apoptosis above

eontrol Ievels was not evident at a CHX concentration of O.25fJg/ml (Figure

50), nor were DNA fragments produced at tbis concentration (Figure 6),

DNA fragmentation was evident when CHX was employed at a much higher

concentration of 2J.'g/ml (Figure 6).

The morphological, cytokinetic and electrophoresis data obtained in O.5fJg/m1

PM-treated lll.r60 cells were representative of similar data obtained (but not

shown) inO.5IJg/ml PM-treated THP ..1 and SP..2 cell lines, as well as for

O.5JLg/ml PM-treated mouse thymocytes.
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Fi~re 1
a) Viability of cultures (as determined by the trypan blue dye exclusion

technique) after 24 hours of exposure to the indicated concentrations of
PM and c:ax (#-,g/ml). Results represent the mean .±. SD of three
separate experiments each done in duplicate.

b) The effect of increasing doses of PM (t.'g/ml) on (14C]Leucine
incorporation at one hour and at twenty-four hours inHL-60 cells.
Results were expressed as the percentage of control values and
represent the mean :l: SD of three separate experiments each done in
triplicate,

c) Effect of equivalent molar concentrations (O.9#AM) of PM~\(O.SIJ.g/ml)
and CHX (O.25J,&g/ml)on inhibition of [i4C]Leucine incorporation.
Results represent the mean ± SD of three separate experiments each
done in triplicate.
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O.5ug/ml

CHX
O.25wg/rnl

Fluorescence/DNA content

Fjgw:e..2
Representative flow eytometric analysis at 24 hours of Count versus
Fluorescence/DNA content of control, PM~treatedt and CIIX ..treated Hl.-60
cells. Twenty-five thousand cells were counted for each analysis. Histogram
scaling was the name for all samples.
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FiW'e 3
a) Effects on the DNA histogram of HL-60 cells following 4, 12, and 24

hours of exposure to increasing PM concentrations (t'g/ml). Results
are expressed as mean ± SD. (n=3/4)

b) Stacked-bar graphs illustrating the relative percentages of HL-60 cells in
+l,e 02" and M-Phases of the cell cycle consequent on 4, 12 and 24
hours of exposure to increasing PM concentrations (Mg/ml). The M-
Phase at each concentration point is representative of the mean mitotic
index (number of mitotic figures per 100 cells) of two experiments done
on separate occasions. The G2·Phase was calculated hy subtracting the
M-Phase value from the mean G2M·I~hase value (n::3/4) obtained
from Figure 2a.
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Figllre 4:
a) Effects on the DNA histogram of lJL.60 cells following 24 hours of

exposure to increasing CHX (J.£g/ml)concentrations. Results are
expressed as mean ± SD (n=3).

b) Stacked-bar graphs illustrating the relative percentage of HI.r60 cells in
the 02·· and the M-Pbases of the cell cycle consequent on 24 hours of
exposure to increasing CHX (J.£g/ml)concentrations. The percentage
of cells in the G2 .. arid in the M-Phases were calculated as described in
the legend of Figure 3b.
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Apoptotlc Index: 1.02 ± 0.21

b

Apoptotlc Index; 12.4 ± 2
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o

Apoptotlo Index: 1.4± 0.23

Fi{rure S,
Giemsa-stained eytospin preparations (magnification x 1000) of 24 hom' control
aTI(J drug-treated HL-60 cells.
a) Control HL-60 cells
b) PM-treated HL-GO cells (O.5J'g/ml) showed a marked metaphase mitotic

accumulaoon "M" by 24 hours. Certain PM-treated cells bore
histological evidence of apoptosis II.N' (condensation of the nuclear
chromatin and cytoplasm, nuclear fragmentation, and the formation of
membrane-bound apoptotic bodies).

c) CHX-treated HL-60 cells (O.25J'g/ml) were indistinguishable fi.nm
control tells except for a reduced mitotic activity.

The apoptotic index in each case represents the mean ± SD of three separate
experiments each done in d.uplicate.
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Agarose gel electrophoresis of total DNA extracted at 24 hours from 1.Sx 1()6
I-iL-60 cells, and from 2xl<r murine thymocytes, treated as indicated. The size
(in bases) of separated DNA molecular weight markers (BgU/Hintl cleaved
pBR328) are shown.
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DISCUSSION

In the current study we have shown that PM exerted a number of potent

effects on the cell cycle when used at concentrations far below those used

traditionally to completely block protein synthesis (5-50.ug/ml). These effects

included a G2-arrest, a metaphase-mitotic-arrest, and apoptosis, and were

found in a variety of malignant and non-malignant cell types of both human

and murine origin. In HL-60 cells these observations were elicited by PM

concentrations starting at O.l.ug/ml, which not only did not inhibit [14C]Leucine

incorporation, but actually enhanced it, (at least for the first hour of exposure).

The effects were more pronounced at Slightly higher PM concentrations,

including that (0.5.ug/ml) which inhibited P4C]Leucine incorporation by

approximately 20% after one hour, and by approximately 50% after 24 hours.

A concentration of cm (O.25J1.g/ml)which was equivalent to O.5J,Lg/mlof PM,

both in terms of molarity and degree of inhibition of [14C]Leucine

incorporation, failed to induce similar changes to those induced by PM. This

suggests that at these particular concentrations the PM-induced changes were

Ih~elyto have been related to the different mechanisms of protein synthesis

inhibition exerted by these two "classical" translation inhibitors. PM (25), but

not CHX (24), generates nascent peptidyl-PM complexes (PMPs)~ and we

propose that the subsequent intracellular effects exerted by the PMPs may

account, in part, for the differential cytokinetic effects elicited by these drugs,

The cytokinetic effects observed with PM-exposure included a time .. and dose-
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related increase in bot" the G2- and the metaphase populations, an almost

reciprocal reduction in the S-Phase population, and an evidently unperturbed

GOGI-Phase population. These observations suggest an undelayed passage

through and egress from S-Phase of those cells that were beyond the Glb-

snbphase when PM was applied, but with subsequent partial hold-ups at the

G2/metaphase and the metaphase/anaphase boundaries. Any predicted but

not observed decreases in the GOG1-Phase population (on the basis of the

metaphase-mitotic- arrest) are likely !o have been offset by an accumulation of

cells in the G Ib-subphase consequent on PM's inhibitory effect on the

mandatory protein synthesis requirement of this subphase (12). CHX-

exposure induced a. GOGt-arrest with concomitant limitations of the S-, the

02 .., and the M-Phas~s, indicating that CHX blocked the entry of new cells.

into division consequent on the protein synthesis requirement of the Glb-

subphase (12,31), but permitted those cells that were beyond this subphase at

the time of CHX application, to complete mitosis (31). We did not observe

the G2-delay 'that has been reported to occur with high-dose CHX-treatment

(31).

The G2- to M-Phase transition is controlled by phosphorylation ..

dephosphorylation reactions involving the Tyrosine-lS residue of the p34aic2

kinase unit of Mitosis Promoting Factor (7,8,10,32). Since we have recently

found PM metabolites to specifically inhibit tyrosine kinase activity (submitted

data), we are investigating the possibility that such metabolites, by attenuating

Tyrosine-1S phosphorylation/ dephosphorylation reactions of p34C1kZkinase, may
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have been responsible for the G2-arrest observed in PM-treated cells, Such

an arrest has also been reported when PM was employed at much higher

concentrations of 5-20jLg/ml (14,15).

It is possible that there is a connection between the G2-arrest and the

apoptosis observed in PM-treated HI.r60 cells (O.5J,£g/ml), since a preceding

G2-arrest has been found to be linked to subsequent activation of the

apoptotic cascade in tells exposed to the anticancer agents Etoposide (33),

Cisplatin (34),and Mafosfamide (submitted data).

The role of protein synthesis in the process of apoptosis is varied and

controversial (17-23). Although 50Jjg/ml of PM was found previously to

trigger apoptosis inHL-60 cells (23), we were able to elicit apoptosis at one

hundredth of that PM concentration i.e, at O.5l-'g/ml. CHX used inHL-60

cells at a dose that inhibited protein synthesis to a similar extent as O.5J.'g/ml

of PM did, failed to induce apoptosis, Although we cannot adequately explain

the differential effects exerted on apoptosis by these concentrations of PM and

CHX, we suggest that it might relate to the mechanism, rather to the presence,

of protein synthesis inhibition produced by these two drugs. In the future we

plan to evaluate the specific role, if any, of PMPs in apoptosis activation. It is

worth noting that a higher concentration of CHX (2J,&g/ml)induced apoptosis

inm.,..60 cells, consistent with the apoptosis that has been induced in such

cells by 501-'g/ml of CHX (22,23), and consistent with the augmentation of

spontaneous apoptosis in Bchronic lymphocytic leukemia cells elicited by
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lJ.1.g/ml of CHX (20).

The metaphase to anaphase transition is mediated by precipitous ubiquitin-

dependent cyclin degradation (11). Since PMPs are known to be degraded by

the same pathway (3), it is possible that in PM-treated cells this pathway was

preferentially diverted into PMP proteolysis. One or more of the ubiquitin

pathway component" might have become limiting for eyclin degradation,

resulting in the ':)bservedmetaphase-mitotic-arrest, This hypothesis is

currently under investigation in our laboratory. In a,ddition we are also

evaluating the effect of low,,~~I;lS~J~N~,!'fU·eyelin and on ubiquitin synthesis, and

on the synthesis of the specific prorease enzymes responsible f ,'ubiquitin-

dependent proteolysis, since it is necessary to exclude decreased production of

these proteins as being implicated in the generation of the PM-induced

metaphase-mitotic-arrest, II). thls regard however it is worthwhile noting that

O.25~g/ml CHX, which inhibited protein ~ynthesis to the same extent as
,

0.5J.1.g/ml of PM did, did not induce a metaphase-mitotic-arrest, indicating that

this level of protein synthesis iuaibition appears not to have compromised

cyclin, ubiquitin, or.protease synthesis. It is of interest that when employed at

a high dose of 20/lg/ll11, PM completely blocks the ability of cells to initiate

mitosis, and prolongs metaphase in those cells ih~~tare already in mitosis when

PM is applied (15).

The findings of this study are of interest because the use of PM previously as a

~ antineoplastic agent proved to be ineffective in a range of clinical
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settings (35). Although significant protein synthesis inhibiting concentrations

of PM are unattainable in vivo without serious toxicity? this limitation does not

necessarily apply to the more potent effects elicited by low-dose PM. Our

data suggests that PM may yet proved to be a useful chemotherapeutic agent,

not singly but as a component of a multidrug regimen in which its potent cell..

cycle-specific effects could well be synergistic with other agents. This could be

accomplished by first accumulating cells in specific non ..G0G1 ..Phase

compartments and then subsequently delivering appropriate cycle-active

chemotherapy. .Thus; the metaphase-arrest caused by low-dose PM could be

synergistic with the metaphase-specitic agent Vincristine, while the shunting of

G2-arrested cells into apoptosis couId act synergistically with Etoposide,

Cisplatin, or Mafosfamide. Phase lIn veterinary clinical trials incorporating

PM into such multidrug regimens for the treatment of spontanouus canine

lymphomas ate currently under way in our laboratories.
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ABSTRACT

HL-60 human leukemic cells were synchronised at the OOOl/S boundary using

the double thymidine block method. Upon release from the block, serial flow

cytometric analyses revealed that cells exposed to the protein. synthesis

inhibitor Puromycin (2J.'g/ml) progressed more slowly through S~Phase'than
..

did untreated control cells. InPuromycin-treated cells, a G2-Phase arrest was

evident at 8 hours which was found to precede acute, explosive apoptosis at 10

hours. Apoptosis was confirmed morphologically and biochemically.

(C14]Leucine incorporation studies revealed that in the 8th hour of PM ..

exposure, protein synthesis was inhibited by ±94%. Our study in this context

showed that the activation of the apoptotlc cascade was cell cycle ..dependent,

and that the G2/apoptosis transition and the process of apoptosis itself were

virtually protein synthesis ..independent. The mechanisms by which the protein

synthesis inhibitor PM retarded the passage of synchronised cells through s~
Phase, disrupted the G2/me'taphase transition, and activated the apoptotic

cascade may be related to PM;s protein synthesis inhibiting activity, or

alternatively to its ability to disrupt cellular tyrosine phosphorylation of the

regulatory proteins involved inmediating the G2!metaphase transition. The

data are helpful in reconciling some of the apparently conflicting opinions

concerning the relationship between protein synthesis, apoptosis and the cell

cycle.
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INTRODUCTION

The role of protem synthesis in the cell cycle and in the process of apoptosis is

contentions, as is the relationship between cell cycle phase and apoptosis

activation (Figure 1).

As far as apoptosis and protein synthesis is concerned, not only is there

conflicting opinion as to whether protein synthesis is [1] or is not [2] required

for the process to occur, but in certain settings protein synthesis inhibitors may

actually induce it [3] or augment the apoptosis induced, by other agents [4].

With respect to the cell cycle and protein synthesis, and depending on cell

synchronicity and on contextual diversity, protein synthesis inhibitors have been

found to halt the entry of cells into S..Phase [5], retarded the S/G2M transition

[6], inhibit the passage of cells through the G2-Phase [7,8], induce cells to

accumulate in the G2M ..Phase [9], completely block mitosis initiation {8],and

prolong metaphase in those cells that are already in early mitosis when the

drug is applied [8]. There does appear to be an absolute requirement for

protein synthesis for (1) progression through the G Ib-subl'hase of the cell cycle

inwhich the proteins required for DNA replication are produced [101,.and for

(ii) progression from the end of DNA synthesis to nuclear division and

cytokinesis [11].
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PROTEIN SYNTHESIS

APOPTOSIS '-'--1 CELL CYCLE

FiiUNo 1
Diagrammatic representation of the relationships existing between cell cycle
phase, apoptosis, and protein synthesis.
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Cell cycle phase and the activation of the apoptotic cascade have been

variously linked. Apoptosis may be GO-Phase [12] or S-Phase specific [13], It

may occur subsequent to a G'l-Phase [14] or to a G2-Phase arrest [15], it may

occur early inM-P1Iase [16], or it may occur during all phases of the cell cycle

[17]. Caution must be exercised, however, in interpreting data from

unsynchronised cultures, because cell population fluxes may be occurring

between different phases of the cell cycle, conincidentally with the occurrence

of' apoptosis. This problem i~compounded if the agents used to induce

apoptosis also impact on these population fluxes, either by causing transition

blocking or by activating cells to enter cycling status from the GO-Phase.

It would appear that much of the confusion surrounding the interrelationship

between the cell cycle, apoptosis and protein synthesis reflects diverse

contextual experimental scenarios inwhich the three variables have not been

independently controlled. In the present study, we have, investigated the

apoptotic process in cells synchronised with respect to the cell cycle, while

maintaining control over protein synthesis. The data suggest a working model

which may help to reconcile at least some of the current apparently conflicting

opinions on the issue.



MATERIALS AND METHQDS

Cell culture and Puromycin-((?Wosy.r~

Hl ....60 cells (ATCC passage 17, Rockville, MD, USA) were seeded at lW

cells/ml in RP:MJ 1040 medium supplemented with 10% (v/v) heat-inactivated

fetal calf serum, 2mM Lglutamine, Penicillin (50U/ml), and Streptomycin

(SOp.g/ml). Cells were maintained unagitated in logarithmic growth phase at

37°C in a humidified atmosphere of air and 5% CO2, For synchronization

ezperiments the double thymidine block method was; employed [181. Cells

seeded at a concentration of 1()6/rnl were incubated for two 24 hour periods in

the presence of 2rnM thymidine. The two 24 hour periods were separated by

a 12 hour period in which cells were incubated in the absence of thymidine i.e.

they were released from the first thymidine block. Thymidine was removed

after each 24 hour-exposure by washing the cells three times in medium that

had been prewarmed to 37°C. After release from the second thymidine block,

cells were seeded at a final density of 1()6/mI, and aliquots of cell suspensions

were collected after various incubation intervals and subjected to flow

eytometric analysis and DNA agarose gel electrophoresis, Culture viability

was assessed by the trypan blue dye exclusion technique, and after cells were

fixed and stained with May-Griinwald ..Giemsa, cytospin preparations were

examined for mitotic figures and apoptotie cells,
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Flow C$QMetric analysis

Cells were prepared for analysis as described elsewhere [19]. At the

conclusion of the designated incubation periods, the pellet obtained by

centrifugation from 106 cells was resuspended in Im.l of a hypotonic nuclear

isolation medium (50II1g/1 Propidium Iodide; 19/1 Triton-X 100; 19/1 Sodium

Citrate), incubated on ice for 30 minutes, and then inDNAase free RNAase at

37°C. Fluorescence emitted from the Propidium Iodide-Db[A complex was

quantitated after laser exeitatinn of the fluorescent dye by the Coulter EPICS

Profile Il flow cytometer (Coulter Electronics, Inc, Fla.), Cell debris and

doublets were excluded [20], and the coefficient of variations of the

unsynchronised control GOGl-l)hase and G?M-Phase peaks were less than 3%.

2S 000 cells were counted for each analysis. Histogram scaling was the same

for all samples. Limits of cell cycle phases as determinea in the

unsynchronised control DNA distribution, were retained in the subsequent

analysis of the synchronised populations.

DNA fragm.entation analysis

After appropriate incubation periods, cells which had initially been seeded at

lW/ml were pelleted at 4°C and prepared for subsequent fragmentation

analysis [21]. The pellet was resuspended in 70#-,1of lysis buffer (10mM

EDTA; 50mM Tris-Hel, pH=8.0; 0.5% sodium lauryl sarkos.aate; O.5mg/ml

proteinase K) and incubated for 1 hour at 500C. A 10#-'1aliquot of Img/ml

ribonuclease A was added to each sample prior to a nl"ther 1 hour incubation

at SOOC. Samples were then heated to 7CfC after which the reaction was



1lI!

66

terminated by the addition of 201'1of loading buffer (lOmM EDTr\ pH=8.0;

0.25% bromophenol blue; 40% sucrose). Extracts were loaded into the wells

of a 2% agarose gel and electrophoresed in a phosphate buffer (2mM, BDTA;

800mM Tris-phosphate; pH=7.8). Both the gel and the buffer contained

Ipg/ml of ethidium bromide. BglI/HinfI cleaved pBR328 served as molecular

weig' ~markers.

Protein synthesis inhibition stuqies

0.5pCi e4C]Leucine (specific activity SOCi/nunol; Amersham) was added to

control and PM-treated cultures which were then further incubated at 37°C for

One hour [22]. At the conclusion of the relevant incubation pr.:dods, cells

were washed three times in phosphate-buffered saline, Iml of 10%

trichloroacetic acid was added, and the tubes were then chilled on ice for 30

minutes. The precipitate so formed was filtered on GF Ie filter papers

(Whatmann), and woshed three times with 5% trichloroacetic acid. The

filters were dried and counted after adding aqueous counting scintillant.

[14C]Leucineincorporation was determined in triplicate on three separate

occasions.

Materials

All materials for cell culture were obtained from omco, Madison, WL. USA

Propidium Iodide and Puromycin were from Sigma. All other reagents were

of analytical grade and were from standard commercial sources,
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FlQw cytQmetrican~

At 0 hours, HL-60 cells were synchronised at the OOOl/S boundary (Figure

2). Subsequent to their release from the double thymidine block, S-Phase

progression was retarded in PM-treated (2~g/ml) cells as compared to control

cells. By 8 hours the majority of control cells were in the G2M-Phase of the

cell cycle, although a percentage had already completed cytokinesis and their

daughter cells had moved into the GOG1-Phase. There was a G2M-Phase

accumulation at 8 hours in PM..treated cells, an increase which reflected an

absolute

G2-Phase arrest (Del Bino and Darzynkiewicz, 1991), since mitotic figures

were not evident on cytospin preparations at this time-point (Figure 3).

MQrpho1o~

Synchronisation of ID.r60 cells at 0 hours was confirmed morphologically by

the absence of mitotic figures on C"jtospinpreparations (Figure 3). By 6 hours

mitotic figures had become prominent in the control population, but were

absent in PM-treated cells. An occasional apoptotic cell was seen in the PM..

treated population by 8 hours, Between 8 and 10 hours dramatic and virtually

generalised apoptosis had occurred in this entire cell population, as evidenced

at 10 hours by the presence of chromatin condensation, nuclear fragmentation

and the formation of apoptotic bodies.
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ONA a~aros~ ~el electrophoresis

The striking morphological apoptosls seen at 10 hours in

PM-treated cells was confirmed by DNA electrophoresis whie! -bowed the

pattern of double-stranded DNA fragments that result from the activation of

an endogenous endonuclease (Figure 4).

[C14]Leucine incorporation studies

[C14]Leucine incorporation was measured for the duration of both the 1st and

the 8th hour post-release from the double thymidine block (Figure 5). With

respect to control, [C14]Leucine incorporation studies showed that PM inhibited

protein synthesis by ±57% during the 1st hour of drug exposure, and by ±94%

during the 8th hour post-release from the double thymidine block. Thus at

the beginning of the 8th hour protein synthesis was effectively inhibited by

± 94% in PM-treated cells.
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(b) Synchronised H~.-60 cells
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~
Effects of j\lM-exposure (2ug/ml) on cell cycle progression of HI.,..60cells
released from the double thymidt1e block. Note the delay in S-Phase
progression in PM-treated cells, as well as the G2M-Phase accumulation of
cells that was evident in both populations at 8 hours after release from the
double thymidine block.
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Figure 3
Giemsa-stained cytospin preparations (magnification X1OOO)of synchronised
HL-60 cells at various time intervals after release from the double thymidine
block. Note the preponderance of mitotic figures in control cells from 4 to 10
hours after release from the block. Mitotic figures were absent in PM-treated
(2J,lg/ml) cells for up to 8 hours of drug-exposure. By 10 hours there was
dramatic morphological evidence of mitosis inPM-treated cells in the form of
chromatin condensation, nuclear fragmentation, and the formation of apoptotic
bodies.
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Control PM

FilWre 4
Agarose gel electrophoresis of total DNA extracted from control and Pl\(..
treated (2ug/ml) HL-60 cells at 10 hours after release from the double
thymidine block (starting cell number at 0 hours was 1Q6cells). The sizes (In
bases) of molecular weight markers are shown. Note the extensive DNA
fragmentation at 10 bours of PM-exposure, coinciding with the dramatic
morphological features of apoptosis at this timepoint (Figure 2),
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[C14]Leucine incorporation studies in PM-treated Hl.r60 cells for the duration
of the 1st and the 8th hour post ..release from the double thymidine block.
Results are expressed as a percentage of control [C14]Leuclne incorporation,
and represent the means SD of three separate experiments, each done in
triplicate.
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DISCUSSION

The tole of protein synthesis in the cell cycle and in ilia process of apoptosis is

contentious, as is the relationship between cell cycle phase and apoptosis

activation. It is likely however, that inconsistencies reported in the literature

represent contextual variations (diversity in cell type, cell synchronicity, type

and dose of protein synthesis inhibitors employed, extent of protein synthesis

inhibition) rather than major controversies. In the present study undertaken

in synchronized, PM-treated HL-SO cells, we have demonstrated that (i) the

activation of the apoptotic cascade was cell cycle-dependent, and that (ii) .~he

G2/apoptosis transition and (iii) the process of apoptosis itself were virtually

protein synthesis-independent.

In a recent review [23], Martin has drawn attention to the concept of an

apoptosis pathway comprising a number of signalling entry points, distinct from

the process of apoptosis itself. As some entry points occur proximal to a

requirement for new protein synthesis, and others occur distal to this

requirement, protein synthesis mayor may not be required for apoptosis to

occur. In the present study, we extend this concept by suggesting that the

various entry points are dictated by the cell cycle. Thus our data show that

synchronised cells inwhich protem synthesis is inhibited proceed more slowly

through S-Phase, and subsequently undergo synchronous apoptosis at the

G2/M transition point. The effect on synchronized cells is dramatic, virtually

all cells entering apoptosis at precisely the same time, The data also show
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that under these particular experimental circumstances the process of apoptos

is to all intents and purposes independent of new protein synthesis, since

protein synthetic activity immediately preceeding apoptosis was found to be

reduced by 94%. Because there is an absolute requirement for protein

synthesis during the Glb subphase of the cells cycle in order to produce the

proteins required for subsequent DNA synthesis [10],blockade of new protein

synthesis at this stage would preclude cells from reaching the G2/M transition

point at which stage apoptosis occurs. Thus, under such conditions, protein

synthesis inhibition would not only not cause apoptosis, but would in fact

prevent it. The latter scenario clearly is applicable t.O cells in the GO-·Phase

stimulated to enter the cell cycle but also subjected to protein synthesis

inhibition. This model is outlined in Figure 6 according to which apoptosis is

viewed as a cell cycle checkpoint, concomitant with the G2/M transition.

Clr.~a.l:lyit does not preclude the existence of other checkpoints elsewhere in

the cell cycle, some of which may also be mediated by apoptosis [24].

In addition, there is evidence for additional checkpoints mediated by other

mechanisms. We have previously shown that PM-treatement of

unsynchronized cells results in both a G2-Phase-arrest and a metaphase"

mitotic-arrest [25]. The data from that study are consistent with a further

block at the
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Cell cycle indicating the protein synthesis-dependent phases and checkpoints.
Note that the G2-Phase to Apoptosis transition is protein synthesis -
independent, whereas the G2-Phase to Mitosis transition has an absolute
protein synthesis requirement. Similarly the GO-Phase to Gt-Phase transition
and the GIb-subPhase of the cell cycle are protein synthesis-dependent.
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metaphase-to-anaphase transition, applicable to unsynchronized cells which Ind

already entered metaphase by the time protein synthesis was disrupted. In the

previous and in the present study, the proportion of cells in GO/G1-Phase was

reduced, concomitant with the appearance of apoptosis. Clearly, inview of

the data presented here, it would be inappropriate to attribute the reduction. in

GO-Phase cells to apoptosis occurring in the GO-Phase, as has been interpreted

by others on the basis of similar data [12]. Our data and conclusions are,

however, consistent with the findings of Colombel ~j, 1992 [26]. In the

present study we have not addressed the question of the existence of

checkpoints at the Gl/S transition, apoptosis mediated or not, as has been

described previously [24].

As far as the mechanisms of the l'M-iuduced G2-Phase arrest is concerned, it

may bnve been consequent on protein synthesis inhibition per se, leading to

inadequate constitution of the catalytic (p34ak2kinase) and/or the regulatory

(cyclin B) subunits of Mitosis Promoting Factor (MPF)~the activation of

which is responsible for mediating the G2/M transition [27,28]. Secondly PM

may in some way have disrupted the tyrosiae phosphorylation status of the

regulatory amino acid/protein involved in activating MPF, including the 'Iyr- '\'i.

residue of p34ak2kinase and the tyrosine phosphatase cdc2S [29]. In this

regard, we have previously shown PM to inhibit tyrosine kinase activity globally

in HL-60 cells [30].

In conclusion, our data show that the process of apoptesis itself occured
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convincingly despite there being no appreciable evidence of new protein

synthesis. By default then it would appear that any protein changes that

occured were postranslational innature. In this regard it is tempting, to

suggest that postranslational modificaton such as phosphorylation status, were

instrumental. Candidate proteins could Inchrde hypothetical or actual

endonueleases [31], and perhaps histone proteins themselves, since these are

known to undergo changes class in both tyrosine and non-tyrosine

phosphorylation status at the time of the G2/M transition [32]. Such

postranslational modifications could result either in altered access of

endonueleases, to the DNA or inmechanical stresses at the nueleosomal Ievel,

both of which could result inDNA fragmentation patterns characteristic of

apoptosis.

r
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CHAPTER. 3

Puromycin is a potent and specific inhibitor of tyrosine kinase activity inHf....

60 cells.
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ABSTRACT

The search for specific tyrosine kinase inhibitors constitutes a novel approach

to the development of anticancer agents. Puromycin (PM) inhibits protein

synthesis by causing the premature release of truncated PM~peptide complexes

(PMPs), the structure of which predicts an inhibitory effect on tyrosine kinase

activity (21). The present study was undertaken to investigate the effects of a

low dose of PM (0.9 #LM)on tyrosine kinase activity in lllr60 leukaemic cells.

Experiments Were speclfi.cally controlled to exclude inhibitory effects

consequentpn protein synthesis blockade. Soluble enzyme extracts derived
i,

from PM-treated cells showed attentuated phosphorylation of two independent

synthetic tyrosine kinase-specific substrates, the polymer Poly(Glu:Tyr;4:1) and

the peptide substrate Ray tide. Incontrast, Protein Kinase Ospeclflc activity

was unaffected by PM-exposure. It is possible that inhibition was due to

metabolite/s of PM, perhaps PMPs, rather thai, to PM itself. '¥bether the
;

inhibition of tyrosine kinase activity observec with the substrates used in this

study is equally applicable to all tyrosine kinases, is not yet clear.

Nevertheless, low-dose PM could provide a useful tool for dissecting out the

role of tyrosine phosphorylation in the regulation and dysregulation of cell

growth, and could conceivably prove beneficial in the treatment of tumours in

which tyrosine kinase overactlvity is linked to oncogenesis.
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INTROD1(JCTIQN

Phosphorylation of protein tyrosine plays a pivotal role in the regulation of

normal cell growth and proliferation, and in neoplastic transformation. In the

cell cycle, the G2- to M-Phase transition is controlled by phosphorylation/

dephosphorylation reactions involving the Tyrosine-IS residue of the; .\4cdc2

kinase (1). In addition a number of transmembrane growth factor receptors

(including those of Epidermal Growth Factor, Platelet-derived Growth Factor,

and Insulin-like Growth Factor), as well as a variety of cytosolic non-receptor-

associated oncogene products (such as pp6~ p59w, p62~ etc), exhibit

tyrosine kinase activity (2,3,4,5,6).

The search for specific tyrosine kinase inhibitors represents a novel approach,

to the development of anticancer agents (7,8,9), in that it is based on the

modification of transmembrane and intracytoplasmic tyrosine kinase signal

transduction, rather than on the killing of tumour cells by inhibition of

transcription, translation, and DNA synthesis (10,11). Quercetin (12,13),

genistein (9), erbstatin (14), amiloride (15), and herbimycin A (16), have all

proved effective against tyrosine kinases. Problems of toxicity, specificity, and

drug delivery to tumours have limited their clinical applications however. For

example, although genistein is a much more specific inhibitor of tyrosine

kinases than is quercetin, its toxicity has precluded its in vivQuse inpatients to

date. Mote recently, derivatives of tyrphostin other than erbstatin have been

found to inhibit BOF-stimulated growth of squamous carcinoma cells, in vitro.
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and-in nude mice Inoculated with such cells (17).

The antibiotic Puromycin (PM) is well known for its inhibitory effect on

protein synthesis (18), Structurally it is a composite of the aminonucleoside

dimethyladenosine, and tyrosine-o-methylether (19). Functionally it is an

analogue of peptidyl ..transferRNA, more specifically of tyrosyl·transferRNA

At concentrations of l()"l00p.M PM blocks protein synthesis completely by

causing the premature release of truncated peptide chains which. are bound to

PM through their carboxyl termini. Since the nascent PM-peptide complexes

(PMPs) are rapidly degraded through a ubiquitin-dependent pathway (20),

their metabolic effects. are poorly understood. The PMPs are of interest

however because their structure predicts an inhibitory effect on tyrosine kinase

activity (21). In this regard it is noteworthy that the carboxyterminal tyrosine

residues of PMPs are reminiscent of synthetic random polymers of tyrosine-

containing aminoacids, some of which have been found to act as competitive

inhibitors of endogenous tyrosine kinase (22).

The present study was undertaken to investigate the effects of PM and its

metabolites on cellular tyrosine kinase actiV1ty. The experiments were

specifically controlled to exclude inhibitory effects on tyrosine kinase activity

consequent to protein synthesis blockade.
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M1tTHODS AND MATERIALS

Cell Culture

HIr60 human 1'romyelocytic leukaemic cells (Passage 17, ATCC, Rockville,

MD, USA), were maintained in logarithmic growth f':«ase at 37DC in a

humidified atmosphere of air and 5% CO2, Cells were seeded at b:l06

cells/ml in RPMI 1640 medium supplemented with 10% heat-inactivated fetal

calf serum, as well as 2mM L-glutamine, SOU/ml Penicillin, and 50ug/ml

Streptomycin (all from GD3CO, Madison, WI, USA). Puromycin (PM) and

Cycloheximide (CHX) were obtained from Sigma, and were used as described,

Culture viability was assessed using the trypan blue dye exclusion technique.

The viability at 24 hours of PM- and CHX-treated cultures was essentially

unaffected by concentrations up to O.5ug/ml (Figure 1a). At higher

concentrations 2.1ug/ml, the viability of both PM.. and CHX-treated cultures

was compromised, with the viability of PMwtreated cultures being af,Fected to a

greater extent.

Protein synthesis inhibition

O.5MCi [14C]Leuclne (specific activity 50 Ci/mmol; Amersham) was added to

cultures which were then further incubated at 37DC for one hour. At the

conclusion of incubation [14C]Leucine incorporation was determined in

triplicate as described (23). The dose-response curves expressing the

inhibitory activity of PM on protein synthesis, as measured by [14C]Leucine

incorporation, are presented in Figure lb. At 1 hour and at 24 hours, at a
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(Figure lc).
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concentration of O.9.uM (O.25/-'g/ml), CHX was found to inhibit [l4CJLeucine

incorporation to a similar extent as did PM used at a concentration of O.9uM

(0.5ug/m1) i.e. approximately 20-30% at 1 hour and approximately 50~ at 24

hours (Figure lc).

Preparallim of sQlubilized enzyme extra~

Cellular extracts representing soluble tyrosine kinases were prepared as

described (24). Briefly, at the conclusion of incubation, cells from 10m1 of

suspension culture were collected by low-speed centrifugation (500g) and

washed three times in PBS. CuIfLu:;;;viability (as assessed by the trypan blue

dye exclusion technique) was consistently z_85%. The final cell pellet was

resuspended in four volumes of extraction buffer (50mM HBPES/NaOH,

pH=7.5; 2mM EGTA; lOmMDIT; lmM PMSF; 5/1g/ml aprotinin; O.l%(w/v)

Triton X-1oo). The cell suspension so formed was sonicated for 10 seconds at

4°C, and then centrifuged at 15 ooog for 30 minutes at 4°C. The supernatant

was collected and lO%(v/v) of glycerol was added. Protein content of an

aliquot of the supernatant was determined (25) using bovine serum albumin as

control.

~ermination of trTosin.e kinase activity usin~ Poly(Glu:Tyr:4: 1) as £1Jbstrat~

Tyrosine kinase activity was assessed using a substrate assay described

previously (26), involving the incorporation of e2p] from ["f-32P]ATPinto the

exogenous synthetic polymer substrate Poly(Glu~Tyr;4:1). The final reaction

volume of 50",1 contained?OmM Tris-HO (pH=7.5), 30mM MgCl2f lOO,uM
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Sodium-ortoo'"vanadate, 150J.l.MATP, 30~Ci of ['Y-32P]ATP(6000 Ci/mmol;

1OmCi/ml), 2mg/mi of exogenous tyrosine kinase-specific substrate

Poly(Glu:Tyr;4:1), and suitably diluted enzyme preparation (lO",g protein).

The reaction was initiated by the addition of ATP at 300C. Termination of

the reaction after 15 minutes was by applying 25/.'1 of the reaction mixture to

Whatman 3MM paper squares (3cm x 3ero). These were washed four times

for 15minutes. each In a 10% TeA solution containing 10mM sodium

pyrophosphate. Two final washes for a further 15 minutes each were first in

ethanol and then in acetone. The papers were dried and then [32P]

incorporation vi reaction triplicates was determinec by liquid scintillation

spectrometry. Appropriate reaction mixtures with or without substrate, and

with or without extract served as controls. The activity of purified pp6OC-sn:

tyrosine kinase was also measured using Poly(Glu:Tyr;4:1) as substrate.

:fnQsine Kinase activiur using Raytide as substrate.

Tyrosine kinase activity was determined with Raytide as substrate (27) in a

final reaction volume of 50#1 containing 50n:M: HEPES (PH =7.5), O.lmM

EDTA, 0/)15% Brij 35, 150~M ATP, 30nlM MgO:z, 30~Ci of ['Y-32P]ATP(6000

Ci/mmol; 10 mCi/tnl), 0.2 mg/ml of the exogenous tyrosine kinase-specific

substrate Ra;iide, and 10 J.l.gsuitably diluted enzyme preparation. lbe

reaction was terminated by adding 1201-'1of 10% phosphoric' acid. The sample

was vortexed, and 120~1applied onto 3cm x 3cm Whatman PSl ion exchange

chromatography paper. The papers were washed extensively in 0.5%

phosphoric acid before a further wash with acetone. The papers were dried
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and [32P] incorporation into Raytide of reaction triplicates was determined by

liquid scintillation counting. Appropriate controls were used (as described

above).

Analysis of IYrosine Kinase Activity

'TYrosine kinase activity was determined in solubilized enzyme extracts derived

from 1 hour and 24 hour control, PM~treated (O.9J,LM), and CHX-treated

(O.9J,LM)HL-60 cells. Appropriate reaction mixtures with or without substrate,

andwith or without extract served as controls. Extract incorporation of [32P]

in the absence of substrate represented endogenous phosphorylation. Net

specific tyrosine phosphorylation was represented by the difference between

extract incorporation of [32p] in the presence and in the absence of substrate,

and corrected for substrate background. Net tyrosine kinase-speeific activity

of extracts of PM· and CHXutreated cells were expressed as a percentage of

the corresponding tyrosine kinase-specific activity of extracts of untreated cells.

Endogenous phosphorylation of extracts of PM- and CHX ..treated cells were

expressed as a percentage of the endogenous phosphorylation present in the

extracts derived from untreated cells. In order to try and ascertain whether

PM itself, or whether its metabolites were affecting tyrosine kinase activity, a

series of experiments were done in which PM (O.9J.&M)and CHX (O.9J.'M)were

added directly to reaction mixtures containing either extracts of untreated cells,

or to purified pp6OC"!!!<.
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P!otein Kinase C activity

Protein Kinase C activity was determined using a commercially available

Protein Kinase C enzyme assay system from Amersham, The incorporation of

[32P] from [-y.3lP]A TP into a Protein Kinase C specific peptide substrate was

determined. The final reaction volume of 75~1 contained the recommended

kit components as well as 20f,£gof suitably diluted enzyme preparation and

30f,£Ciof [-y_32p]ATP (6000 Ci/mmol; lOmCi/ml). Reaction samples were

equilibrated at 25°C for 5 minutes. Each reaction was initiated by the

addition of ATP at 25°C. After 15 minutes the reaction was terminated by

adding 100f,£1of dilute acid. One hundred and twenty-five microlitres of the

reaction mixture was applied onto 3cm x 3cm Whatlllan pst ion exchange

chromatography paper. The papers were washed twice, for 10 minutes each

time, in 75mM 2tlh2 Phosphoric acid. After washing, the papers were dried

before [li2P] incorporation of reaction triplicates was determined by liquid

scintillation spectrometry. Relevant controls were used as described

previously. Analysis of Protein Kinase C activity followed the same method as

that used for analysis of tyrosine kinase activity.

flow cytomj~ric anal»is_of phosphQtyrosine contell1

Simultaneous flow cytometric analysis (If phosphotyrosine and DNA content

was carried out by a modification of a method described by others (28). 2xl(Ji

BLo6Dcells were fixed in 2 ml of ice cold 70% ethanol for 30 minutes at 4<tC.

Cells were washed twice in PBS, and then resuspended in 380f,£1of PBS

containing 1% bovine serum albumin. Twenty microlitres Qf fluorescein
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me-conjugated anti-phospbotyrosine monoclonal antibody (Boehringer

Mannheim; Batch 12244820-01) was added to the suspension which was then

incubated for 45 minutes in the dark at room temperature. Followin~ two

further washes with PBS, the cells were resuspended in Iml of PBS containing

RNAse (10J,&g/ttll)at 37°C for 10 minutes. The cells were washed again and

then resuspended in Iml of p1.'opidlllllliodide (lOl-'g/ml) in PBS for 30 minutes.

After laser excitation (488 nm) of the fluorescent complexes by the Coulter-

EPICS-Profile n flow cytometer, red fluorescence from propidium iodide was

recorded on a linear scale as a measure of total DNA content. Green

ffuorescence from me was logarithmically amplified to represent
\,l

phosphotyrcsine content. Twenty-five thousand cells were counted for each

sample. According to the manufacturers, in this context, anti-phosphotyrosine

fluorescence staining is proportional to the amount of tyrosine phosphorylated

proteins as determined by phosphoamincacid analysis) since the antibody shows

no cross-reactivity wit~ any other phosphorylated amino acids (Boehringer

Maunheim), Since the FlTC ..anti-phosphotyrosine monoclonal antibody was of

the IgGl subtype, FITG.conjugated control IgGl antibody was used to exclude

the presence of non-specific binding,
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TYW$inekinase activity of extracts of PM-treated cells

Using Poly (Glu:Tyr; 4:1) as substrate we showed inhibition of tyrosine kinase

activity in extracts of PM-treated cells (0.9Io'M)- approximately 15% inhibition

after 1 hour, and approximately 25% inhibition after 24 hours (Figure 2a). In

contrast no inhibition of tyrosine kinase activity was seen in extracts of CHX-

treated cells after these time intervals. At the dose used (0.9Io'M),CHX

inhibited e·C]Leucine incorporation into HL-60 cells zo a similar extent as did

0.9J-'Mof PM, i.e, approximately 20-30% af.tet 1 hour, and approximately 50%

after 24 hours (Figure Ic), There was no inhibition of tyrosine kinase activity

when the same concentration of PM was adde,,' directly to reaction mixtures

containing lOlo'gcontrol enzyme extracts (Figure 2a), suggesting that some

metabolite/a of PM, rather than the drug PM itself, could have been

responsible for the observed tyrosine kinase inhibition. To explore this

phenomenon further, we used purified pp6(r1m as a source of specific tyrosine

activity, and poly(Glu:Tyr;4:1) as a tyrosine kinase-specific substrate (Figure 3).

When PM drug (0.9I-'M) was added directly to this system, specific tyrosine

kinase activity of pp6OC"!mwas not inhibited.

Inhibition of tyrosine kinase activity in extracts of PM ..treated cells was

confirmed using another tyrosine kinase-specific substrate Raytide (Figure 4a).

In fact inhibition was more dramatic (approximately 80%) with Raytide

substrate than with Poly(Gln:Tyr;4:1) substrate.
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Endogenous..kiIUlSe activity Qf extracts of PM-treated ~

Endogenous kinase activity of extracts of PM-treated cells was

indistinguishable from control extract activity (Figure 2b and 4b). This

confirmed that the reduced ability of extracts of PM ..treated cells to

phosphorylate tyrosine kinase-specific substrates was due to specific inhibition

of tyrosine kinase activity, rather than to the overall reduction in endogenous

kinase activity.

PhosphQtyrosine cQIrttf!Jtof PM-treated HL:6Q cells

After 24 hours PM~treated HL-60 cells had a reduced phosphotyrosine content

as reflected by the downwards s)1ift on the Y-axis of log green fluorescence

(Figure 5). This was consistent with the inhibition of tyrosine kinase activity

observed in extracts of PMntreated cells when Raytide and Poly(Glu:Tyr;4:1)

were used as the tyrosine kinase-specific substrates (Figures 2a and 4a).

Whether the reduced phosphotyroslne content was a result of decreased

synthesis or increased degradation of phosphotyrosine-contalning proteins, or

due to reduced phosphorylation of tyrosine residues by tyrosine-specific

kinases, remains to be determined.
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frQtein Kinase C Mtivity of PM-treated wads

There was no inhibition of Protein Kinase C activity in extracts of PM-treated

(0.9J£M)cells after 1 hour and after 24 hours of exposure (Figure 6). Protein

Kinase C activity was somewhat inhibited (± 10%) in extracts of CHX-treated

(0.9J£M) cells at 24 hours but not at 1 hour.
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Eigure Z
a) Soluble tyrosine kinase activity using Poly(Glu:Tyr;4:1) as substrate in

cellular extracts derived from untreated .HL-60cells and from cells pre-
treated for 1 and 24 hours with O.9tLMPM, or O.9#-'MCHX. Shown.also
are the results of four experiments inwhich each of the drugs were
added directly to reaction mixtures containing 10 J.'gof soluble enzyme
protein extract derived from untreated cells.

b) Endogenous kinase activity in the cellular extracts described in (a).
Results are expressed as (a) a percentage of tyrosine kinase activity in
untreated extracts, or as (b) a percentage of endogenous kinase activity
in untreated extracts, and are represented as mean ± SEM derived
from separate experiments (n=4j5) each done in triplicate.
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Figure.1
pp6(f1.!STyrosine kinase activity determined with the tyrosine kinase-specific
substrate Poly(Glu:Tyt;4:1) in the presence or absence of O.9104M PM. Results
are expressed as pmol ATP incorporated per unit of enzyme per 15 min assay,
and are represented as mean ± SD derived from separate experiments (n=2)
each done in triplicate.
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(n=2) each done in triplicate.
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DISCUSSION

We have shown that low-dose PM-exposure resulted in potent and specific

inhibition of tyrosine kinase activity as determined in soluble enzyme extracts

prepared from 1 hour and 24 hour PM-treated HL-60 cells. That this

inhibition was tyrosine kinase-specific was supported by several observations.

Firstly, soluble enzyme protein derived from PM-treated cells showed

attenuated phosphorylation of two independent synthetic tyrosine kinase-

specific substrates, i.e. the polymer Poly(Glu:Tyr;4:1)J and the peptide

substrate Raytide. We do not know why the extent of Inhibition observed with

Raytide as the substrate was greater than that demonstrated with

Poly(Glu:Tyr;4:1), although We suggest that it might relate to the different

structures of these substrates (peptide as opposed to polymer). Secondly, PM-

exposure did not result in the inhibition of endogenous phosphorylation -

endogenous phosphorylation effectively represents serine/threonine kinase

activity since the relative abundance of phospho-amino-tyrosine in both normal

and transformed cells is less than 0.5% (29). Thirdly, and in corroboration of

the previous observation, Protein Kinase C activity (representing substrate-

specific serine/threonine kinase activity) was not affected by PM-exposure.

Soluble enzyme extracts derived from HL-60 tea s treated with a dose of eHX

(0.9~M) that was equimolar to the dose of PM employed (O.9}JM),and that

also inhibited [l4C]Leucineincorporation to a similar extent as PM did, failed

to inhibit phosphorylation of the tyrosine kinase-specific substrate
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Poly(Glu:Tyr;4:1). This indicates that the tyrosine kinase-specific inhibition

induced by PM was not likely to have been the consequence of protein

synthesis blockade per se, but may relate to the different mechanisms: of action

of these two "classical" protein synthesis inhibitors. Unlike PM (30), CHX

does not generate drug-linked nascent polypeptides, instead it prevents peptide

chain elongation by inhibiting the peptidyl transferase activity of the 60S

ribosomal subunit (31),

It is possible that inhibition of tyrosine kinase ..specific activity could have been

due to some metabolite/s of PM, rather than to PM itself, since PM drug

(O.9f.'M) added directly to reaction mixtures containing either extracts of

untreated HL-60 cells, or to reaction mixtures containing purified pp6OC"!!:!l

tyrosine kinase enzyme, failed to inhibit the capacity of either of these to

phosphorylate the tyrosine kinase specific substrate Poly(Glu:Tyr;4~1). In this

: -gard the PMPs are of interest because their structure predicts an inhibitory

effect on tyrosine kinase activity (21). In fact the concept of a

"pseudosubstrate" sequence interacting with protein kinase catalytic domains
1
I

and thereby turning off the protein kinase is not a new one (32,33), and indeed

certain synthetic tyrosine polymers with ordered sequences? e.g. (Tyr-Glu-Ala-

Gly)n and (Ala-Tyr-Gly)n have been found to serve as potent inhibitors of

tyrosine-specific protein kineses (22). It is therefore possible that PMPs with

their carboxyterminal tyrosine residues reminiscent of synthetic random

polymers of tyrosine-containing aminoacids might have exerted an inhibitory

effect by occupying the protein substrate site of the catalytic domain of
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tyrosine-specific protein kinases.

Since PM is a structural analogue of ATP. it may have been competitive with

the' ATP subsite of the enzyme, as has been reported with amiloride, an ATP

analogue which is a potent inhibitor of protein tyrosine kinase activity (15).

As an alternative to this scenario, it is feasible that PM could have interfered

with emerging tyrosine kinase molecules at their nascent stage.

We found that in HL-60 leukemic cells, low-dose PM-exposure specifically

inhibited tyrosine kinase activity, an effect which may be related to some

metabolite/a of PM (perhaps PMPs)~ rather than to PM itself. These

phenomena warrant further investigation, since as a specific inhibitor of

tyrosine kinase activity, PM could provide a useful tool for dissecting out the

physiological role of tyrosine phosphorylation. Finally PM may in the future

have some: benefit in the treatment of tumours in which tyrosine kinase

overaetivity is linked to oncogenesis - its effect i, specific (at least in HL-60

cells), the drug is easily taken up in yitro and in vim (34, own unpublished

results), and toxicity is unlikely to limit its utility if it is used in yiyO at

concentrations which in yitm elicit these biochemical sequelae (34). In a

poorly controlled study in 1955, intermittent dose PM used as a single

antineoplastic agent proved to be ineffective in the treatment Of a variety of

cancers (35). However the drug scheduling in that study would not have

resulted in cellular exposure to a constant level of PM sufficient to accumulate

PM metabolites to any degree. Clinical trials using appropriate PM

scheduling as a component of a multidrug chemotherapeutic regimen are
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currently under investigation in our centre in dogs presenting with spontaneous

lymphoproliferative disorders.
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CHAPTER 4

Substituted purines elicit difl'erential cytolduetic, molecular, and phenotypic
j ">

eft'ects in HL-60 cells.
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ABSTRACT

This study investigated and compared the cytokinetic, phenotypic, and

molecular effects elicited inm.,..60 human leukemic cells by low doses (O.6J.'M)

of three closely related, substituted purines (Puromycin (PM), Puromycin

aminonucleeside (PAN), and 6·Dimeiliylaminopu.rine (6.DMAP». PM, but

not 6·DMAP or PAN, inhibited F4C]Leucine incorporation, induced a time.

related cytotoxic efff.'1, a.G2 ..arrest, a metaphase-mitotic-arrest, apoptosis, and

c-rnygmRNA superinduction. PAN and 6-DMAP exerted no detectable

morphological or cytokinetic effects, although exposure to these chugs resulted

in down-regulation of c~~ xnRNAlevels. We suggest that the specific

effects exerted by PM relate to the generation of nascent peptidyl..PM

complexes by PM, but 110t by 6-DMAP or PAN.
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The substituted purines, of which Puromycin (PM), Puromcyin

aminonucleoside (PAN), and 6-Dimethylaminopurine (6-DMAP) are

prototypes (Figure 1), have been found to exert a variety of biochemical and

~i:ological effects, when used at high concentrations ranging from 1()"300I"M.

For example, 6..DMAP, the purine component of both PM and PAN, reversibly

arrests cells in the G2-Phase of the cell cycle by inhibiting phosphorylation [1].

The nucleoside analog PAN, which is a composite of 6-DMAP and 3-

Aminoribose, has been found to inhibit mY-1 replication in vitrO. [2], and PM,

itself a composite of PAN and tyrosine-o ..methylether, is a functional analog of

tyrosyl-transfer RNA and is well know for its inhibitory effect on protein

i
I)1

synthesis [3]. Since low-dose PM was unexpectedly found to cause a

metaphase ..mitotic-arrest (submitted data), and because of its close structural

relationship to PAN and 6-DMAP, we undertook to investigate and compare

the cytokinetic, phenotypic, and molecular effects which these drugs elicited in

HL-60 leukemic cells when employed specifically at low concentrations

(O.6IlM).
I
i,
j
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MATERIALS AND METHODS

Cell culture

HL-60 human promyelocytic cells (passage 17, ATCC, USA) were maintained

inRPM! 1640/ntedium supplemented with fetal calf serum, L-glutamine and

Penicillin/Streptomycin antibiotics (GmCO, USA). Cell cycle time was

approximately 22 hours. PM, PAN~and 6-DMAP (Sigma) were used at a

final concentration of 0.6JlM. Culture viability was assessed using the trypan

blue dye exclusion technique. Cells were fixed and stained with May-

Gninewald-Giemsa, and then examined for mitotic figures and apoptotic cells.

Ftotein ~thesis inhibition

O.5I-'Cie4C]Leucine (specific activity 5OCi/mmol; Amersham) was added to

cultures which were then further incubated at 37cC for one hour [4]. At the

conclusion of the incubation period, cells were washed three times in

phosphate-buffered saline, 1ml of 10% trichloroacetic acid was added, and the

tubes were. then chilled on ice for 30 minutes. The precipitate so formed was

filtered on GF/C filter papers (Whatmann), and washed three times with 5%

trichloroacetic acid. The filters were dried and counted after adding aqueous

counting scintillant. [14C]Leuclne incorporation was determined in triplicate,

UNA frailllentmQD analysis

At the conclusion of the incubation period the cells were pelleted at 4°C and
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prepared for subsequent fragmentation analysis [5]. The pellet was

resuspended in 70ul of lysis buffer (10mM EDTA; 50mM Tris-HCI, pH=8.0;

0.5% sodium lauryl sarkosinate; O.5mg/mlproteinase K) and incubated for 1

hour at SOOC. A lOuI aliquot of Img/ml ribonuclease A was added to each

sample prior to a further 1 hour incubation at serc. Samples were then

heated to 7ffC after which the reaction was terminated by the addition of 20ul

of loading buffer (10xnM EDT~ pH=8.0; 0.25% bromophenol blue; 40%

sucrose). Extracts were loaded into the wells of a 2% agarose gel and

electrophoresed in a phosphate buffer (2mM EDTA; 800mM Tris-phosphate,

pH 7.8). Both the gel and '(hebllft~·,centained lug/ml of ethidium bromide.

Bgll/Hinfl cleaved pBR328 served as molecular weight mark rs.

Flow cytQmetric.;analysis

Cells were prepared for fl(,w cytometric analysis as described [6]. The

centrifuged cell pellet was resuspended in a hypotonic nuclear isolation

medium (5Omg/1Propidium Iodide; 19/1 Triton ..X 100; Ig/l Sodium Citrate),

incubated on ice for 30 minutes .and then at 37°C in l00J,'g/ml RNAse A

Fluorescence emitted from the Propidium Iodide-DNA complex was

quantitated after laser excitation of the fluorescent dye by the a Coulter

EPICS-Profile··ll flow cytometer. Cell debris and doublets were excluded 17].
The coefficient of variations of the peaks of the control GOG1- and the G2M-

Phases were less than 3%. Limits of cell cycle phases as determined in the

control distributions were retained in the subsequent analysis of the drug-

treated populations.
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i:..mycmiNA gn~ ,

(!'-my.,Q mRNA expression was investigated using standard techniques [8]. :HlJlg

of total extracted RNA was size-fractionated by 1.2% agarose formaldehyde

gel electrophoresis, and then transferred and ultraviolet cross..linked to nylon

membrane. The membrane was prehybridized at 42°C for 4 hours.

Sequential hybridization at 42°C was to the [a·32p]dCl'P (Amersham) random-

primer labelled 1.6kB Sst! fragment from the 5' end of the c"lllY£gene

(ATCC,USA), and to the ['Y-32p]ATP(Amersham) end-labelled 40mer

oligonucleotide antisense GAPDH probe (Oncogene Science, USA). GAPDH

served as an internal control for constitutive gene expression. Autoradiograms

were scanned densitometrically,
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RESULTS

Effects on J)ro~in syntbest~

At 1 hour of incubation O.6#-1~MPM had inhibited i14C]Leucine incorporation by

+ 20% (Figure 2). In contrast 6-DMAP (O.6#M) and PAN (O.6J.&M)exerted

no detectable effect on [14C]Leucine incorporation.
i
!

&notypic. apoptotic. and "'YiotQXicdfS1ds

After 12 hours (Figure 3), ID...-60cells treated with equimolar concentrations

of 6..DMAP and PAN were morphologically indistinguishable from control

cells. In contrast PM-treated cells showed marked metaphase mitotic

accumulation and some evidence of apoptosis (chromatin condensation,

nuclear fragmentation and the formation of apoptotic bodies). Apoptosis in

PM-treated cells was confirmed ultrastructurally (not shown), and by DNA

electrophoresis at 24 h011tS which showed the pattern of fragmentation that

results from endogenous endonuclease activation (Figure 4). PM, but not

PAN or 6-DMA.P, exerted a time ..related toxic effect 011 HL-60 cells as

demonstrated by the reduction in viable cell number in PM~treated cells

(Figure 5).

C,vtokineti~effects

PM induced a G2-arrest as well as a marked M-P'hase increase, with an

associated reduction in the S-Phase of the cell cycle (Figure 6a, 6b" 6c).

These effects were time-related in that they were present at 12 hours, and
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were more marked at 24 hours. The increase in the M-Phase reflected a

metaphase-arrest (Figures 3 and 6c). PAN and 6-DMAP exerted no obvious

cytokinetic effects at 12 and at 24 hours (Figure 6).

Effe(lj; on cwmyc mRNA levels

After 12 hours of exposure, PM was found to superinduce c-~ mRNA levels,

whereas PAN .. and 6-DMAP-exposure resulted in a. decrease in the level of c..

~ transcripts (Figure 'Va). It is of interest that PM-exposure also appeared

to superinduce GAPDH to :t.: 122% of control levels (Figure 7b), although it

superinduced c-~ to a much greater extent ( ± 200% of control levels).
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Fi~re 2
The effect of PM, 6-DMAP, and PAN, on [:t4C]Leucine incorporation in HI.r60
cells at one hour of incubation. Results were expressed as the percentage of
control values, and represent the mean .±. SD of three separate experiments
each done in triplicate.
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FiiUre 3
Giemsa-stained cytospin preparations (magnification x 1(00) of 12 hour control
and drug-treated HL60 cells.
a) Control Hlr60 cells.
b) PM"treated lllr60 cells showed a marked metaphase mit ')tic

accumulation "Mil by 12 hours. Certain PM-treated cells showed
evidence of apoptosis ItAII

,

c) 6-DMAP-treated HL-60 cells,
d) PAN-treatedHlr60 cells.
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Figure 4
Agarose gel electrophoresis of total DNA extracted at 24 hours from 1xlo&
HL-60 cells treated as indicated. The size (in bases) of separated DNA
molecular weight markers are shown.
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FiiUre 5
Viable cell number in PM~, 6-DMAP-, and PAN..treated HL-60 cells after 24,
48, and 72 hours. Results are expressed as a percentage of control values and
represent the mean :1; SD of three separate experiments each done in
duplicate. 'VhrI;1e::.:e~1.~'Jj~l/ih~rwas not affected in relation to control by drug-
treatment at 12 hOUl'S.
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f'i~re Q
a) Representative flow eytometric analysis at 12 hours of count versus

Fluorcscrl).ce/DNA content of control, PM~treated, 6~DMAP~treated,
and PAN~treated HL-60 cells. Twenty-five thousand cells were counted
for each analysis. Histogram scaling Was the same for all samples.

b) Effects on the DNA histogram of HL-60 cells following 12 hours of
exposure to PM-6~DMAP, and PAN. Results are expressed as mean ±
SD (n=3).

c) Stacked-bar graphs illustrating the relative percentages of HL-60 cells in
the 02- and M..Phases of the cell cycle consequent on lZ ?ours of
exposure to PM, PAN, and 6-DMAP. The M-Phase at each
concentration point is representative of the mean. mitotic index (number
of mitotic figures per 100 cells) of two experiments done on separate
occasions. The G2-Phase was calculated by subtracting the M..Phase
value from the mean G2M-Phase value (n=3) obtained from Figure 2b.
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Fiw,lre7
a) c-~ and (for reference) GAPDH mRNA expression levels at 12 hours

inHL-60 cells treated with O.6iJMPM, 6-DMAP, and PAN, as
indicated. lOJLg total RNA was loaded per lane.

b) Hybridization intensities were determined by densitometric scanning of
the autoradiogram. The hybridization intensities of treated cells are
shown relative to those of untreated control cells which were
normalized to 100%. Similar results were elicited on One further
occasion.
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DISCITSSION

We found thaeIow-dose equimolar concentrations of the structurally related

purines PM, PAN, and 6-DMAP, elicited strikingly different morphological,

cytokinetic, and molecular effects in HL-60 human leukemic cells. PM, but

not 6·DMAP or PAN, inhibited e4C}Leucine incorporation, induced a time-

related cytotoxic effect, a G2-arrest, a metaphase-mitotic-arrest, morphological

and biochemical evidence of apoptosis, and c-lIll!£roRNA superinduction,

PAN and 6-DMAP exerted no detectable morphological or cytokinetic effects

on FJL..60 cells, although exposure to these drugs results in down-regulation of

c..~ mRNA levels.

The effects seen with PM-exposure ate interesting since they were observed at

a dose (0.6~M) which was orders of magnitude lower than the doses of PM

traditionally employed to inhibit protein synthesis (10-200",M). This dose of

PM (O.6IlM) nevertheless inhibited e"C]Leucine incorporation by± 20% after

1 hour. PM~treatm.ent is known to cause the premature release of truncated

peptide chains which are bound through their carboxyl termini to PM [3], and

which are rapidly degraded through an ubiquitin-dependent pathway [9].

Since the metaphase-to-anaphase transition is also mediated by precipitous

ubiquitin-dependent cyclin degradation [10], it is likely that this pathway was

preferentially diverted into PM"peptide proteolysis in PM-treated cells. One

or mote of the ubiquitin pathway components might have become li.niting for

cyclin degradation, resulting in the observed metaphase-rnitotlc-arrest,
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subsequent apoptosis activation, since such an association bas been recognised

The G2-arrest observed in PM-treated HL-60 cells might have been linked to

to exist in cells exposed to the anticancer agents etoposide [11], cisplatin [12],

and mafosfamide (own unpublished data). There are also precedents for the

principle that cells deprived of signalling input enter the apoptotic pathway

[13], and although the actual mechanism of the PM-induced G2-arrest remains

unresolved at this stage, we suggest that it may relate to the attenuated

tyrosine kinase signal transduction that we have observed in PM-treated cells

(submitted data). It is of interest that low-dose PM bas recently been found

to induce apoptosis in Erythropoietin-dependent murine erythroblasts [14].

As far as the PM-induced c.,~ mRNA superinduction is concerned, our

finding is consistent with that of others [15], and can be attributed to a number

of different processes related to protein S}'llthesisinhibition. These include

the inhibition of translation per se [16]f the inhibition of translation-dependent

In contrast to the C-my& mRNA superinduction observed with PM-exposure,

poly(A) tail shortening [15] and enhanced mRNA stability due to the loss of

labile transcriptional repressors or RNAses [17,18]. Again it is of interest that

we were able to elicit the phenomenon of c·~ mRNA superinduction at a

much lower dose than used previously ..O.6#'Mcompared to 180#'M [15].

both 6·DVAAP and PAN down-regulated c..~ transcripts in flL.60 cells. As

inhibiting properties of 6-DMAP [1,19], since another substituted purine, 2·

far as 6·DMAP is concerned, this may have been related to the known kinase

J
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Aminopurine, an inhibitor of double-stranded RNA-dependent protein kinase,

has been found to down-regulate c-~ mRNA levels [20,21,22].

Although 6-DMAP arrests Xenopus oocytes in the G2-phase of the cell cycle

when employed at a concentration of 300/lM [1], no detectable cytokinetic

effects were elicited in HL-60 cells when 6~DMAP (and also PAN) were used

at a much lower dose (O.6/lM).

Despite their close structural relationships (6-DMAP is the purine component

of both PM and PAN~ PAN is a composite of 6· DMAP and 3..Aminoribose,

and PM is a composite of PAN and tyrosine-c-methylether), PM, 6-DMAP,

and PAN varied greatly in their capacity to elicit morphological, cytokinetic

and molecular effects when employed at low, equimolar concentrations in HL-

60 cells. This is likely to relate to the ability of PM, but not 6-DMAP and

PAN, to generate the' nascent polypeptide chains likely to be responsible for

the effects elicited by PM, phenomena which are currently being investigated

further in our laboratory. Of particular note are the unexpected effects

exerted by PM, and in this context it is likely that the traditional usage of PM

at high doses to inhibit protein synthesis has obscured its potent cytokinetic

effects. In this regard, low-dose PM should be a useful adjunctive

investigative tool in studies pertaining to the cell cycle and to apoptosis,

Furthermore, although the use of PM as a single antineoplastic agent was not

fruitful [23], this drug may nevertheless have role to play, at low doses, in

rational combination cancer chemotherapy. At such doses PM could

I
J
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differentially accumulate cells inmetaphase to possibly increase their

susceptibility to administration of a metaphase-specific agent such as

vincristine, and in synergism .with etoposide,' cisplatin and mafosfandde, PM

could potentially promote tumpur regression consequent on apoptotic cascade

activation. Clinical trials using low-dose PM in combination with some of

these agents are currently under investigation in our laboratory in dogs

presenting with spontaneous lymphoproliferative disorders.
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Cell cycle disruptions and apoptosis induced by the Cyclophosphamide

derivative Mafosfamide.
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ABSTRACT

The effect of the cyclophosphamide derivative Mafosfamide (ASTA Z 7557)

was investigated in Y.i.tm in HL-60 leukaemia cells. Mafosfamide, which

rapidly generates 4-hydr0"Yc:vclophosphamidc ~;lfteraqueous dissolution, ...'3, •

employed at doses ranging from 0.1 to 10 US/mI. Inunsynchronised cells

Mafosfamide-exposure was associated with an S-Phase accumulation, a

suggestion of t1 G2-Phase arrest, and morphological and biochemical evidence

of apoptosis, In cells that had been synchronised by the double thymidine

block method, S..Phase progression was considera;bly delayed in the presence of

Mafosfamide. The apoptosis which was evident in Mafosfa.mide-treated cells

12 hours after-release from the.thymidin~hlock was found to occur in the

presence of g..Phase .. and G2-Phase~cell-cycle-rutests. Taken together the

current data suggest that Mafosfamide may have potential synergism with other

anticancer agents that elicit similar cell-eycle-arrests, as well as with

chemotherapeutic drugs that activate the apoptotic cascade.



135

Cyclophosphamide is a widely employed alkylating cancer chemotherapeutic

agent [1,2] whose cytotoxicity is mediated by the introduction into DNA of

cross-links and single-strand breaks [3,4]. Cyclophosphamide derivatives are

also frequently used W vitro to purge leukemic cells from bone marrow [4,5,6].

One such derivative is the prodrug Mafosfamide (ASTA Z 7557), a

cyclohexylamine salt that rapidly generates 4-Hydroxyeyclophosphamide after

aqueous dissolution. 4-Hydroxycyclophosphamide degrades irreversibly via

aldophosphamide to phosphoramide mustard and acrolein [7-91t the

therapeutically significant metabolites of cyclophosphamide [10].

A number of anticancer agents are able to induce apoptosis or programmed

cell death, e.g, etoposide, cisplatin, melphalan, methotrexate, camptothecin,

teniposide, amsacrine, and 5-fluorouraci1 [11..16). In the cases of etoposide

[15] and cisplatin [16], a preceding G2-Phase cell-CYcle-arrest has been

associated with the subsequent activation of the apoptotic cascade, whereas

camptothecin, teniposide, and amsacrine have been found to induce S-Phase-

specific internucleosomal DNA degradation [14]. In the current study

undertaken in vitro in human HI.r60 leukemic cells, we have investigated the

cytokinetic consequences of the cyclophosphamide derivative Mafosfamide, and

have evaluated its capacity to induce double-stranded DNA breaks and

apoptosis,
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MATE\lJALS AND METHODS

Cell culture and Mafosfamide-expO§llf~

HL-60 cells (ATCC passage 17, Rockville, MD, USA) were seeded at 106

cells/ml in RPMI 1640 medium supplemented with 10% (vIv) heat-inactivated

fetal calf serum, 2mM L-glutamine, Penicillin (50U /ml), and Streptomycin

(50J.'g/ml). Cells were maintained unagitated in logarithmic growth phase at

37°C in a humidified atmosphere of air and 5% C020 For synchronization

experiments the double thymidine block method was employed [17]. Cells

seeded at a concentration of l(f/ml were incubated for two 24 hour periods in

the presence of 2mM thymidine. The two 24 hour periods were separated by

a 12 hour period in which cells were incubated in the absence of thymidine i.e.

~"'ey were released from the ~irst thymidine block. Thymidine was removed

after each 24 hour-exposure by washing the cells three times in medium that

had been pre-warmed to 37°C. After release from the second thymidine

block, cells were seeded at a final density of 1()6/ml, and aliquots of cell

suspensions were collected subsequent to various incubation intervals.

Culture viability was assessed by the trypan blue dye exclusion technique, and

after cells were fixed and stained with May-Gnmwald-Glemsa, they were

examined for mitotic figures and apoptotic cells. Aliquots of cells were

subjected to flow cytometric analysis and DNA agarose gel electrophoresis.

Mafosfamide crystalline powder (MW =500.5) was received as a kind gift from

Dr J. Pohl, ASTA PHARMA Pr Brock, Asta-Werke, Bielefeld, West Germany.

Fresh Mafosfamide solution was prepared inRPlMI medium immediately prior
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to use at final concentrations ranging from 0.1 ug/m' to 10 ug/ml.

Flow cytometric analysis

Cells were prepared for analysis as described elsewhere [18]. At the

conclusion of the designated incubation periods, the pellet obtained by

centrifugation from 1(1 cells was resuspended in Iml of a hypotonic nuclear

isolation medium (50mg/l Propidium Iodide; 19/1 Triton-X 100; 19/1 Sodium

Citrate), incubated on ice for 30 minutes, and then in DNAase-free RNAase at

37°C. Fluorescence emitted from the Propidium Iodide-DNA complex was

quantitated after laser excitation of the fluorescent dye by the Coulter EPICS

Profile n flow cytometer (Coulter Electronics, Inc, Fla.). Cell debris and

doublets were excluded [19], and the coefficient of variations of the control

GOGl-Phase and G2MePhase peaks were less than 3%. 25 000 cells were

counted for each analysis. Histogram scaling was the same for all samples.

Limits of cell cycle phases as determined in the control DNA distributions

were retained in the subsequent analysis of the Mafosfamide-treated

populations.

DNA fragmentation ~

After appropriate incubation periods, cells which bad initially been seeded at

l()1i/m! were pelleted at 4°C and prepared for subsequent fragmentation

analysis [20]. The pellet was resuspended in 70",1 of lysis buffer (10mM

EDTA; 50mM Tris~HCI, pH==8.0; 0.5% sodium lauryl sarkosinate; 0.5mg/rnl

proteinase K) and incubated for 1 hour at 500C. Ii.10~1aliquot of Img/ml
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ribonuclease A was added to each sample prior to a further 1 hour incubation

at .5O"C.Samples were then heated to 7ffC after which the reaction was

terminated by the addition of 20#£1of loading buffer (10mM EOTA, pH=8.0;

0.25% bromophenol blue; 40% sucrose). Extracts were loaded into the wells

of a 2% agarose gel and electrophoresed in a phosphate buffer (2I11MEDTA;

800mM Tris-phosphate; pH=7.8). Both the gel and the buffer contained

1J,£g/mlof ethidium bromide. BglI/HinfI cleaved pBR328 served as molecular

weight markers.

~

All materials for cell culture were obtained from OIBCO, Madison, WI, USA.

Propidium Iodide was from Sigma. All other reagents were of analytical

grade and were from standard commercial sources,



139

RESULTS

Cell cycle arresm

As$lcllrQnous cell~

Flow cytometric changes in asynchronous cells were unremarkable after

6 hours of Mafosfamide-exposure (data not shown). By 24 hours

however, an S-Phase accumulation was evident which occurred

progressively earlier in S-Phase with the higher doses of Mafosfamide

(Figure la and b). At 24 hours there was also a dose-dependent

increase in the G2M-Phase (Figure la and b). This increase reflects

an absolute increase in the G2-Phase [14]~since the M-Phase decreased

with increasing Mafosfamide concentrations at this time-point (Figure

tc), Further evidence for hold-ups at the S-Phase and G2-Phase

boundaries at 24 hours is the progr: :'·,sivedecrease in the GOGI-Phase

(l<lgt.'lI'e Ia and b) with increasing Mafosfamide concentrations,

suggesting continuing egress out of GOal-Phase into the S..Phase, but

llinited if any influx into the GOGI-Phase from the G2M-Phase.

f;ynchrOI\Wd cells

S..Phase progression was retarded in synchronized Mafosfamide-treated

HLi"60cells released from the double thymidine block (Figure 2). By 8

hours ±60% of synchronized.coutrol cells had reached the G2M-Phase

compared with only ±lS% of the Mafosfamide-treated cells. By 12

hours when +73% of control cells had completed the previous G2M~

Phase and were back in the GOGl-Phase, the majority ( +70%) of the
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Mafosfamide-treated cells were still held up in the previous s- and G2-

Phases.

Morpholow,cal and biochemical evidence of apoptosis

~~hron:ised cell$

Apoptosis was not seen in unsynchronized Mafosfamide-treated cells

after 6 hours of exposure (data not shown). At 24 hours however, there

was morphological evidence of apoptosis (chromatin condensation,

nuclear fragmentation, and the formation of apoptotic bodies) in

Mafosfamide-treated cells (Figure 3). (An apoptotic body is a fragment

of a larger apoptotic cell that mayor may not contain nuclear

components in the form of cleaved DNA). This was confirmed

ultrastructurally (data not shown), and by DNA electrophoresis which

. showed the pattern of double ..stranded DNA fragments that result from

the activation of an endogenous endonuclease (Figure 4). Apoptosis

was also observed inMafosfamide-treated 1HP-l and K562 cells (data

not shown).

Syuchn~nized cell$

Apoptosis was not evident in synchronized Mafosfamide-treated cells for

up to 10 hours after release from the double thymidine block. At 12

hours morphological apoptosis was present in these cells .. this was

confirmed by DNA electrophoresis (Figure 5). The presence of

apoptosis in these cells was coincident with both a late S-Phase, and a

suggestion of a G2MPhuse accumulation (Figure 2). (The G2M-Phase
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accumulation observed inMafosfamide-exposed cells at 12 hours in

Figure 2 reflects an absolute increase in the G2-Phase [14] since mitotic

figures were not evident at this time-pomt rn these cells (data not

shown».

CytQtoxi~ effe&i;S

By 24 hours a dose-dependent cytotoxicity was evident in unsynchronized

Mafosfamide-treated cells (Figure 6).
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FigureJ,
a) Representative flow cytometric analysis at 24 hours of of unsynchronised

control and Mafosfamide-treated HL-60 cells.
b) Effects on the DNA histogram of unsynchronised HL-60 cells following

24 hours of exposure to increasing Mafosfamide concentrations.
Results are expressed as mean ± SD (n=3).

c) Stacked-bar graphs illustrating the relative percentages of HL-60 cells in
the G2- and M-Phases of the cell cycle consequent on 24 hours of
Mafosfamide-exposure, 'The M-Phase at each concentration point is
representative of the mean mitotic index of two experiments done on
separate occasions. The G2-Phase was calculated by subtracting the
M-Phase value from the mean G2M-Pbase value (n=3) obtained from
Figure 2b [14].

All Mafosfamide concentrations (M) are inug/ml,
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Figure 2
Effects of Mafosfamide-exposure (lOugjtnl) on cell cycle progression of HL60
cells released from the double thymidine block. Note the delay in S~Phase
progression in Mafosfamide-treated cells, as well as the late S..Phase
accumulation and G2M..Phase arrest that was evident 12 hours after release
from the thymidine block.
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Fig)..l!'ti
Giemsa ..stained cytospin preparations (magnification X1OOO)of unsynchronised
ffil"60 cells.
a) Control HL-60 cells at 24 hours.
b) After 24 hours of Mafosfamide-exposure (5'1,lg/tnl)there was

morphological evidence of apoptosis «A"in the form of chromatin
condensation, nuclear fragmentation, and the formation of apoptotic
bodies.
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Fi~re 4
Agarose gel electrophoresis of total DNA extracted at 24 hours from 1xl06

unsynchronised control and Mafosfanride~t1'eated H.L-60 cells (starting cell
number at 0 hours was 1()6cells). The sizes (in bases) of molecular weight
markers are shown.
Note the DNA fragmentation in cells treated with Mafosfamise at
concentrations .?.JlOug/ml.
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Figyre 5
Agarose gel electrophoresis of total DNA extracted from control and "M"
Mafosfamide-treated (lOug/ml) .HL-60 cells at progressive time Intervals after
release from the double thymidine block (starting cell number at 0 hours was
1<r cells). The sizes (in bases) of molecular weight markers are shown. Note
the sudden onset of DNA fragmentation between 10 and 12 hours,
corresponding to the late S-Phase .. and G2~Phase-cell-cycle-arrests (see Figure
2).
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T

5ug/ml

Mafosfamide Concentration

10ug/ml

~
Effect of Mafosfamide on the viable cell number of unsynchronised HL-60
cells after 24 hours of exposure.
Results are expressed as a percentage of control values and reflect the mean .±.
SD of two separate experiments, each done in duplicate.
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DISCUSSION

In this study we investigated the in..Y.Ur.o effects of the cyclophosphamide

derivative Mafosfamide. Mafosfamide, which rapidly generates 4-

hydroxycyclophosphamide after aqueous dissolution, was employed at doses

ranging from 0.1 to 10 ug/ml in }iL.60 human leukemic cells. We found that

Mafosfamide induced morphological and biochemical evidence of apoptosis in

both asynchronous and in synchronysed Hlr60 cells. This is similar to the

findings of Marks ""1Fox [22], and also to the apoptosis that bas been

observed in response to numerous other chemotherapeutic agents including

etoposide, cisplatin, melphalan, methotrexate, camptotheein, teniposide,

amsacrine, and 5-fluorouracil [11-16].

Consistent with the known alkylating effects of cyclophosphamide [9], and also

with its capacity to introduce cross-links and single-strand breaks into DNA

[4,8], we found that Mafosfamide caused an S..Phase accumulation in both

synchronised and unsynchronized HL-60 cells. Since the progression of DNA

synthesis during S-Phase is dependent on the sequential activation of banks of

replicons so that activation of later replicons is contingent on the successful

replication of previously activated replicons [21], it is likely that alkylating

damage to DNA by Mafosfamide precluded successful sequential replicon

activation, disrupted S"Phase progression, and was responsible for the S-Phase

accumulation. Because apoptosis was found to occur simultaneously with the

S-Phase-arrest inMafosfamide-treated cells, it is possible that apoptosis may

have been activated, at least in part, subsequent to the attest, as has been"
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reported with the cancer chemotherapeutic agents campeothecin, teniposide,

and amsacrine, all of which induce S-Phase-specific Internucleosomal cleavage

[14].

In addition to the apoptosis and the SMPhaseaccumulation induced by

Mafosfamide, ther was a suggestion of a G2 ..Phase arrest in both synchronized

and in unsynchronlsed HL-60 cells, similar to the q~-Phase arrest elicited by

cisplatin and etoposide [15,161.We suggest that the apoptosis ufMafosfamide-

treated cells, in addition to occurring in S-Phase, may alsohave occurred in

the 02-Phase, as has been shown to occur with both etoposide and cisplatin

[15,161 where a preceding G2-Phase-cell-cyclegartest is associated with

subsequent activation of the apoptotic cascade.

In conclusion we have shown that the cyclophosphamide derivativ-e

Mafostamide induced apoptosis in HL-60 cells, and that the apoptosis was

associated with intercurrent S-Phase and G2..Phase cell-cycle-arrests, As such

we propose that Mafosfamide may have potential synergism with other

anticancer agents that elicit similar cell-cycle-arrests e.g, cisplatin and

etoposide, and with cancer chemotherapeutic drugs that induce apoptosis e.g.

melphalan, methotrexate, camptothecin, teniposide, amsacrine, S-f1uorouracil,

etoposide, cisplatin,
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ABS~

The expression of the proto-oncogene c-~ has been strongly implicated in

the regulation of apoptosis. Since we have previously shown apoptosis to

occur inHL-60 leukemic cells exposed to the prodrug Mafosfamide (ASTA Z

7557), th~present study was undertaken to examine the levels of c-~ mRNA

transcripts in such cells. Mafosfamide, which is a cyclophosphamide derivative

that rapidly generates 4-Hydroxycyc1opbosphamide after aqueous dissolution,

was employed in doses ranging from 0.1 to 2Ong/ml. No changes in c-~
t r

.mRNA levels were evident aftes }lJ,lOurof exposure to.Mafosfamide. After 6

and 24 hours of Mafosfamide-exposure however, there was a dose" and time ..

dependent decrease in C-lJlY_Q transcripts. c-~ mRNA expression was

reduced to a greater extent than either the beta-actin or GAPDB expression

was. Morphological, biochemical, and ultrastructural evidence of apoptosis

accompanied the Maf~sfamide-induced C"m¥& mRNA down-regulation at 24

hours. We conclude that in the context of Mafosfamide-treated HJ.,...60cells,

upregulation of c-~ mRNA transcription was not fundamental for the

activation of the apoptotic cascade.
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INTRODUCTION

The proto-oncogene c-~ has been strongly implicated in the apoptotic

pathway. In certain contexts the process of apoptosis has been found··!\) be

contingent on c-my_<t expression (1-7)~whereas in :>ther scenarios down-

regulation of c-.my£ mRNA levels have accompanied the activation of the

apoptotic cascade (8-10).

Cyclophosphamide is a widely employed alkylating cancer chemotherapeutic

agent (11-12). the derivatives of which are frequently used In vitrQ to purge

leukemic cells from bone marrow (13-20). One such derivative is the prodrug

Mafosfamide (ASTA Z 7557), a cyclohexylamine salt that rapidly generates 4-

Hydroxycyclophospbamide after aqueous dissolution. 4-

Hydroxycyc1ophosphamide degrades irreversibly via aldophosphamide to

phosphoramide mustard and acrolein (71-23), .Je therapeutically significant

metabolites of cyclophosphamide (24). We have recently found that

Mafosfamide-exposure induces apoptosis in 1Ur60 leukemic cells (25). Since

certain anticancer agents have been found to reduce c-~ mRNA levels (26-

29), whereas others, including the cyclophosphamide derivative 4-

Hydroperoxycyclophosphamide, have been found to elevate c-~ mRNA

transcripts and/or c-~ oneoprotein levels (27, 30-31), the present study was

undertaken to examine the levels of c~myc mRNA transcripts in Mafosfamide-

treated HL-60 cells undergoing apoptosis.
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Cell culture and Mafosfamid.e-exposure

HL-60 human promyelocytic leukemic cells (ATCC passage 17, Rockville, MD,

USA) were seeded in RPM! 1640 medium supplemented with fetal calf serum,

Lsglutamine and Penicillin/Streptomycin antibiotics (Gmco, Madison, WI,

USA). Cells were maintained at 37°C in a humidified atmosphere of air and

5% CO2, Mafosfamide crystalline powder (MW =500.5) was a. kind gift from

Dr J. Pohl, ASTA PfIARMA, Pr Brock, Asta..Werke, Bielefeld, West

Germany. Fresh Mafosfamide solution was prepared in RPM! medium

immediately prior to use at final concentrations ranging from 0.1 j.&g/mlto

20",g/OO.

DNA friltUnentatioJlanalysis

At the conclusion of the incubation period the cells were pelleted at 4°C and

prepared for subsequent fragmentation analysis (32). The pellet was

resuspended in 70",1of lysis buffer (10mM EOTA; SOmM Tris..HCl, pH=8.0;

0.5% sodium lauryl sarkosinate; 0.5mg/ml proteinase K) and incubated for 1

hour at SOOC. A 10,,1aliquot of Img/ml ribonuclease A was added to each

sample prior to a further 1hour incubation at SOOC.Samples were then heated

to 70°C after which the reaction was terminated by the addition of 20141of

loading buffer (10mM RDTA, pH=8.0; 0.25% bromophenol blue; 40%

sucrose). Extracts were loaded into the wells of a 2% agarose gel and

electrophoresed in a phosphate buffer (2mM EDTA; 800mM Tris-phosphate;
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pH =7.8). Both the gel and the buffet contained 1l'g/ntl of ethidium bromide.

BglI/HinfI cleaved pBR.32S served as molecular weight markers.

c-lll.Y&:mRNAexpression was investigated using standard techniques (33),

Extracted total RNA (lOug) was size fractionated by 1.2% agarose

formaldehyde gel electrophoresis, and then. transferred and UV ..crosslinked to

nylon membrane. Hybridization at 42°C for 16 hours was to the [gamma-

~ldCI'P (Amersham, England) random primer-labelled 1.6Kb Sst! fragment
,.

from the'S' end of the human c-~ gene (ATCC, USA)~ Following

stringency washes at ,~2()Cand at room temperature, the membrane was

exposed at -7ere to film using image-intensifying screens, Finally the

membrane was stripped before rehybridization either to the [a3lP]dCfP

random primer-labelled 1.9Kb BamHl fragment of B~acti:n (ATCC, USA), or

to the [r..3ZP1ATP (Amersham, England) end-labelled 40mer oligonucleotide

antisense GAPDH (Oncogene Science, USA). J3-actin\Uld GAPDH served as

internal controls for constitutive gene expression.

All other reagents were of analytical grade and were from standard

commercial sources.
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UNA frawnemation. ana.\)!sia

Apoptosis was not seen inMafosfamide-treated cells after 1 and 6 hours of

exposure (data not shown). At 24 hours however, there was morphological

evidence of apoptosis (chromatin condensation, nuclear fragmentation, and the

formation of apoptotie bodies) in Mafosfamide-treated cells (data not shown).

This was confirmed ultrastructurally (data not shown), and by DNA

electrophoresis which showed the pattern of double-stranded DNA fragments

that result from the\~ctivationofan endogenous endonuclease (fi~e 1).

Tllere was no change in c"m:f.Q,8..actin and GAPDH mRNA expression after 1

hour of Mafosfamide-exposure in HL-60 cells (data not shown). After 6 hours

and 24 hours however, ther~was a dose-dependent decrease in the expression

of these genes inMafosfamide ..treated cells (Figure 2). c..~ mRNA

expression was reduced more than either the a-actin or GAPDH expression

was (Figure 2 and Figure 3).
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E~l
Agarose gel electrophoresis of total DNA extracted from control and
Mafosfamide-treated (ug/ml) HL-60 cells at 6 hours and 24 hours after drug
exposure. The sizes in bases of molecular weight markers ate shown.
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6 hours 24 hours
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~ ~ 0 ~

,
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~ .~

C-myc

GAPDH

B-actin

Eiw.\re 2
CGmy.&t .a..actin, and GAPDH mRNA expression at 6 hours and at 24 hours in
control and inMafosfamide-treated (J'g/ml) HL-60 cells (101'8 total RNA

. loaded per lane). The results were reproduced on one further occasion.
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Mafosfamide concentration (Ilg/ml) Mafosfamide concentration (JJg/ml)

FilWre 3
Hybridization intensities at 6 hours and at 24 hours in Mafosfamide-treated
HL-60 cells are shown relative to that inuntreated control cells (normalised to
100%). The results were quantitated by densitometric scanning of the
autoradiogram.
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DISCUSSIQ~

We recently found that the apoptotic pathway was activated in HL60 cells

following exposure to the prodrug Mafosfamide, a derivative of the alkylating

cancer chemotherapeutic agent cyclophosphamide (25). Since the expresson

of the proto-oncogene c..~ has been strongly implicated in the regulation of

the apoptotie cascade (1-10), we undertook to examine the effect of

Mafosfamide on c~~ mRNA levels in fIL.60 cells. In the current study we

found no change in c-~ roRNA levels after 1 hour of Mafosfamide-exposure,

and a dose-dependent decrease in c-* mRNAtranscripts after 6 hours and

24 hours in Mafosfamide-treated cells.

These findings suggest that in the context of Mafosfamide-treated Jnr60 cells,

upregulation of c-m.Y,£mRNA transcription was not fundamental for apoptosis

induction. This is consistent with the down-regulation of the c-myg gene that

has been found to precede IL-6 induced apoptosis of Y6 cells (8), steroid-

induced apoptosis of 697 pre-B lymphocytes (9), and phorbol ester-induced

apoptctis of U..937 cells (10). Our findings are in contrast with the elevated o-

~ mRNA levels seen in rat thymocytes undergoing apoptosis following

dexamethasone treatment (3), with the evidence that c-.my.Q is a potent inducer

of apoptosis in rat fibroblasts (6), and with the observations that CMmy.s.i

expression is a requirement for activation-induced apoptosis of T-cell

hybridomas (5), for apoptotic regression of estrogen-treated MCF- 7 human

mammary cancers (7), and for apoptosis elicited in c..~~amplified cell lines



163
(including HL-60) by the DNA topoisomerase n. inhibitor VM-26 (1).

In the context of anticancer agents, it is of interest that in Colo320HSR cells

treated with another cyclophosphamide derivative (4-hydroperoxy-

cyclophosphamide), C-f!l~ mRNA levels increased after 1 hour of exposure but

decreased subsequently, raising the possibility that alkylating agents may

suppress the expression of specific transforming genes (27). Further evidence

for this comes from in '~hgQexperimentation which demonstrated that

alkylating agents including nitrogen mustard and melphelan, but not 4-S-

{propionic acidj-sulfldocyclophosphamide, terminated c-m)!Ctranscription in a

sequence-specific, drug-specific manner (28). In addition mithramyein, which

binds to G-C-rich sequences in the DNA minor groove, has been found to

inhibit c-~ transcription inHel.a cells (and other genes which have G-C rich

promoter sequences) by preventing the formation of the transcription initiation

complex (29). However, increased c-~ protein has been observed to

accumulate in a lymphoblastoid cell line in response to certain alkylating

agents (Dimethylsulphonate, Btbylmethane sulphonate and Mitomycin C) (30),

and elevated c·~ DlRNA levels have been reported in SV40 transformed

human keratinocytes in response to ultraviolet irradiation (20) and in rat

embryonic cells exposed to ionizing irradiation (21).

It is clear that although C-nJl!£ expression has been strongly implicated in both

apoptosis and the cellular response to DNA-damaging agents, the precise

nature of its regulation of and/or participation in such processes still requires

-,



164
elucidation. To address the issue more comprehensively in the future, c..~

mRNA expression should be evaluated not only at the levels of RNA and of

protein, but also at the level of DNA, since c~~ gene-specific DNA repair

may itself be differentially affected according to the eliciting insult (36).

Finally it would be worthwhile to examine the transcription of mammalian

genes termed .i&hl (growth arrest and DNA damage inducible), that

specifically code for transcripts which are increased by DNA damage (37)J and

to examine their role, if any, in the apoptotic response to cancer ..

chemotherapeutic drugs, particularly alkylating agents such as Mafosfamide.
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CHAPTER 7

hromycm-.elicited ~;~ mRNA st.perlnduCHoD. precedes apoptosis in HL-6()

leukaemic cens.
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The phenomenon of superinduction refers to the process by which high

concentrations of protein synthesis inhibitors augment and stabilize m.RNA

transcript levels e.g, 36-1BOJ,&Mof Puromycin (PM) bas been found to elicit c-

my.,g mRNA superinduction. The expression of the proto-oncogene c-~ has

been strongly but variously implicated in the regulation of the apoptotic

cascade. Since we recently found that a low dose of the protein synthesis

inhibitor PM activated the apoptotie cascade in ffi.r60 leukcmre cells, the

current study was undertaken to exemine c-.llOOtmRNA transcr' ,t levels in

such cells, and to assess the rela\;f~!h1bip,if any, between PM-elicited c"r~

mRNA superinduction and subsequent activation of the apoptonc c~,,1i,1e.

PM was employed in vitro at doses of O.9JJM and 2J.tM. Dose-dependent c-

~ mRNA superinduction was present at 1 hour of PM-el(po:mre, and was

associated with subsequent activation of the apoptotic cascade at 24 hours of

exposure, Apoptosis was confirmed morphologically as evidenced by

chromatin condensation, nuclear fragmentation and the formation of apoptotic

bodies, and by DNA agarose gel electrophoresis which showed showed the

.pattern of double-stranded DNA fragments that result from the activation of

an endogenous endonuclease. [C1·ll..eucineincorporation studies ~t 1hour

demonstrate" minimal protein synthesis inhibition at doses used, suggesting

that c-~ mRNA superinduction in this context may have been the result of

mechanisms whlch were independent of the inhibition of synthesis uf new

proteins, such as interruptions in signal transduction.
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The steady-state levels of a specific mRNA can be controlled at anyone of the

multiple steps involved in its metabolism (1,2). The term "superinduction" has

traditionally been applied to the process by which protein synthesis inhibition

results in the augmentation and stabilization of mRNA transcripts (3) through

a variety of mechanisms which include the inhibition of translation per se (4,5),

the inhibition of translation-dependent poly(A) tail shortening (5), and the loss

of labile transcriptional repressors or RNases (6,7). For example high doses

i.e, 36·1801'M of the "classical" protein synthesis inhibitor Puromycin (PM)

have been found to elicit c-~ mRNA superinduction (5).

'I'he proto-oncogene c-~ has recently been strongly but variously implicated

in the -apoptotic pathway. In certain contexts the process of apoptosis has

been found to be contingent on c-.t:!l¥£expression (8-12), whereas in other

scenarios down-regulation of c-1l.lY&mRNA levels have accompanied the

activation of the apoptotic cascade (13-16).

'Ihe role of protein synthesis in the process of apoptosis is contentious since

there is evidence that depending on the context, apoptosis may (17) or may. not

(18) require de novo protein synthesis, and that apoptosis may be induced by

protein synthesis inhibitors themselves (19).

We recently found diat a low dose (O.9pM) of the protein synthesis inhibitor
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Puromycin (PM) activated the apoptotic cascade in :HL-60leukaemic cells

(20). In the current study we therefore undertook to examine c-~ mRL'fA

transcript levels in such cells and to assess the relationship, if any, between

PM-elicited c-~ mRNA superinduCtion and subsequent .activation of the

apoptotic cascade.
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MEmoDS AND MAtERIALS

Cell cql1!.tre

~)'"60 human p:romyelocytic leukemic cells (ATCC passage 17, Rockville, MD,

USA) were seeded in RPM! 1640 medium supplemented with 10%(vIv) heat-

inactivated fetal calf serum, 2mM L-gIutamine, SOUIml Penicillin, and

SOj.'g/ml Streptomycin (GmCO, USA). Cells were maintained at 37"C in a

humidified atmosphere of air and 5% CO2, PM (Sigma) was used as

described.

Protein synthesis inhibition

O.5",Cie4C]Leucine (specific activity SOCiIl1ll1.101;Amersham) was added to

cultures which were then further incubated at 37°C for one hour (21). At the

conclusion of the incubation period, cells were washed three times in

phosphate ..buffered saline, Iml of 10% trichloroacetic acid was added, and the

tubes were then chilled on ice for 30 minutes. The precipitate so formed was

filtered on GF/C filter papers (Whatmann), and washed three times with 5%

trichloroacetic acid. The filters were' dried and counted after adding aqueous

counting scintillant. [14C]Leucineincorporation was determined in triplicate,

Replicates differed from each other by less than 10%.

c-mycmRNA ~xPr~aiQn

c..~ mRNA expression was investigated using standard techniques (22).

lOl-'g of total extracted RNA was size..fractionated by 1.2% agarose
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formaldehyde gel electrophoresis, and then transferred to and subsequently

ultraviolet cross-linked to nylon membrane. The membrane was

prehybridized at 42°C for 4 hours. Hybridization was to the [a-32P]dCTP

(Amersham) random-primer labelled 1.6kB SstI fragment from the 5' end of

the c-myc gene (ATCC,USA). Following stringency washes at 42°C and at

room temperature, the membrane was exposed at -700e to film. using image-

intensifying screens. Finally the membrane was stripped before re..

hybridization to the [1...32P]ATP (Amersham) end..labelled 40mer

oligonucleotide antisense GAPDH probe (Oncogene Science, USA). GAPDH

served as an internal control for constitutive gene expression, Autoradiograms

were scanned densitometrically,

DNA fragmentation ~

After appropriate incubation periods, cells which had initially been needed at

106/ml were pelleted at 4°C and prepared for subsequent fragmentation

!
I

I
I,

analysis (23). The pellet was resuspended in 70~1 of lysis buffer (10mM

EDTA; 50.tnlVITris-HQ, pH=8.0; 0.5% sodium lauryl sarkosinate; O.5mg/ml

proteinase K) and incubated for 1 hour at 5We. A 101-'1aliquot of Img/ml

ribonuclease A was added to each sample prior to a further 1 hour incubation

at 50°C. Samples were then heated to 700e after which the reaction was

terminated by the addition of 20J.'iof loading buffer (10mM EDTA, pH=8.0;

0.25% bromophenol blue; 40% sucrose). Extracts were. loaded into the wells

of a 2% agarose gel and electrophoresed in a phosphate buffer (2mM EDTA;

800mM Tris-phosphate; pH=7.8). Both the gel and the buffer contained
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Ip.g/tnl of ethidium bromide. BgU/HinfI cleaved pBR328 served as molecular

weight markers.

Materials
All other reagents were of analytical grade and were from standard

commercial sources.
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RESULTS

[C14]Leucine incQworation.~t.ud~

After both 1hour and 24 hours, PM employed at O.9p.M and 2J.£Mwas seen to

inhibit [C14]Leucine incorporation (Figure 1), The extent of [C14]Leucine

incorporation inhibition at 24 hours (±43% and ±80%) was greater than at 1

hour (±9% and ±1S%).

~~mycmRNA ~ression

After 1 hour, PM superinduced c-~ mRNA levels above those of the control

(Figure 2). At 2p.M,PM superinduced GAPDH as well as c-~ although e-

nIJ.C was superinduced to a greater extent than GAPDH was,

IlliA frag.;;nentatjon analysis

After 1 hour of PM-expOsure, and coincident with c..;~ mRNA

superinduction, there was no evidence of DNA fragmentation on agarose gel

electrophoresis (Figure 3). At 24 hours however, O.9J,£Mand 2J.&Mof PM were

both seen to induce DNA fragmentation,
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Figure 1
[C14]Leucineincorporation studies in HL-60 cells at 1 hour and at 24 hours of
PMuexposute. Results are expressed as the percentage inhibition of
[Cl4]Leucine incorporation, and represent the mean ± SD of three separate
experiments each done in triplicate.
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Dose-response representation of c-~ and (for reference) GAPDH mRNA
levels after 1 hour in control and PM-treated HL-60 cells (101'g total RNA
loaded per lane).
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Agarose gel electrophoresis of total DNA extracted from HL-60 cells at 1 hour
and at 24 hours of P.M-exposur~. The sizes (in bases) of molecular weii~ht
markers are shown.
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DISCIJSSION

In the current study undertaken in HL-60 leukaemic cells, we have investigated

the in vitro effects of low doses of the. protein synthesis inhibitor Puromycin

(PM), specifically with regard to its effects on c-~ mRNA levels and on

apoptosis induction. We have shown that PM-elicited C-ll'!l!Q mRNA

superinduction at 1hour was associated with subsequent activation of the

apoptotic cascade at 24 hOUl'S.

The expression of the c·'~ proto-oncogene has been strongly bat variously

implicated in the regulation of the apoptotic cascade (8-16). Our finding that

the up-regulation of C-.ll$ mRNA transcription was found to precede

subsequent apoptosis induction is consistent with the elevated c-~ tnRNA

levels seen in rat thymocytes undergoing apoptosis followlJ1gdexamethasone

treatment (8), and with the evidence that C-Ull!G is a potent inducer of

apoptosis in rat fibroblasts (9). Our data are also consistent with the

observations that cw~ expression is a requirement for activation-induced

apoptosis of T-cell hybridomas (10), for apoptotlc regression of oestrogen ..

treated MCF..7 human mammary cancers (11), and for apoptesis elicited in c-

llll!.~amplified cell lines by the DNA topoisomerase n inhibitor VM·26 (12).

Our findings are in contrast with our recent observation that c-.mJl£ Ill.RNA

levels are down-regulated in Mafosfamide treated cells undergoing apoptosis

(13), with the down-regulation. of the c-~ gene that bas been found to

precede ll.r6 ..induced apoptosis of Y6 ceD.~(14), steroid-induced apoptosis of



183

697 pre-B lymphocytes (15), and phorbol ester-induced apoptosis of U...937

cells (16).

The concentrations of PM that were employed to elicit the c~mYGtrlRNA

superinduction Le, O.9JtMand 2~M, were much lower than those used

previously (36-180J.'M) by others to generate this effect (5). Although some

protein synthesis inhibition was noted at these low doses of PM, the magnitude

of the superinduction (± 18{1%at 2JLM) seems out of proportion to the degree

of protein synthesis inhibition which occurred (± 15% at 2J.£Mfor 1 hour). In

fact we have recently shown that c-IDl!£mRNA superindnctlonwas found to

occur following exposure to PM at O.2"M, a concentration which actually

enhanced [C~4]Leucineincorporation (data not shown). These observations

suggest that the c-~ mRNA superinduction may have been mediated through

mechanisms which were distinct from protein synthesis inhibition: (3,2;,24), and

which have been found by others to include interactions with signal

transduction (3,23,24). For example, sub-inhibitory concentrations of the

protein synthesis inhibitor anisomycin have been found to superinduce c-ma

and c-j],mmRNA through the phosphorylation of two chromatin-associated

proteins pp53 and pp15 (3). Furthermore we have recently found low doses

of PM to inhibit endogenous tyrosine kinase activity in ID..-60 cells (25).

As far as the role of protein synthesis in the process of apoptosis is concerned,

in the current context the apoptotic cascade was found to be activated despite

protein synthesis inhibition which at 24 hours ranged from ±57% at O.9JLMto
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±80% at 2J.'M, indicating that in this particular scenario the pxpcess of
.¥f"

apoptosis was probably not dependent on sl~novo protein synthesis (18).

Alternatively it may have been that apoptosis was dependent on de llOYQ

protein synthesis as has been reported by others (17). If so, it would follow

that any proteins required for the apoptotic process were among those proteins

whose synthesis was not Inblbited, Finally it is possible that'PM may itself

have directly induced apoptosis, a phenomenon that has been reported to

oC\rul'with other protein synthesis inhibitors (1.9).
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CHAP'I'ER8

Protein synthetJis inhihltiQU is

not a requisite for Puromycin.. and Cycloheximide..fnduced

c·~ mRNA superinduction.
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The phenomenon of superinduction refers to the process by which high doses

(30-180"M) of the protein synthesis inhibitors Puromycin (PM) or

Cycloheximide (CHX) augment and stabilize mRNA transcript levels through

mechanisms which are dependent on the complete inhibition of protein

synthesis. The current study undertaken in HL-60 leukaemic cells bas

dissociated the protein synthesis-inhibitory effects of PM and CHX from their

C-ID."l& mRNA superinducing effects. When employed at concentrations which

were sub-inhibitory with respect to protein synthesis (O.2?,M),PM and CHX

nevertheless elicited the phenomenon of superinduction, possibly through

mechanisms related to intracellular signalling.

.. ~" .....-.-----------
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LNTRODUCTIQN

The overall regulation of eukaryotic gene expression is inextricably linked,

inter alia, to factors governing mRNA stability and degradation, as evidenced

by the strong implication of dysregulated rnRNA turnover in the pathogenesis

of a number of diseases including thalassemia and certain haematological

malignancies (1). The steady-state levels of a specific mRNA species can be

controlled at anyone of the multiple steps involved in its. metabolism i.e

transcription initiation, transcription elongation, post-transcriptional RNA

processing (addition of the 57 cap, the 3~poly(A) tail, and splicing), mRNA

transport from the nucleus to the cytoplasm, translation, and (..-ytoplasmic

mRNA accumulation and degradation (1,2).

The term "superinduction" has traditionally been applied to the process by

which complete protein synthesis inhibition results in the augmentation and

stabilization of inducible mRNA transcripts (3). For example, high doses i.e,

36...180~M of the "classical" translation inhibitors Puromycin (PM) and

Cyclohemn.ide (CHX) have been used to elicit c~~ mRNA superinduction

(4). Within the context of protein synthesis inhibition, the phenomenon of

superinduction has been attributed to a number of different processes

including mechanisms relating to the inhibition of translation per se (5), the

inhibition of translation-dependent poly(A) tail shortening (4), and enhanced

mRNA stability due to the loss of labile transcriptions repressors or RNAses

(6,7).
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Recently it has been recognised that superinduction may also be elicited

through mechanisms which involve signal transduction patl~ways, and which are

distinct from protein synthesis inhibition (3,8,9). For example, sub-inhibitory

concentrations of the protein synthesis inhibitor anisomycin has been found to

superinduce cQms and c-j,un mRNA, specifically through the phosphorylation of

two chromatin-associated proteins pp33 and pp15 (3).

In the light of these findings we undertook to investigate the effects of the

protein synthesis inhibitors PM and CHX on C-lPl!£ mRNA levels in HL-60

leukemic cells. We specifically employed concentrations which were sub-

inhibitory with respect to protein synthesis in order to ascertain whether the

phenomenon (If superinduction persisted under these circumstances.
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METHODS AND MATERW's

HL-60 human promyelocydc leukemic cells (ATCC passage 17, Rockville, MD,

USA) were seeded in RPM11640 medium supplemented with 10%(v Iv) heat-

inactivated fetal calf serum, 2mM L-glutaruine, 50U /ml Penicillin, and
50J,lg/ml Streptomycin (GmCO, USA). Cells were maintained at 37°C in a

humidified atmosphere of air and 5% CO2, PM and CHX: (Sigma) were used

as described.

Protei thesi '!1h'b"~Qtem syn~ eSiS1~1 Itlo.n

o.~J,lCi[14C]Leucine(specific activity 5OCijmlUo.l; Amersham.) was added to.

cultures which were then further incubated at 37°C for one hour (10).. At the

conclusion of the incubation period, cells were washed three times in

phosphate-homered saline, !mi of 10% tticbloroacetic acid was added, and the

tubes were then chilled on iCE) for 30 minutes. The precipitate so formed was

filtered on GF/C filtet' papers (Whatmann)~ and washed three times with 5%

trichloroacetic acid. The filters were dried and counted after adding aqueous

counting scintillant. [l"C]Leu(ine incorporation was determined in triplicate.

Replicates differed from each other by less than 10%.

~~A expression

c-myc mRNA expression was investigated using standard techniques (II).

10fJ8of total extracted RNA Wl'S size-fractionated by 1.2% agarose
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formaldehyde gel esectrophoresls, and then transferred to and ultraviolet cr pss-
I

linked to nylon membrane. The membrane was prehybridized at 42°C for ~
I

hours, Hybridization was to the [a-32P)dcrP (Amersham) random-primer i
I ',-;-'

labelled 1.6kB Sst! fragment from the 5' end of the o..~ gene (ATCC,US~).
r
i

Following stringency washes at 42°C and at room temperature, the rp.embrlfne
I

was exposed at -7ere to film using image-intensifying screens. Finally the i
membrane was stripped before re-hybridization to the [,y-32P1ATP (Amersham)

end ..labelled 40mer oligonucleotide antisense GAPDH probe (Oncogene !
Science, USA). GAPDH served as an internalcontrol for constitutive ge~e

expression. Antoradiograms were scanned densitometrically,

commercial sources.

Mil1eri.ahi

All other reagents were .of analyticaI;.g\'ade and Were fromstandard
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RESULTS

[C14]LeuciAA .ioon:12oration studies

rt4C]Leucine incorporation studies showed that at a dose of 0.2p.M, both PM

and CHX ">\Teresub-inhibitory on protein synthesis (Figure 1). In fact at this

concentration PM was actually found to boost protein synthesis.

~;,;£.,mRNA &vressi2n

Despite being employed at sub-inhibitory concentrations with respect to

protem synthesis Le, 0.2/tM, both PM and CHX superinduced c..~ mRNA

levels above that of the controi at 1 hour (Figure 2). PM-elicited c-~

mRNA superinduction was not maximal at this concentration however, since

higher concentrations of PM (O.9J.'M and 2/-'M) that inhibited [14C]Leucine

incorporation by ~ 20%, Were able to elicit greater degrees of superinduction

(data not shown).



140

.......
a 12010...-c:
0o
:::R 100 ------0........
c:a.:p 80CIl
10...
0
0.,_
a 60oc:
0)
c:
o 40
:J
a,)
....l,.....,
'<t 20.....o._.

0

196

IIIPMO.2IJM

_ CHXO.2~M

F.igm:U
The effect of equivalent concentrations (O.2I'M) of PM (O.1#.£8.m1)and CHX
(O.O!i#Ag/ml)on [14C]Leuclne incorporation after one hour inH1..-60 cells.
Results are expressed as a percentage of the mean control value, and represent
the mean ± SEM of triplicates.
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Figure 2
c-m,y&and (for reference) GAPDH mRNA levels after one hour in control,
and in PM· and CHX ..treated HL-60 cells (10pg total RNA loaded per lane).
Similar results were obtained in three further experiments.
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DISCUSSION

In this study we have been able to dissociate the protein synthesis-Inbibitory

effects of two "classical" protein synthesis inhibitors, PM and C~ from their

c-~ mRNA superinducing effects. When employed ar sub-inhibitory

concentrations (O.2~M)in HL 60 leukemic cells, PM and CHX nevertheless.

elicited superinduction, a phenomenon that has been evoked previously by high

concentrations of these drugs that completely abolish protein synthesis Le. 30-

200~M (4,12,13,14).

Our findings are consistent with the recent recognition that

superinduction may also occur through mechanisms which are distinct from

protein synthesis inhibition (3,8,9). Such mechanisms have been found to

include interactions with signal transduction pathways. For example, sub-

inhibitory concentrations of the protein synthesis inhibitor anisomyein have

been found to superinduce c-~ and c;.jl.m mRNA, specifically through the

phosphorylation of two chromatin-associated proteins pp33 and pp15 (3).

EOTA has been found to superinduce PDGF- and Ca+z-modulated c-m)!£

mRNA expression (8)~ and Insulin-like-growth factor I has been found to up-

regulate c-~ expression through the stimulation of tyrosine kinase activity (9).

Since we have recently found low doses of PM to inhibit endogenous tyrosine

kinase activity in HL-60 cells (15)J we suggest that I.)Mfssuperinducing effect in

the current study may have been mediated through disruption of tyrosine

kinase signal transduction pathways.
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This report supports the notion that superinduction ca",1J.be (:~tributed to

I'

different mechanisms depending on the concentration of the protein rtnthesis

inhibitor employed to elicit this phenomenon. Thus the superinduction

demonstrated at sub-inhibitory coneentrations of both PM and CHX clearly

cannot be attributed to any of those mechanisms relying on prot( ~n sYil(nesis

inhibition (4,5,6,7). At higher, protein synthesis inhibitory concentrations,

enhancement of c-~ lllRNA transcript bas been found by others (4,12) and

ourselves (data not shown) in both PM- and CHX-treated cells (4,12),

consistent with the interpretation of superinduction as being the consequence

of impaired protein synthesis (4,5,6, 7). ~t'he phenotypic and functional
'. ./

consequences of c-myg mRNA superinduction are Hkely to be very different

depending on whether or not there is a concomitant inhibition of protein

synthesis. Thus, at low concentrations of PM and CHX, the enhanced ~"m~

mRNA may be associated with equivalent enhancement of c-~ oncoprotein,

whereas high concentrations of PM (and CHX which inhibit protein ,synthesis

are. likely to attenuate c~~ oncoprotein levels. These issues, as well as the

impact on signal transduction pathways of sub-inhibitory concentrations of PM

and CHX, are currently being addressed in our laboratory.
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CONCLUSIONS

1. PM exerted a number of potent effects on the cell cycle when used at

concentrations far below those used traditionally to completely block

protein synthesis, These effects included a G2-arrest, a metaphase-

mitotic-arrest, and apoptosis, and were found in a variety of malignant

and non-malignant cell types of both human and murine origin. Since

CHX failed to elicit similar effects, the data. suggests that the PM-

induced changes were likely to have been related to the different

mechanisms of protein synthesis inhibition exerted by these two

"classical"translation inhibitors Puromycin (PM) and Cyclohexinude

(CHX). PM, but not CHX, generates nascent peptidyl-PM complexes

(PMPs), whose subsequent intracellular effects, may account, at least in

part, for the differential cytokinetic effects and the tyrosine kinase

inhibition (see point 3) elicited by these drugs. Furthermore the

observation that the closely related substituted purines Puromycin

aminonucleoside (PAN) and 6-Dimethylaminopunne (6-DMAP) did not

exert detectable morphological and cytokinetic effects may also be

attributable to their faill:.,-e to generate nascent PMPs.

2. Although the role of protein synthesis in the cell cycle and in the

process of apoptosis has been contentious, as has the relationship

between cell cycle phase and apoptosis activation, it would appear that
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much of the confusion surrounding the interrelationship between these

variables reflects diverse contextual experimental scenarios inwhich

they have not been independently controlled. This study therefore

investigated the apoptotic process in cells synchronized with respect to

the cell cycle, while maintaining tight control over protein synthesis.

The data showed that in synchronized, PM-treated HL-60 cells, (1) the

activation of the apoptoric cascade was cell cycle-dependent, and that

(ii) the G2/apoptosis transition and (iii) the process of apoptosis itself

were virtually protein synthesis-independent. The data suggest a

working model which may help to reconcile at least some of the current

apparently conflicting opinions on the! issue, and also confirms the

likelihood that inconsistencies reported in the literature represent

contextual experimental variations (diversity in cell type, cell

synchronicity, type and dose of protein synthesis inhibitors employed,

extent of-protein synthesis inhibition) rather than major controversies.

3. Inaddition low-dose PM-exposure resulted inpotent and specific

inhibition of tyrosine kinase activity as determined in soluble enzyme

extracts prepared from 1 hour and 24 hour PM-treated Hlr60 cells.

Enzyme extracts derived from HL-60 cells treated with a dose of Gill{

that was equimolar to the dose of PM employed and that also inhibited

protein synthesis to a similar extent as PM did, failed to inhibit

phosphorylation of tyrosine kinase-specific substrate. this indicates

that the tyrosine kinase"specific inhibition induced by PM cannot be
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attributable to protein synthesis blockade per se, but may relate to the

different mechanisms of action of PM and CHX.

4. When the in vitro effects of the cyclophosphamide derivative

Mafosfamide were investigated inHL-60 cells, it was founal!that

Mafosfamide induced apoptosis and that the apoptosis was associated

with intercurrent S-Phase and G2-Phase cell-cycle-arrests in both

synchronized and unsynchronized cells. Furthermore in the context of

Mafosfamide-treated JiL..60 cells, upregulation of c-~ mRNA

transcription was found not to be fundamental for apoptosis induction

since there was no change in c-~ mRNA levels after 1 hour of

Mafosfamide ..exposure, and a dose-dependent decrease in c-myc mRNA

transcripts after 6 hours and 24 hours in Mafosfamide-treated cells.

On the other band PM·elicited c-m~ mRNA superinduction evident at

1 hour was shown to be associated with subsequent activation of the

apoptotic cascade at 24 hours.

:5. In this Study it has been possible to dissociate the. protein synthesis-

inhibitory effects of the two "classical"protein synthesis inhibitors, PM

and CHX, from their c-~ mRNA superinducing effects. When

employed at sub-Inhibitory concentrations (O.2#lM)with respect to

protein synthesis in flL..60 cells, PM and eHX nevertheless elicited

superinduction, a phenomenon that bas been evoked previously onIyby

high concentrations of these drugs that completely abolish protein
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synthesis i.e. 3()..200J.'M. This re~rt supports the notion that

superinduction caobe attributed to different mechanisms depending on
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the concentration of the protein synthesis inhibitor employed to elicit

this phenomenon. Thus the superinduction demonstrated at sub-

inhibitory concentrations of both PM and CHX clearly cannot be

attributed to any of those mechanisms relying on the .inhibition of

production of new proteins, but possibly may relate to interactions with

signal transduction pathways.
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Abstract. The effect of the cyclophosphamide derivative
mafosfamlde (ASTAZ 7557) was investigated in vitro in HL60
leukemic cells. Mafosfamide, which rapidly generates 4-
hydroxycyclophosphamide after aqueous dissolution, was
employed at dose, ranging from 0.1 to 10 j.lg/mL. In unsyn-
chronized cells, mafosfamlde exposure was associated with an
S-phase accumulation, a suggestion of a G2-phase arrest and
morphological and biochemical evidence of apoptosls, In
cells that had been synchronized by the double thymidine
block method, S-phase progression was considerably delayed
in the presence of mafosfamlde, The apoptosls that Was evl-
dent in mafosfamlde-treated cells 12 hours after release from
the thymidine block was found to occur in the presence of S-
phase and G2-phase cell-cycle arrests. Taken together, the cur-
tent data suggest that mafosfamtde may have potential syner-
gism with other anticancer agents that elicit Similar cell-cycle
arrests as well as with chemotherapeutic drugs that activate
the apoptotlc cascade.

Key words: DNA Iragments=-Apoptosls-c-Gj-phase-«
Cell cyc:le-HL60-S-phase

Introduction. Cyclophosphamide is a widely employed alky-
lating cancer chemotherapeutic agent [1,2] whose cytotoxici-
ty is mediated by the Introduction into DNA of cross-links
and single-strand breaks (3,4]. Cyclophosphamide derivatives
are also frequently used in vitro to purge leukemic cells from
bone marrow [-,-6). One such derivative Is the prod rug mafos-
famide, a cyclohexylamlne salt that rapidly generates 4·
hydroxycyclophospharvlde after aqueous dissolution. 4·
hydroxycyclophosphamlde degrades Irreversibly via aldo-
phosphamlde to phosphoramide mustard and acrolein [7-9J,
the therapeutically Significant metabolites of cyclophos-
phamide [10J.

A number of anticancer agents are able to Induce apopto-
sis or programmed cell death, e.g., etoposide, clsplatln, mel-
phalan, methotrexate, camptothecln, tenlpostde, amsacrlne
and 5-fluorouradl [11-16J. In the cases of etoposide [IS] and
cisplatin [16J. a preceding G2-phase cell-cycle arrest has been
associated with the subsequent activation of the apoptotic
cascade, whereas camptothecln, tentposlde and amsacrlne
have been found to induce s-phase-spccnlc lnternucleosomal
DNA degradation [14J. In the current study, undertaken In
vitro in human HL60 leukemic cells, Wehave Investigated the
cytokinetic consequences of the cyclophosphamide derivative
mafosfamide and have evaluated its capacity to induce dou-
ble-stranded DNA breaks and apoptosts,

Milterials and methods
Ce.ll culture and matosfamide exposure. HL60 cells (ATCC pas-
sage 17, Rockville, MD) were seeded at 106 cells/ml, in RPM!
16,10 medium supplemented with 10% (vol/vol) heat-inactl-
vated fetal calf serum, 2 mM t-glutamlne, penicillin (50 U/mL)
and streptomycin (SO j.lg/mL). Cells were maintained unagt-
tated in logarithmic: growth phase at 37°C in a humidified
atmosphere of air and 5% CO2, For synchronization experi-
ments, the double thymidine block method was employed
[171. Cells seeded at a concentration of l06/mL were incubated
for two 24-hollt periods in the presence of 2 mM thymidine.
The two 24-hour periods Were separated by a 12·hour period
in which cells were incubated in the absence of thymidine;
l.e., they were released from the first thymidine block.
Thymidine was removed after each 24-hour exposure by
washing the cells 3 times in medium that had been pre-
warmed to 3rc. After release from the second thymidine
block. cells were seeded at a final density of 106/mL and
allquots of cell suspensions were collected subsequent to vari-
ous incubation intervals. Culture viability was assessed by the
trypan blue dye exclusion technique, and after cells were fixed
and stained with May-Grunwald-Glemsa, they were exam .ned
for mitotic figures and apoptotic .;ells, Allquots of cells were
subjected to flow cytometric analysis and DNA agarose gel
electrophoresis. Mafosfamide crystalline powder (molecular
weight 500.5) was a kind gift from Dr J. PoW, ASTAPHARMA
Pr Brock, Asta-Werke, Bielefeld, Germany. Fresh rnafosfarntde
solution was prepared in RPM! medium immediately prior to
use at final concentrations rangtng from 0.1 to 10 ~lg/mL.

Flow cytametric (llIol)'sls. Cells were prepared for analysis as
described elsewhere [18). At the conclusion of the designated
incubation periods, the pellet obtained by centrifugation
from 106 cells was resuspended in 1 mL of a hypotonic
nuclear isolation medium (SOmg/I. propidlum Iodide: 1 glL
Trlton-X 100; 1 gil sodium citrate), incubated on ice for 30
minutes, and then In DNAase-free RNAase at 37°C. Pluores-
cence emitted from the propldium iodide-DNA complex was
quantitated after laser exdtatlon of the fluorescent dye by the
Coulter EPICS Profile II flow cytometer (Coulter Electtonrcs,
Hialeah, FL). Cell debris and doublets were excluded [191, and
the coefficient of variations of the control GoG1-phase and
G2M-pbase peaks were less than 3%. Twenty-five thousand
cells were counted for each analysis. Histogram scaling was
the same for all samples. Limits of cell cycle phases as deter-
mined In the control DNA distributions were retained in the
subsequent analysis of the mafosfamlde-treated populations,
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DNA fragmentation analysis. After appropriate incubation peri-
ods, cells that had initially been seeded at 106/mL were pellet-
ed at 4°C and prepared for subsequent fragmentation analysis
[20]. The pellet was resuspended in 70 f!L of lysis buffer (10
mM BDTAi 50 mM Tris-HCl, pH=8.0i 0.5% sodium lauryl
sarkoslnate: 0,5 mg/mL proteinase K) and incubated for 1
hour at 50ne, A lO-).lL aliquot of 1 rng/ml, ribonuclease A was
added to each sample prior to a further i-hour incubation at
SO°C. Samples were then heated to 70°C, after which the reac-
tion was terminated by the addition of 20 ItL of Ioading
bufter (10 mM EDTA, pH=f).Oi 0,25 bromophenol blue: 40%
sucrose), Extracts were loaded tnto the wells of a 2% agarose
gel and electrophoresed In a phosphate buffer (2 mM EDTAi
800 mM Tris-phosphate, pH=7.8). Both the gel and the buffer
contained 1f!g/mL of ethidium bromide. Bgl I/Hillfl-cleaved
pBR328 served as molecular weight markets.

Materials. All materials for cell culture were obtained from
Gibco, Madison, WI. Propidium iodide was from Sigma. All
other reagents were of analytical grade and were from stan-
dard commercial sources.

Results
Cell cycle wrests

Asynchronous cells. Flow cytometric changes in asynchronous
cells were unremarkable after 6 hours of mafosfamide exposure
(data not shown). By 24 hours, however, an S-phase accumula-
tion was evident, it occurred progressively earlier in S-phase
With higher doses of mafosfamlde (Fig. 1A, B). At 24 hours,
there was also a dose-dependent increase in the GzM-phase
(Fig. lA, B). This increase reflects an absolute increase in the G2-
phase [14], since the M-pbase decreased With Increasing rnafos-
famide concentrations at this time-point (Fig. IC). Further evl
dence for hold-ups at the Sphase and G2-phase boundaries at
24 hours is the progressive decrease in the GoG1-phase (Fig. lA,
B) with increasing mafosfamlde concentrations, suggesting
continuing egress out of GoG1-phase Into the S-phase, but lim-
ited, if any, influx Into the GoGrphase from the G2,M-phase.

Sy/lchronized cells.Sphase progression was retarded in synchro-
nized mafosfamide-treated HL60 cells released from the dou-
ble thymidine block (Fig. 2). By 8 hours, more than 60% of
synchronized control cells had reached the GzM-phase com-
pared with only ±15% of the mafosfamtde-treated cells, By 12
hours, when ±73% of control cells had completed the previous
GzM-phase and were back in the GoG1·phase, the majority
(>70%) of the mafosfamlde-treated cells were still held up In
the previous S· and G2-phases.

Mlirphologimi and btocnemicat evidence of apoptosi~

Unsynchronized cells. Apoptosts was not seen in unsynchro-
nized mafostamlde-treated cells after 6 hours of exposure
(data not shown). At 24 hours, however, there was morpho-
logical evidence of apoptosls (chromatin condensation,
nuclear fragmentation and the formation of apoptottc bodies)
in mafosfamlde ..treated (ells (Fig. 3). (An apoptotic body is a
fragment of a large!' apoptotic cell that mayor may not con-
tain nuclear components in the form of cleaved DNA.) This
was confirmed ultrastructurally (data not shown) and by DNA
electrophoresis, which showed the pattern of double-stranded
DNA fragments that result Irom the activation of an endoge-
nous endonuclease (Fig. 4). Apoptosls was also observed in
mafosfamlde-treated THP-l and K562 cells (data not shown).
S),lIclltollized ceJls.Apoptosls was not evident in synchronized

mafosfamlde-treated cells for up to 10 hours after release from
the double thymidine block. At 12 hours, morphological
apoptosis was present .In these cells; this was confirmed by
DNA electrophoresis (Fig. 5). The presence of apoptosis in
these cells was colncident with both a late s-phase and a sug-
gestion of a Gz-phase accumulation (Fig. 2). (The G2M-phase
accumulation obser: ,'d in mafosfamlde-exposed cells at 12
hours in Figure 2 reflects an absolute increase in the G;rphase
[14), since mltotlc figures were not evident at this time-point
in these cells (data not shown).

Cytotoxic effects

By 24 hours, Q. dose-dependent cytotoxicity was evident in
unsynchroruzed rnafosfamlde-treated cells (Fig. 6).

Discussion
In this study, we investigated the in vitro effects of the
cyclophosphamide derivative mafosfamlde, Mafosfamide,
which rapidly generates 4.hydroxycyclophosphamide after
aqueous dissolution, was employed at doses ranging from 0.1
to 10 Jlg/lnl. in HL60 human leukemic cells. We found that
rnafosfamlde Induced morphological and biochemical evi-
dence of apoptosls in both asynchronous and synchronized
HL60 cells, This is similar to the findings of Marks and Fox
[21] and to the apoptosis that has been observed in response
to numerous other chemotherapeutic agents Including etopo-
side, cisplatin, melphalan, methotrexate, camptothecin, teni-
poslde, amsacrine and 5-fluorouracil [11-16}. Consistent with
the known alkylating effects of cyclophosphamide [91, and
with its capacity to introduce cross-links and Single-strand
breaks into DNA [4,8), we found that rnafosfamide caused an
S-philse accumulation in both synchronized and unsynchro-
nlzed HL60 cells. Since the progression of DNA synthesis dur-
ing S-phase is dependent on the sequential activation of banks
of replicons so that activation of later repllcons Is contingent
on the successful replication of previously activated repllcons
[22}, it Is likely that alkylarlng damage to DNA by mafos-
famtde precluded successful sequential replicon activation, dis-
rupted s-phase progression and was responsible for the S-phase
accumulation. Because apoptosis was found to occur simulta-
neously with the S-phase arrest in rnafosfamide treated cells, it
is possible that apoptosis may have been activated, at least in
part, subsequent to the arrest, as has been reported with the
cancer chemotherapeutic agents camptothecln, teniposlde
and amsacrtne, all of which induce S-phase-5pc('iflc internu-
cleosomal cleavage [14].

In addition to the apoptosls and the S-phase accumulation
induced by mafosfamlde, there was a suggestion of a Gz•
phase attest in both synchronized and unsynchronlzed HL60
cells, similar to the Gz-phase arrest elicited by cisplatln and
etoposide [15,16]. We suggest that the apoptosls in mafos-
famlde-treated cells, ill addition to occurring In S-phase, may
have occurred in the G2-phare, as has been shown to occur
with both etoposide and cisplatin [151161, where a preceding
Gz-phase cell-cycle arrest is associated with subsequent activa-
tion of the apoptolic cascade.

In conclusion, we have shown that the cyclophosphamide
derivative mafosfamlde induced apoptosis in HL60 cells and
that the apoptosls was associated With intercurrent Sphase and
Gz·phase cell-cycle arrests. As such, we propose that mafos-
famide may have potential synergism With other anticancer
agents that elicit similar cell-cycle arrests, e.g., cisplatin and
etoposide, and with cancer chemotherapeutic drugs that induce
apoptosls, e.g., melphalan, methotrexate, camptothecln, tenl-
poslde, amsacrine, 5-fluorouracll, etoposide and dsplatln,
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fig. 3. Glemsll·stained cytospln preparations (m"gniflcation xl(00) of unsynchronlzed HL60 cells. A. Control NL60 cells at 24 hours. B.After 24
hours of mafosfamlde exposure (S I-Ig/mL), there was morphological evidence of apoptosls (A) In the form of chromatin condensation, nuclear
fragmentation and the formation of apoptotlc bodtes.
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Abstract. This study investigated and compared the cytoki-
netic, phenotypic and molecular effects elicited in HL-60
human leukemic cells by low doses (0.6 j1M) of 3 closely relat-
ed, substituted purines, puromycin (PM), puromycin
amlnonucleoside (PAN) and 6-dimethylaminoEurine (6-
D1vfAP).PM, but not 6-DMAP or PAN, Inhibited [4C]leucine
incorporation, induced a time-related cytotoxic effect, a GZ"
arrest, a metaphase-mitotic-arrest, apoptosls and c-myc mRNA
superinduction. PAN and 6·DMAP exerted no detectable mor-
phological or cytokinetic effects, although exposure to these
drugs resulted in downregulation of c-myc mRNA levels. We
suggest that the specific effects exerted by PM relate to the
generation of nascent peptidyl-Plvl complexes by PM, but not
by 6-DMAP or PAN.

Key words: HL-60-Puromycin-Puromycin
arninonudeoside-6-dimethylaminopurine-
c-mycmRNA

Introductio". The substituted purines, of whlch PM, PAN and
6-DMAP are prototypes (Fig. 1), have been found to exert a
variety of biochemical and cytological effects when used at
high concentrations ranging from 10 to 300 11M.Por exam-
ple, 6-DMAP, the purine component of both PM and PAN,
reversibly arrests cells in the Gz phase of the cell cycle by
inhibiting phosphorylation [1]. The nucleoside analog PAN,
which is a composite of 6-DMAP and 3-aminoribose, has
been found to inhibit HIV-l replication in vitro l2], and PM,
itself a composite of PAN and tyroslne-o-methylether, is a
functional analog of tyrosyl-transfer RNA and is well known
fer its inhibitory effect on protein synthesis [3]. Since low-
dose PM was unexpectedly found to cause a metaphase-
mitotlc-arrest (submitted data), and because of its close struc-
tural relationship to PAN and 6-DMAP, we undertook to
investigate and compare the cytokinetic, phenotypic and
molecular effects these drugs elicited in HL-60 leukemic cells
when employed specifically at low concentrations (0.6 11M).

Materials and methods
Cal! culture. HL-60 human promyelocytlc cells (passage 17,
ATCC, Rockville, MD) were maintained in RPMl1640 medi-
um supplemented with fetal calf serum, L-glutamine and
penicillin/streptomycin antibiotics (Glbco, Gaithersburg,
MD). Cell cycle time was approximately 22 hours. PM, PAN
and 6-0MAP (Sigma, St. LOllis,MO) were used at a final con-
centration of 0.6 (lM. Culture viability was assessed using the
trypan blue dye exclusion technique. Cells were fixed and
stained with May-Gnmwald-Giernsa, and then examined '.'or

mitotic figures and apoptotic cells.
Protein synthesis inhibition. 0.5 !lCi [14C]leucine (specific activi-
ty 50 Ci/mM; Amersham, Aylesburg, Buckinghamshlre,
England) was added to cultures which were then further incu-
bated at 37°C for 1 hour [4]. At the conclusion of the incuba-
tion period, cells were washed 3 times in phosphate buffeted
saline, 1 mL of 10% trichloroacetic acid was added, and the
tulles were then chilled on ice for 30 minutes. The precipitate
formed was filtered on Gll/C filter papers (Whatmann
Scientific Ltd., Maidstone, Kent, England), and washed 3
times with 5% trichloroacetic acid. The filters were dried and
counted after adding aqueous counting scintillant.
[14C]leucineincorporation was determined in triplicate.

DNA fragmentation analysis. At the conclusion of the incuba-
tion period, the cells were pelleted at 4°C and prepared for
SUbsequent fragmentation analysis [5]. The pellet was resus-
pended in 70 ~tLof lysis buffer (10 mM EDTA; 50 mM trls-
HCl, pH 8.0j 0.5% sodium lauryl sarkoslnate: 0.5 mg/mL pro-
teinase K) and incubated for 1 hour at 50°C. A 10 JlL aliquot
of 1 mg/ml, ribonuclease A was added to each sample prior to
a further I-hour incubation at .'iO°C.Samples were then heat-
ed to 70":: after which the reaction was terminated by the
addition of 20 IlL of loading buffer (10 mM BOTA, pH 8.0;
0.25% bromophenol blue; 40% sucrose). Extracts were loaded
into the wells of a 2% agarose gel and electrophoresed in a
phosphate buffer (2 mM EDTA; 800 tnM tris-phosphate, pH
7.8). Both the gel and the buffer contained 1 !lglmL of ethidl-
urn bromide. BglI/HinfI cleaved pBR328 served as molecular
weight markers.

Flow cytornetric analysts, Cells were prepared for flow cytomet-
ric analysis as described [6]. The centrifuged cell pellet was
resuspended in a hypotonic nuclear isolation medium (50
mg/L propidium iodide; 1gIL Triton-X 100i 1gil sodium cit-
tate), incubated on ice for 30 minutes and then at 37°C in
100 Ilg/mL RNAse A. Fluorescence emitted from the propldl-
urn iodide-DNA complex was quantitated after laser excita-
tion of the fluorescent dye by a Coulter EPICS-Prome-II flow
cytometer (Coulter Electronics, Hialeah, FL). Cell debris and
doublets were excluded [7]. The coefficients of variation of
the peaks of the control GoGt and the. G2M phases were less
than 3%. Limits of cell cycle phases as determined in the con-
trol dlstrtbuttons were retained In the subsequent analysis of
the drug-treated populations.

c-myc mRNA analysis. c-myc mRNA expression was investlgat-
ed using standard techniques [8]. 10 Ilg of total extracted RNA
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Fig. 1. Structures of 6-DMAP,PAN and PM
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Fig. 2. The effect of PM, 6-DMAP and PAN on [14C]leucine
incorporation in HL·60 cells at 1 hour of incubation. Results
were expressed as the percentage of control values, and repre-
sent the mean ± SD of 3 separate experiments, each done in
triplicate.

6-DMAP
D o.6fiM

was size-fractionated by 1.2% agarose formaldehyde gel elec-
trophoresis, and then transferred and ultraviolet cross-linked
to nylon membrane. The membrane was prehybridized at
42°C for 4 hours. Sequential hybridization at 42°C was to the
[a,,32P]dCTP (Amersham) random-primer labeled 1.6l\B SstI
fragment from the 5' end of the c-myc gene (ATCC), and to
the ['Y.32p]ATP(Amersham) end-labeled 40mer oligonu-
cleotide antisense glyceraldehyde-Ssphosphate dehydroge-

Fig. 3. Glemsa-stained cytospin
preparations (magnification
xl000) of 12-hour control and
drug-treated HL-60 cells
A. Control HL-60 cells
B. PM-treated 1fL.60 cells showed
a mark ..~ metaphase mitotic
accumulation (M) by 12 hours.
Certain PM·treated cells showed
evidence of apoptosls CAl.
C. 6·DMAP·treated HL-60 cells
D. PAN·treated HL·60 cells

nase (GAPDH) probe (Oncogene SCience, Uniondale, NY).
GAPDH served as an internal control for constitutive gene
expression. Autoradlograms were scanned densltometrically.

Results
Effects 011 protein synthesis. At 1 hour of incubation, 0.6 IJ,MPM
had inhibited (14C]leucine incorporation by >20% (Fig. 2). In
contrast, 6·DMAP (0.6 IJ,M)and PAN (0.6 IJ,M)exerted no
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fig. 4. Agarose gel electrophoresis of total DNA extracted at
24 hours from 1xl06 HL-60 cells treated as indicated. The size
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shown.
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Fig, S. Viable cell number in PM-, 6-DMAP- and PAN-treated
HL-60 cells after 24, 48 and 72 hours. Results are expressed as
a percentage of control values and represent the mean ± SD
of 3 separate experiments, each done in duplicate. Viable cell
number was not affected by drug treatment at 12 hours in
relation to control.

detectable effect on r14qleucine Incorporation.

Pizer/atypic, apoptonc and cyt()to.~ic effr.cts. After 12 hours (Fig. 3),
1-11-60cells treated with equlmolar concentrations of 6-DMAP
and PAN were morphologically Indlstlngulshable from control
cells. In contrast, PM-treated cells showed marked metaphase
mitotic accumulation and some evidence of apoptosis (chro-
matin condensation, nuclear fragmentation and the forma-
tion of apoptotic bodies). Apoptosls in PM-treated cells was
confirmed ultrastructurally (not shown), and by DNA elec-
trophoresis at 24 hours which showed the pattern of fragmen-
tation that results from endogenous endonuclease activation
(Fig. 4). PM, but not PAN or 6-DMAP, exerted a time-related
toxic effect on HL·60 cells as demonstrated by the reduction in
viable cell number in PM-treated cells (Fig. 5).
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Fig.G. .
A. Representative flow cytometric analysis at 12 hours of
count vs. fluorescence/DNA content of control, PM·, 6-
DMAP- and PAN-treated HL-60 cells. 25,000 cells were count-
ed for each analysis. Histogram scaling was the same for all
samples.
B. Effects on the DNA histogram of HL-60 cells following 12
hours of exposure to PM, 6·DMAP and PAN. Results are
expressed as mean ± SD (n=3).
C. Stacked-bat graphs illustrating the relative percentages of
liL-60 cells in the Gz and M phases of the cell cycle conse-
quent on 12 hours of exposure to PM, PAN and 6-DMAP. The
M phase at each concentration point is iepresentatlve of the
mean mitotic index (number of mitotic figures per 100 cells)
of 2 experiments done on separate occasions. The Gz phase
was calculated by subtracting the M phase value from the
mean GzM phase value (n=3) obtained from Figure 2B.

Cytokinetic ~cts. PM induced a Gz arrest as well as a marked
M phase increase, with an associated reduction in the S phase
of the cell cycl~ (Fig. 6A,B,C). These effects were time-related
in that they were present at 12 hours, and were more marked
at 24 hours. The increase in the M phase reflected a
metaphase-arrest (Figs. 3,6C). PAN and 6-DMAP exerted no
obvious cytokinetic effects at 12 and at 24 hours (Fig. 6).
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Fig. 7.
A. c-myc and (for reference) GAPDH mRNA expression levels
at 12 hours in HL·60 cells heated with 0.6 f.1,MPM, 6-DMAP
and PAN, as indicated. 10 f.1,gtotal RNAwas loaded per lane.
B. Hybridization Intensities were determined by densitomet-
ric scanning of the autoradiogram. The hybridization intensi-
ties of treated cells are shown relative to those of untreated
control cells, which were normalized to 100%. Similar results
were elicited on 1 further occasion.

Effect Oil c-myc mRNA levels. After lZ hours of exposure, PM
was found to superinduce c-myc mRNA levels, whereas PAN
and 6-D:Mj\J' exposure resulted in a decrease in the level of c-
tIIl'c transcripts (Fig. 7A). It is of interest that PM exposure also
appeared to superinduce GAPDE to ;::122% of control levels
(Fig. 7B), although it superinduced c-myc to a much greater
extent (:::200% of control levels).

.,

Discussion
We found that low-dose equimolar concentrations of the
structurally related purines Plvl, PAN and 6-DMAP elicited
strikingly different morphological, cytokinetic and molecular
effects in HL·60 human leukemic cells, PM, but not 6-DMAP
or PAN, inhibited [14C]Jeucine incorporation, induced a
time-related cytotoxic effect, a G2 arrest, a metaphase-mitotic
arrest, morphological and biochemical evidence of apoptosis
and c-myc mRNA superinduction. PAN and 6·DMAP exerted
no detectable morphological or cytokinetic effects on HL-60
cells, although exposure to these drugs results in downregula-
tion of c-myc mRNA levels.

The effects seen with PM-exposure are interesting since
they were ooserved at a dose (0.6 11M)that is orders of magni-
tude lowe. tl an the doses of PM traditionally employed to
inhibit protein synthesis (10 to 200 11M).This dose of PM (0.6
)AM)nevertheless inhibited [14C]leucine incorporation by
;:.20% after 1 hour. PM-treatment is known to cause the pre-
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mature release of truncated peptide chains which are bound
through their carboxyl termini to PM [3), and which are
rapidly degraded through an ubiquitin-dependent pathway
[9]. Since the metaphase-to-anaphase transition is also medi-
ated by precipitous ublqultin-dependent cyclin degradation
[101, it is likely that this pathway was preferentially diverted
into PM-peptide proteolysis in PM-treated cells, One or more
of the ubiqultln pathway components might have become
limiting for cyc1in degradation, resulting in the observed
metaphase-mitotic arrest.

The Gz arrest observed in PM-treated HL-60 cells might
have been linked to subsequent apoptosis activation, since
such an association has been recognized to exist in cells
exposed to the anticancer agents etoposide [Ill, dsplatin [12)
and mafosfamlde (unpublished data). There are also prece-
dents for the principle that ceUs deprived of signalling input
enter the apoptotic pathway [131, and i.\lthough the actual
mechanism of the PM-induced Gz arrest remains unresolved
at this stage, we suggest that it may relate to the attenuated
tyrosine kinase signal transduction that we have observed in
PM-treated cells (submitted data). It is of interest that low-
dose PM has recently been found to induce apoptosls in ery-
thropoietin-dependent murine erythroblasts [14].

As far as the PM·induced c-f1:/,c mRNA superinduction is
concerned, our finding is consistent with that of others [IS],
and can be attributed to a number of different processes relat-
ed to protein synthesis inhibition. These include the inhibi-
tion of translation per se [16), the inhibition of translation-
dependent poly(A) tail shortening [15] and enhanced mRNA
stability due to the loss of labile transcriptional repressors or
RNAses [17,18]. Again it is of interest that we were able to
elicit the phenomenon of c-myc mRNA superinduction at a
much lower dose than used previously-O.6 IlM compared to
180 11M[IS].

In contrast to the c-myc mRNA superinduction observed
with PM-exposure, both 6-DMAP and PAN downregulated c-
myc transcripts in HL-60 cells. As far as 6-DMAP is concerned,
this may have been related to the known kinase-inhibiting
properties of 6·DMAP [1,19], since another substituted purine,
2-aminopurine, an inhibitor of double-stranded RNA-depen-
dent protein kinase, has been found to downregulate c-myc
mRNA levels [20,21,22].

Although 6·DMAP arrests Xenopus oocytes in the Oz phase
of the cell cycle when employed at d concentration of 300 ~lM
[1], no detectable cytokinetic effects were elicited in HL-60
cells when 6-DMAP "md also PAN) were used at a much
lower dose (0.6 ~lM).

Despite their close structural relationships (6-DMAP is the
purine component of both PM and PAN, PAN is a composite
of 6-DMAP and 3-aminoribose, and PM is a composite of PAN
and tyroslne-o-methylether), PM, 6-DMAP and PAN varied
greatly in their capacity to elicit morphological, cytokinetic
and molecular effects when employed at low, equimolar con-
centrations in HL-60 cells. This is likely to relate to the ability
of PM, but not 6-DMAP and PAN, to generate the nascent
polypeptide chains likely to be responsible for the effects
elicited by PM, phenomena which are currently being lnvestl-
gated further in our laboratory. Of particular note are the
unexpected effects exerted by PM, and in this context it is
likely that the traditional usage of PM at high doses to inhibit
protein synthesis has obscured its potent cytokinetic effects.
In this regard, low-dose PM should be a useful adjunctive
investigative tool in studies pertaining to the cell cycle and to
apoptosls. Furthermore, although the use of PM as a Single
antineoplastic agent was not fruitful [23], this drug may nev-
ertheless have a role to play, at low doses, in rational combi-
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nation cancer chemotherapy. At such doses PM could differ-
entially accumulate cells in metaphase to possibly increase
thelr susceptibility to administration of a metaphase-specific
agent such as vincristine, and in synergism with etoposide,
cisplatin and mafosfamide, PM could potentially promote
tumor regression consequent on apoptotic cascade activation.
Clinlcal trials using low-dose PMJn combination with some
of these agents are currently under investigation in our labo-
ratory in dogs presenting with spontaneous lymphoprolifera-
tive disorders.
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Puromycin is a Potent and Specific Inhibitor of Tyrosine Kinase
Activity in BL..60 cells

AVRI N . DAVIDOFF and BARRY V. MENDELOW

M-Phase transition is controlled by phosphorylation/ dephos-
phorylation reactions involving the Tyrosine-15 residue of the
p34cJc2 kinase (1). In addition a number of transmembrane
growth factor receptors (including those of Epidermal
Growth Factor, Platelet-derived Growth Factor, and Insulin-
like Growth Factor), as well as a variety of cytosolic non-
receptor-associated oncogene products {such as pp60src,
p59fyn, p62yes, etc), exhibit tyrosine kinase activity (2, \ 4,
5, 6).

The search for specific tyrosine kinase inhibitors repre-
sents a novel approach to the development of anticancer
agents (7, 8, 9), in that it is based on the modification of
transmembrane and intracytoplasmic tyrosine kinase signal
transduction, rather than on the killing of tumour cells by
inhibition of transcription, translation, and DNA synthesis
(10, 11). Quercetin (12, 13), genistein (9), erbstatin (14),
amiloride (15), and herbimycin A (16), have all proved
effective against tyrosine kinases. Problems 01 toxicity, speci-
ficity, and drug delivery to tumours have limited their clinical
applications however. For example, although genistein is a
much more specific inhibitor of tyrosine kinases than is
quercetin, its toxicity has precluded its in vivo use in patients
to date. More recently, ciclrivatives of tyrphostin other than
erbstatin have been found to inhibit EGF-stirnulated growth
of squamous carcinoma cells, itt vitro, and hl nude mice
inoculated with such cells (17).

The antibiotic Puromycin (PM) is well known for its
inhibitory effect on protein synthesis (18). Structurally it is a
composite of the aminonucleoside dimethyladenoslne, and
tyrosine-o-methylether (19). Functionally it is an analogue of
peptidyl-transferRNA, more specifically of tyrosyl-transfer
RNA. At concentrations of 10-1001lm PM blocks protein
synthesis completely by causing the premature release of
truncated peptide chains which are bound to PM through
their carboxyl termini. Since the nascent PM-peptide com-
plexes (PMPs) are rapidly degraded through a ubiquitin-
dependent pathway (20), their metabolic effects are poorly
understood, The PMPs are of interest however because their
structure predicts an inhibitory effect on tyrosine kinase
activity (21). In this regard it is noteworthy that the carboxy-

Department of Haematology, School of Pathology, South African Institute for Medical Research and University of the
Witwatersrand, Johannesburg, South Africa

Abstract. The search for specific tyrosine kinase inhibitors
constitutes a nevel approach to the development of anticancer
agents. Puromycin (PM) inhibits protein synthesis by causing
the premature release of truncated PM-peptide complexes
(PMPs), the structure of which predicts an inhibltory effect on
tyrosine kinare activity (21). The present study was undertaken
to investigate the effects of a low dose of PM (0.9 p,M) on
tyrosine kinase actil'it)' ill HL-60 leukaemic cells. Experiments
were specifically controlled to exclude inhibitory effects conse-
quent on protein synthests. blockade. Soluble enzyme extracts
derived from Ptd-treated cells showed attentuated phosphory-
lation of two independent synthetic tyrosine kinase-specific
substrates, the polymer Poly(Glu:Tyr; 4:1) and the peptide
substrate Ray tide. In contrast, Protein Kinase C-specific activ-
ity was unaffected by PM-exp(lsure. It is possible that inhibi-
tion Was due to metabolites of PM, perhaps PMPs, rather than
to PM itself. Whethe/' the inhibition of tyrosine kinase activity
observed with the substrates used in this study is equally
applicable to all tyrosine kinases, is not yet clear. Nevertheless,
low-dose PM could provide a useful tool [or dissecting alit the
role of tyrosine phosphorylation in the regulation and dysre-
gulation of cell growth, and could conceivably prove beneficial
in the treatment of tumours in which tyrosine kinase ovel'activ-
ity is linked to oncogenesis.

Phosphorylation of protein tyrosine plays a pivotal role in the
regulation of normal cell growth and proliferation, and i.1
neoplastic' transformation. In the cell cycle, the G2- to
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terminal tyrosine residues of PMPs are reminiscent of synthe-
tic random polymers of tyrosine-containing aminoacids, some
of which have been found to act as competitive inhibitors of
endogenous tyrosine kinase (22).

The present study was undertaken to investigate the
effects of PM and its metabolites on cellular tyrosine kinase
activity. The experiments were specifically controlled to
exclude inhibitory effects on tyrosine kinase activity conse-
quent to protein synthesis blockade.

Materials and Methods

Cell culture. HL-60 human promyelocytic leukaemic cells (Passage 17.
ATCC, Rockville, MD, USA). were maintained in logarithmic growth
phase at 37°C in a hurnldificd atmosphere of air and 5% CO2, Cells were
seeded at lXI06 cells/ml in RMPI 1640 medium supplemented WIth 10%
heat-inactivated f~tal calf serum, us well as 2mM L-glutamine, SOU/ml
Penicillin, and 5Uflg/ml Streptomycin (all from OlBeO. Madison, WI,
USA). Puromycin (PM) and Cycloheximide (CHX) were obtained from
Sigma, and were used as described. Culture viability was assessed using
the trypan blue dye exclusion technique. The viability at 24 hours of PM-
and CHX-treated cultures was essentially unaffected by concentrations up
to 0.51-1g/ml (Figure Ia), At higher concentrations ;:;'ll-1g/ml. the viability
of both PM- and CHX-trcated cultures was compromised, with the
viability of PM-treated cultures being affected to a greater extent.

Protein synthesis inhibition. 0.5/lCi [14C]Lrucine (specific activity 50
Ci/mmol; Amersham) was added to cultures which were then further
incubated at 37°C [or one hour. At the conclusion of incubation
[14C]Lcucine incorporation was determined in triplicate as described (23).
The ".ose-response curves expressing the inhibitory activity of PM on
protein synthesis, as measured by [l4CJLeucine incorporation, are pre-
sented in Figure lb. At 1 hour and at 24 hours, at a concentration of
O.9/lM (0.25J.1g/ml), CHX was found to inhibit p4C]Leucine lncorpora-
tion to a similar extent as did PM used at a concentration of 0.9/lM
(O.5/lg/ml) i.e, approximately 20-30% at 1 hour and approximately 50%
at 24 hours fP' tre lc).

Preparation '''J solubilized enzyme extracts. Cellular extracts representing
soluble tyros. ne kinases were prepared as described (24). Briefly, at the
conch 'on of incubation, cells from 10ml of suspension culture were
collect, d by low-speed centrifugation (Soog) and washed three times in
PBS. Culture viability (as assessed by the trypan blue dye exclusion
technique) was consistently ;:;'85%. The final cell pellet was resuspended
in four volumes of extraction buffer (SOmM HEPESlNaOH, ph=7.5;
2mM BOTA; 10mM DTT; ImM PMSF; 5flg/ml cprotinin; 0.1 % (w/v)
Triton X-lOO). The cell suspension so formed was sonicated for 10
seconds at 4°C, and then centrifuged at 15,000g for 30 minutes ~t 4°C. The
supernatant was collected and 10%(v/v) of glycerol was added. Protein
content of an aliquot of the supernatant was determined (2$) using bovine
serum albumin as control.

Determination of tyrosine kinase activity using Poly(Glu:Tyr:4:1) as
substrate. Tyrosine kinase activity was assessed using h substrate assay
described previously (26), involving the incorporation of ["PI from
[y-32PJATP into the exogenous synthetic polymer substrate Poly
(Glu:Tyr:4:1). The final reaction volume of 50/l1 contained 50mM Tris-
HCL (pH=7.5), 30mM MgCL2, 100J.lM Scdium-ortso-vanadatc, 150J.lM
ATP, 30I-lCi of [y_32PJATl' (6000 Cilmmol; 10mCilml), 2mglml of exoge-
nous tyrosine kinase-specific substrate Poly(Glu:Tyr;4:1), and suitably
diluted enzyme preparation (lOl-lg protein). The reaction was initiated by
the addition of ATP t\l30°C. Termination of the tendon after 15 minutes
Was by applying 25/l1 of the reaction mixture to Whatrnan 3MM paper
squares (3cm X 3cm). These were washed four times for 15 minutes each
in a 10% TCA solution containing 10 mM sodium "yrophospha 1,;. Two
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Figure 1 aJ Viability of cultures (as determined by the trypan blue dye
exclusion technique) after 24 hours of exposure to the indicated concelllra-
tions nf PM and CHX. Results represent the mean ± SD of three separate
experiments each done in duplicate,
b) The effect a/increasing doses of PM (!l8Iml) on [14C]Leu-ilie incorpora-
tlon, Results were expressed (IS the percentage of control values and
represent the mean ± SD of three separate experiments each done in
triplicate.
c) Effect of equivalent molar concentrations (O,9pM) of PM (O.5pglml) ami
CHX (O.2511glml)on inhibition of [J4C]Lcllcille incorporation. Results
represent the mean ± SD of three separate experiments each done in
triplicate.

final washes for a further 15 minutes each were first in ethanol and then in
acetone. The paper- were dried and then [32p) incorporation of reaction
triplicates was deteruuned by liquid scintillation spectrometry. Appropri-
ate reaction mixture; with or without substrate, and 'with Or without
extract served as controls. The activity of purified pp60C-Srctyrosine kinase
was also measured using Poly(Glu:Tyr;4:1) as substrate.

Tyrosine Kinase activity using Raytide as substrate. Tyrosine kinase
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activity Was determined with Ray tide as substrate (27) in a final reaction
volume of 50~ll containing '50mM HEPES (pH<=7.~j), O.lmM EDTA,
0.015% Brij 35, 150ftM ATP, 30tciM MgCh. 30flCi (,f [y.32p]ATP (6000
Ci/mmol; 10 mCilrnl) 0.2 mg/ml o: the exogenous tyrosine kinase-spcciflc
substrate Ray tide. and 10llg suitably diluted enzyme preparation. The
reaction was terminated by adding i20lli of 10% phosphoric acig. The
sample WaS vortexed, end 120111applied onto 3cm X :' .1 Whatman P8!
ion exchange chromatography paper. The papers WCIC washed extensive-
ly in 0.5% phosphoric acid before a further wash with acetone. The
papers were dried ard e2PJ incorporation into {uytirJe of reaction
triplicates was determ .ned by liquid scintillation counting, Appropriate
controls were used (as described above).

Analysis of tyrosi»: kinase activity. 'Tyrosine kinase activity was deter-
mined in solubilized enzyme extracts derived from I hour and 24 hour
control, PM-treated 1,0.9IlM). and CHX-treated (:1.91·l\\l)HL·60 cclrs,
Appropriate reaction mixture with or without substrate, and with If
without extract served as controls. Extract lucorporatlon of [3"Pj in the
absence of substrate represented endogenous phosphorylaticn. Net speci-
fic tyrosine phosphorylation was represented by the difference between
extract irrcorporatior, of C2pJ in the presence and in the absence o"
substrate, and corrected for substrate background. Net tyrosine kinase-
speclcn activity of extracts of PM- and CHX-trcatcd cells were expressed
as a percentage of the corresponding tyrosine kinase-specific activity of
extracts of untreated cells. Endogenous phosphorylation of extracts of
PM· and CHX-llected cells were expressed as a percentage of the
endogenous phosphorylation present in the cxtrncts derived from untre-
ated cells, In order ',0 try and ascertain whether FM itself. or whether its
metabolites were affecting tyrosine kinase activity. a Benes of experiments
were done in which PM «().91~M)and CHX (O.9IlM) were added directly
to reaction mixtures containing either extracts 01 untreated cells, or to
purified pp60<·src.

Protein kinase C (Ictil'ity. Protein kinase C activity was determined using a
commercially available Protein Kinase C enzyme assay system from
Amcrsham, The incorporation of [32pJ from {y.32p]ATP into a Protein
Kinase C specific peptide: substrate was determined, The finul reaction
volume of 75111contained the recommended kit components as well as
20!lg of suitably diluted enzyme preparation and 30ftCi of [y_3~P]ATP
(600\) Ci/mmol; lOmCi/ml). Reaction samples were equilibrated at 25°C
for 5 minutes. Each reaction was initiated by the addition of ATP at 25·C.
After I!\' minutes the reaction was terminated by addini lOO1l1of dilute
acid. One hundred ant! twenty-five microlitres of the reaction mixture was
applied onto 3cm X "' em Whatman PSI ion exchange chromatography
paper. The papers were washed twice. for 10 minutes each time, in 75mM
onho Phosphoric acid. After washing. the papers were dried before [,,2pj
incorporation of reaction triplicates was determined by liqurd scintillation
spectrometry. Relevant controls were used as described previously.
Analysis of Protein Kinase C activity followed the same method as that
used for analysis of tyrosine kinase activity.

Flow cytomarlc analysis of phosphotyrosine content. Simultaneous flow
eytometric analysis of phosphotyrosine and DNA content was curried out
by a modification of a method described by others (28). 2XI06 1-IL·60 cells
were fixed in 2ml of icc cold 70% ethanol for 30 minutes ~\t 4·C. Cells
were washed twice in PBS. and then resuspended in 380111ot PBS
containing 1% bovine serum albumin. Twenty microlitres of fluorescein
FITC-conjugated antl-phosphutyroslne monoclonal antibody (Boehringer
Maunhcim: Butch 12244820-01) was added to the suspension which wus
then incubated for 45 minutes in the dark at room temperature, Following
two further washes with PBS, the cells were resuspended H\ trnl of PBS
containing RNAse (lOft,glml) at 37·C for 10 minutes, The cells were
washed again and then resuspended in 1ml of propidium iodide (IOflg/ml)
in PBS for 30 minutes. After laser excitation (488 nm) of the fluorescent
complexes by the Coulter·EPICS·Profiie Il flow cytom iter, red fluoresc-
ence from propidlum iodide IVIIS recorded 011 a linear seale as a measure of
total DNA content. Green fluorescence from FITe was logarithmically

amplified to represent phosphotyroslnc content. Twenty-five thousand
cells were counted for each sample. According to the manufacturers, in
this context, nnti-phosphotyrosinc fluorescence staining is proportional to
the amount of tyrosine phosphorylatcc proteins as determined by phos-
phoaminoacid analysis, since the antibody shows no cross- reactivity with
any other phosphorylated amino acids (Boehringer Munnhcim). Since the
Fl'I'Cvanti-phosphotyrosiue monoclonal antibody was of the IgG 1 sub-
type, Fl'TCvccnjugatcd control IgO! antibody was used to exclude the
presence of non-specific binding.

Results

Tyrosine kinase activity of extracts of PM-treated cells. Using
Poly (Glu:Tyr;4:1) as substrate we showed inhibition of
tyrosine kinase activity in extracts of PM·treated cells
(O.9f,.lM)• approximately 15% inhibition after 1 hour, and
approximately 25% inhibition after 24 hours (Figure 2a). In
contrast no inhibition of tyrosine kinase activity was seen in
extracts of CHX-treated cells after these t.me intervals. At
the dose used (0.9~tM), CHX inhibited [14qLeucine incor-
poration into HL-60 cells to a similar extent as did 0.9f,.lMof
PM, i.e, approximately 20-3('% after 1 hour, and approx-
imately 50% after 24 hours (Figure 1<;). There was no
inhibition of tyrosine kinase activity when the same concen-
tration of PM was added directly to reaction mixtures con-
taining 10f,.lgcontrol enzyme extracts (Figure 2a), suggesting
that SOmemetabolite/a of PM. rather than the drug PM itself.
could have been responsible for the observed tyrosine kinase
inhibition. To explore this phenomenon further, we used
purified pp60Nr<' as a SOUrceof specific tyrosine activity. and
poly(Glu:Tyr;4:1) as a tyrosine kinase-specific substrate (Fi-
gure 3). When PM drug (0.9~tM) was added directly to this
system, specific tyrosine kinase activity of pp60c,,,,' was not
inhibited.

Inhibition of tyrosine 'rinase activity in extracts of PM·
trsated cells was confirmed using another tyrosine kinase-
specific substrate Raytide (Figure -la). In fact inhibition was
more dramatic (approximately 80%) with Ray tide substrate
than with Poly(Glu:Tyr;4:1) substrate.

Endogenous kinase activity of extracts of PAl-treated cells.
Endogenous kinase activity of extracts of PM·treat~d cells
was indistinguishable from control extract activity (Figure 2b
and 4b). This confirmed that the reduced ability of extracts of
PM-treated cells to phosphorylate tyrosine kinase-specific
substrates was due to specific inhibition of tyrosine kinase
activity, rather than to the overall reduction in endogenous
kinase activity.

Phosphotyrosine content of PM-treated HL·60 cells. After 24
hours PM·treated HL-60 cells had a reduced phosphotyrosine
content as reflected by the downwards shift on the Y-axis of
log green fluorescence (Figure 5). This wac;consistent with
the inhibition of tyrosine kinase activity observed in extracts
of Plvl-treated cells when Ray tide and Poly(Glu:Tyr;4:1)
were used as the tyrosine kinase-specific substrates (Figures
2a and 4a), Whether the reduced phosphotyroslne content
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Figure 2 11) Soluble tyrosine kinase l1e/hoi!), lI.ri.,g Poly(GlII:Tyr;4:i) (IS
substrate ill cellular cxtl'llcts derived from III11N ned HL·60 cell: alld from
cells pre-treated for 1 alld 24 hours with (MIIM I'M, 01' O.911Af CHX.
Sh01l'1I also arC' the results (~f [our experiments ill wllicll curl! of the drugs
)I'('r(' added dll'CCtly to reaction mixtures ('(lllfllil/;lIg 10 Ilg of' soluble
enzyme protein extract derived from untreated cells.
h) Endogenous kinaso IIctivity ill the cellular extracts described ill (II).

Pvsults are expressed cis (al II perl'ellragc oitvrostne kinase lIetil'ity ill
untreated extracts. OJ'IIS Ib) (I pcrmllagr of e/lciogenolls kinas» tI('/h'ity ill
IIII1/wlt,'d extracts, IIlId lire represented liS 1111'1111± SEAt derived [rom
separate experiments (1,"'415) l'IICh dOlle ill triplicate,

was a result of decreased synthesis or increased degradation
of phosphotyrosine-contalning proteins, or due to reduced
phosphorylation of tyrosine residues by tyrosine-specific
kineses, remains to be determined.

Protein Kinase C activity of Pbi-treated extracts. There was no
inhibition of Protein Kinase C activity in extracts of PM·
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(11"':>1 each done In triplicate.
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treated (O.9!1M) cells after 1 hour and after 24 hours of
exposur, (Figure 6). Protein Kinase C activity was somewhat
inhibited (± 10%) in extracts of CHX·treuted (O.9!1M)cells
at 24 hours but not at 1 hour.

Discussion

We have shown that low-dose PM-exposure resulted in
potent and specific inhibition of tyrosine kinase activity as
determined in soluble enzyme extracts prepared from 1 hour
and 24 hour PM-treated HL-60 cells. That this inhibition was
tyrosine kinase-specific was supported by several observa-
tions, Firstly, soluble enzyme protein derived from. PM·
treated cells showed attenuated phosphorylation of two inde-
pendent synthetic tyrosine kinase-specific substrates, i.e. the
polymer Poly(Glu:Tyrj4:1), and the peptide substrate
Raytide, We do not know why the extent of inhibition
observed with Raytide as the substrate was greater than that
demonstrated with Poly(Glu:Tyr;4:1), although we suggest
that it might relate to the different structures of these
substrates (peptide as opposed to polymer). Secondly, PM·
exposure did not result in the inhibition of endogenous
phosphorylation - endogenous phosphorylation effectively
represents serine/threonine kinase activity since the relative
abundance of phospho-amlno-tyrosine in both normal and
transformed cells is less than 0.5% (29), Thirdly, and in
corroboration of the previous observation, Protein Kinase C
activity (representing substrate-specific ser-ie/threonine
kinase activity) was not affected by Plvl-expcsure,

Soluble enzyme extracts derived from HL-60 cells treated
with a dose of CHX (O.9~lM)that was equimolar to the dose
of PM employed (0.9!1M),and that also inhibited [l4C]leucine
incorporation to a similar extent as PM did. failed to inhihit
phosphorylation of the tyrosine kinase-specific substrate
Poly(Glu:Tyr;4:1). This indicates that the tyrosine kinase-

specific inhibition induced by PM was not likely to have been
the consequence of protein synthesis blockade per se, but
may relate to the different mechanisms of action of these two
"classical" protein synthesis inhibitors. Unlike PM (30), CHX
does not generate drug-linked nascent polypeptides, instead
it prevents peptide chain elongation by inhibiting the peptidyl
transferase activity of the 60S ribosomal subunit (31).

It is possible taat inhibition of tyrosine kinase-specific
activity could have been due to some metabolite/s of PM,
rather' than to PM itself, since PM drug (0.9[tM) added
directly to reaction mixtures containing either extracts of
untreated HL-60 cells, or to reaction mixtures containing
purified pp60c,sl'r tyrosine kinase enzyme, failed to inhibit the
capacity of either of these to phosphorylate the tyrosine
kinase specific substrate Poly(Glu:Tyr;4:1). In this regard the
PMPs are of interest because their structure predicts an
inhibitory effect on tyrosine kinase activity (21). In fact the
concept of a "pseudosubstrate" sequence interacting with
protein kinase catalytic domains and thereby turning off the
protein kinase is not a new one (32, 33), and indeed certain
synthetic tyrosine polymers with ordered sequences, e.g.
(Tyr-Glu-Ala-Glyjn and (Ala-Tyr-Glyln have been found to
serve as potent inhibitors of tyrosine-specific protein kineses
(22). It is therefore possible that PMPs with their carboxyter-
minal tyrosine residues reminiscent of synthetic random
polymers of tyrosine-containing amlncacids might have ex-
erted an inhibitory effect by occupying the protein substrate
site of the catalytic domain of tyrosine-specific protein
kinases, Since PM is a structural analogue of ATP, it may
have been competitive with the ATP subsite of the enzyme.
as has been reported with amiloride, an ATP analogue which
is a potent inhibitor of protein tyrosine kinase activity (15).
As an alternative to this sceuz.io, it is feasible that PM could
have interfered with emerging tyrosine kinase molecules at
their nascent stage.
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(n =: 3)

Figure 6 Protein Kinase C activtty (using a specific Protein Kinase C
peptide subs/fmc) ill cellular extracts derived from WlIreated liL-60 cells
and from cells pre-treated for I hour and 24 hours with. 0.91·(1'1'1PM. or
O.9J1M CHX.

We found that in HL·60 leukemic cells, low-dose PM-
exposure specifically inhibited tyrosine kinase activity. <11
effect which may be related to some metabolite/s (If Plvl
(perhaps PMPs), rather than to PM itself. These phenomena
warrant further investigation, since as a specific inhibitor of
tyrosine kinase activity, PM could provide a useful tool for
dissecting out the physiological role of tyrosine phosphoryla-
tion. Finally PM may in the future have some benefit in the
treatment of tumours in which tyrosine kinase overactivlty is
linked to oncogenesis- its effect is specific (at least in HL-60
celts), the drug is easily taken up in viiro and ill vivo (34, own
unpublished results), and toxicity is unlikely to limit its utility
if it is used in vivo at concentrations which in vitro elicit these
biochemical sequelae (34). In a poorly controlled study in
1955, intermittent dose PM used as a Single antineoplastic
agent proved to be ineffective in the treatment of a variety of
cancers (35). However the drug scheduling in that study
would not have resulted in cellular exposure to a constant
level of PM sufficient to accumulate PM metabolites to any
degree. Clinical trials using appropriate PM scheduling as a
component of a multidrug chemotherapeutic regimen are
currently under investigation in our centre in dogs presenting
with spontaneous lymphoproliferative disorders.
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UNEXPECTED CYTOKINETIC EFFECTS INDUCED BY
PUROMYCIN INCLUDE A G2-ARREST, A METAPHASE-MITOTIC-

ARREST, AND APOPTOSIS

AVRI N. DAVIDOFF and BARRY V. MENDELOW
Department of Haematology, School of Pathology, South African Institute for Medical Research,

and University of the Witwatersrand, Johannesburg, South Africa

(Receioed 22 January 1992. Revision accepted 14 June 1992)

Abstract-The potent effects of low doses of PM on the cell cycle have to date been obscured by the
conventional usage of this drug at high concentrations (5-50 J,tg/ml) to inhibit protein synthesis. In
this in vitro study undertaken in a variety of malignant and non-malignant human and murine cell
types, we found that low doses of PM (0.1-0.5 J,tg/ml) disrupted significant phase-to-phase cell cycle
transitions, causing a G2-arrest, a metaphase-mitotic-arrest, and apoptosis. In HL-60 cells these
observations were elicited by PM concentrations starting at 0.1 J,tg/mI, and were more pronounced at
slightly higher PM concentrations, including that (0.5Ilg/ml) which inhibited [14C]leucine incor-
poration by approximately 20% after one hour, and by approximately 50% after 24 h. A concentration
of CHX (0.25 f.lg/ml) which was equivalent to 0.5 J,tg/ml of PM, both in terms of molarity (0.9 ~lM)
and degree of inhibition of [l4CJleucine incorporation, failed to induce similar changes to those
induced by PM. This suggests that at these particular concentrations the PM-induced changes were
likely to have been related to the different mechanisms of protein synthesis inhibition exerted by
these two 'classical' translation inhibitors. PM but not CHX generates nascent peptidyl-PM complexes
(PMPs), and we therefore propose that the subsequent intracellular effects exerted by the PMPs may
account, in part, for the differential cytokinetic effects elicited by these drugs. The role of PM is
currently being evaluated ill oiOQ as a low-dose component of a multidrug chemotherapeutic regimen
in which its cell cycle-specific effects could potentially be synergistic with other agents.

Key words: Puromycin, cycloheximide, cell cycle, DNA fragments. protein synthesis inhibition,
apoptosis, G2-phase-al'l'est, metaphase-mitotic-arrest,

INTRODUCTION

THE antibiotic puromycin (PM), is a composite of
aminonucleoside dimethyladenosine and tyrosine-o-
methylether [1]. It is a functional analogue of tyrosyl-
transfer RNA, and is well known for its inhibitory
effect on protein synthesis [21. PM concentrations of
5-50 Itg/ml block protein synthesis completely by
causing the premature release of truncated peptide
chains which are bound through their carboxyl ter-
mini to PM. Since the nascent Plvl-peptide complexes
(PMPs) are rapidly degraded through an ubi quit in-
dependent pathway [3}, their metabolic effects are
poorly understood. The PMPs are of interest how-
ever because of their potential to compete for degra-
dation with the natural substrates of the ubiquitin-
--,---, ----_.

Ab 'U'i1,i1l )IlS: PM, puromycin; CHX, cycloheximide:
PMP., , I -aromycinpeptides: A TCC, American type culture
collection; [14Q, carbon 14-1abeled.

Correspondellce to: A. N. Davidoff. Department of
Haematology, University of the Witwater., and Medical
School. York Road, Parktown 2193, South Africa.

dependent pathway (including cyclin, p53, c-mye,
and c-fos) [4], and because their structure predicts
an inhibitory effect on tyrosine kinase activity [5J. In
the latter regard it is noteworthy that the carboxy
terminal tyrosine residues of the PMPs are remi-
niscent of certain synthetic random polymers of tyro-
sine-containing amino acids, scme of which have
been found to act as competitive inhibitors of
endogenous tyrosine kinases [6].
The regulation of cell cycle transitions has recently

been elucidated and extensively reviewed [7-9]. Tae
Gr to M-phase transition is regulated by a co-orci-
nated cascade of kinase- and phosphatase-mediated
reactions [10], while the metaphase to anaphase tran-
sition is mediated by rapid, ubiquitin-dependent
cyclin proteolysis [11]. Consistent with what is now
known to be an absolute requirement for protein
synthesis for progression through the Gjb-subphase
of the cell cycle [12], PM (5-20 f.tg/tnl) halts the entry
of cells into S·phase [131, inhibits the passage of cells
through the G2-phase [14. 15], completely blocks
mitosis initiation [15], and prolongs metaphase in
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those cells that are already in early mitosis when PM
is applied [15].

Cell cycle events and the process of apoptosis
(programmed cell death) have been linked through
the recognition of an association existing between a
Gj-arrest and subsequent activation of the apoptotic
cascade [16]. As far as apoptosis is concerned, protein
synthesis has a varied and sometimes controversial
role to play in this process. Certain cells enter
apoptosis by a process dependent on de novo protein
synthesis [17,18], whereas in other cells complete
protein synthesis inhibition does not prevent
apoptosis [19]. Furthermore, inhibition of protein
synthesis may augment spontaneous apoptosis [20],
and in certain circumstances inhibition of protein
synthesis per se has been enough to trigger apoptosis
[20-23]. Specifically PM employed at 50 t-tg/ml
induced apoptosis in HL-60 cells [23].

The concentrations of PM (5-50 t-tg/ml) achieved
in nitro [13-15], and which significantly inhibit pro-
tein synthesis by greater than 95%, are unattainable
in vivo without serious toxicity. Therefore to explore
the in vitro effects of PM on the cell cycle further,
specifically as a prelude to re-evaluating its potential
in vivo application in a chemotherapeutic context,
we employed very low concentrations of PM (<1 !lg/
ml) which inhibited protein synthesis to a limited
extent. We also compared PM's cytokinetic effects
to those elicited by an equivalent protein synthesis
inhibiting concentration of another protein synthesis
inhibitor cycloheximide (CHX). We found that at
these concentrations PM but not CHX induced
apoptosis, and potently blocked late cell cycle tran-
sitions, disrupting both the G2- to Msphase, and
the metaphase to anaphase transitions. Since CHX
prevents chain elongation by inhibiting peptidyl
transferase activity of the 60 S ribosomal subunit [24],
but does not generate nascent polypeptides [25], we
suggest that the intracellular effects exerted sub-
sequently by the PM-generated PMPs may account
for the differential cytokinetic effects elicited by
doses of these drugs that inhibited protein synthesis
to an equivalent extent.

MATERIALS AND ME~i.TIODS

Cell culture
HL·60 human prornyelocytic leukemic cells, THp·l

human monocytic leukemic cells, and SP-2 murine myel-
oma cells (ATCC Rockville, MD, U.S.A.) were main-
tained in logarithmic growth phase at 37°C in a humidified
atmosJ2here of air and 5% CO? Four-week-old female
(C3H/He.T, endotoxin-resistant) mice were thymectomized
and thymocyte suspensions prepared [26]. All cells were
seeded at 1x 106 cells/ml in RPMl1640 medium sup-
plemented with 10% (v/v) of heat-inactivated fetal calf

serum, as well as L-glutamine (2 mM), and penicillin (50 UI
ml) and streptomycin (50 Ilg/ml) antibiotics (all from
GIBCO, Madison, WI, U.S.A). Puromycin and cyclo-
heximide were obtained from Sigma. At completion of
incubations, culture viability was assessed using the trypan
blue dye exclusion technique. Cells were fixed and stained
with May-Griinwald-Giemsa, and examined, using light
microscopy, for mitotic figures and apoptotic cells. Pre-
viously defined criteria were used. to identify apoptotic cells
[27]. The number of mitotic a.'I'~apoptctic cells per 1000
cells counted was determined, al,l:I then expressed as the
mitotic index and as the apoptotic index respectively.

Protein synthesis inhibition
The 0.5IlCi[14C]leucine (specific activity 50 Ci/mmol;

Amersham) was added to cultures which were then further
incubated at 37°C for 1 h [28]. At the conclusion of the
incubation period, cells Were washed three times in phos-
phate-buffered saline, 1ml of 10% trichloroacetic acid
was added and the tubes chilled on ice for 30 min. The
precipitate so formed was filtered on GF/C filter papers
(Whatmann), and washed three times with 5% tri-
chloroacetic acid. The filters were dried and counted after
adding aqueous counting scintillant. [14C]Leucine incor-
poration was determined in triplicate.

Flow cytometric analysis
Cells were prepared for analysis as described [29]. The

centrifuged cell pellet was resuspended in a hypotonic
nuclear isolation medium containing propidlum iodide
(Sigma), incubated on ice, and then in RNAse at 37°C.
Fluorescence emitted from the propidium iodide-DNA
complex was quantitated after laser excitation of the flu-
orescent dye by the Coulter EPICS-PrOfile-II flow cyto-
meter (Coulter Electronics, FL). Cell debris and doublets
were excluded [301. The coefficient of variation of the
peaks of th," control GoGr and G2M-phases were less than
3%. Limits of cell cycle phases as determined in the control
DNA distributions Were retained in the subsequent analysis
of the drug-treated populations.

DNA fragmentation analysis
DNA isolation, extraction and electrophoresis was car-

ried out according to the following method. After 24 h cells
were sedimented and lysed, and DNA extracted prior to
incubation with RNAse. Total DNA from 1.5 X 106 cells
was loaded onto a 1.5% agarose gel and electrophoresed
for 12 h at 1.5 V /Clll. Both the gel and the electrophoresis
buffer contained ethidium bromide (Lug/ml),

RESULTS

Viability
The viability at 24 h of PM- and CHX-treated

cultures was unaffected by concentrations up to
0 ..5 Itg/mi (Fig. la). At higher concentrations ~1 IAg/
ml, the viability of both PM~ and CHX-treated cul-
tures was compromised, with the viability of PM~
treated cultures being affected to a greater extent.

Protein synthesis inhibition
The dose-response curves expressing the inhibi-

tory activity of PM on protein synthesis (as measured
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FIG. 1 (a). Viability of cultures (as determined by the
trypan blue dye exclusion technique) after 24 h of exposure
to the. indicated concentrations of PM and CHX (Ilg/ml).
Results represent the mean ± SD of three separate experi-
ments each done in duplicate. (b) The effect of increasing
doses of PM (I.tg/ml) on [l4C]lcucine incorporation at 1 h
and at 24 h in HL-60 cells. Results were expressed as the
percentage of control values and represent the mean ± SO
of three separate experiments each done in triplicate. (c)
Effect of equivalent molar concentrations (0.9 11M)of PM
(O.5llg/ml) and CHX (O.25Itg/rnl) on inhibition of [l4C]-
leucine incorporation. Results represent the mean ± SD
of three separate experiments each done in triplicate.
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FIG 2. Representative flow cytometric analysis at 24 h
of count vs fluorescence/DNA content of control, PM-
treated, and CHX-treated HL-60 cells. Twenty-five thou-
sand cells were counted for each analysis. Histogram

scaling was the same for all samples.

by [14C]leucine incorporation), are presented in Fig.
lb. At 1h and at 24 h, at a concentration of 0.9 11M
(0.25 Ilg/ml), CHX was found to inhibit [14C]leucine
incorporation to a similar extent as a concentration
of 0.9)!M (0.5 Ilg/ml) of PM did, i.e. approximately
20-30% at 1h and approximately 50% at 24 h (Fig.
Io).

PM effects
Effects on the DNA histogram of HL-60 cells

following continuous exposure to increasing PM con-
centrations confirmed a time- and a dose-related
increase in the G2- and M-phase populations, an
almost reciprocal reduction in the S-phase
population, and an apparently unperturbed GOG1-
phase population (Fig. 2, Fig. 3a, b). Morphological
studies showed a metaphase-mitotic-arrest and fea-
tures of apoptosis, the apoptotic index being 12.4 in
PM-treated cells as compared to 1.02 in control cells,
and to 1.4 in CHX-treated (0.25 (A,g/mI)cells (Fig.
5). Apoptosis W'.lS confirmed ultrastructurally (not
shown), and by DNA electrophoresis which showed
the pattern of double-stranded DNA fragments that
result from the activation of an endogenous endo-
nuclease (Fig. 6).

CHX effects
After 24 h of CHX-exposure (0.25Ilg/m1) there

was a GoG I-arrest with concomitant limitation of the
S-, Gn and M-phases (Fig. 2, Fig. 4a, b). The
morphological sequelae of CHX-exposure were
unremarkable except for a reduced number of mitotic
figures (Fig. 4b). Apoptosis above control levels was
not evident at a CHX concentration of 0.25 Ilg/m1
(Fig. Sc), nor were DNA fragments produced at
this concentration (Fig. 6). DNA fragmentation was
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relative percentages ofHL-60 cells in the G2- and Mvphases
of the cell cycle consequent on 4, 12, and 24 h of exposure
to increasing PM concentrations (!-lg/ml). The Msphase at
eacn concentration point is representative of the mean
mitotic index (number of mitotic figures per 100 cells) of
two experiments done on separate occasions. The Gj-pbase
was calculated by subtracting the Msphase value from the
mean G2M-phase value (II := 3/4) obtained from Fig. 2a.

evident when CHX was employed at a much higher
concentration of 2 !-tg/mi (Fig. 6).
The morphological, cytokinetic and electro-

phoresis data obtained in 0.5 Itg/ml PM-treated HL-
60 cells were representative of similar data obtained
(but not shown) in 0.5 f..tg/mlPlvl-treated THP-l and
SP-2 Cell lines, as well as for 0.5 [.I.g/mlPlvl-treated
mouse thymocytes.

DISCUSSION

In the current study we have shown that PM
exerted a number of potent effects on the cell cycle
when used at concentrations far below those used
traditionally to completely block protein synthesis
(5-50 ug/ml), These effects included a G2-arrest,
ametaphase-mitotic-arrest, and apoptosis, and
were found in a variety of malignant cell types of

~.,_:.j

both human and murine origin. In BL-60 cells these
observations were elicited by PM concentrations
starting at 0.1 IAg/ml, which not only did not inhibit
[14C]leucine incorporation, but actually enhanced it
(at least for the first hour of exposure). The effects
were more pronounced at slightly higher PM con-
centrations, including that (0.5 !-tg/ml) which
inhibited [t4C]leucine incorporation by approxi-
mately 20% after 1h, and by approximately 50%
after 24 h. A concentration of CHX (0.25 ug/ml)
which was equivalent to 0.5 (.tg/ml of PM, both in
terms of molarity and degree of inhibition of [14C]_
leucine incorporation, failed to induce similar
changes to those induced by PM. This sur:.~ests that
at these particular concentrations the PM-induced
Changes were likely to have been related to the dif-
ferent mechanisms of protein synthesis inhibition
exerted by these two 'classical' translation inhibitors.

I



a

ApoptOtlc Index: 1.02::l: O~21

b

ApOPtptlc Index: 12.4± 2

!)

c

Apoptotf() I.odex: 1,4± 0.23

FIG. 5. Giemsa-stained cytospin preparations (mag-
nification x 1000) of 24 h control and drug-treated HL.60
cells. (a) Control HL·60 cells. (b) Plvl-treated HL·60 cells
(0.5 f.!g/ml) showed a marked metaphase mitotic accumu-
lation 'M' by 24 h. Certain PM-treated cells bote his-
tological evidence of apoptosis 'A' (condensation of the
nuclear chromatin and cytoplasm, nuclear fragmentation,
and. the formation of membrane-bound apoptotic bodies).
(c) CHX-treated Ht·60 cells (0.25 f.tg/ml) were indis-
tinguishable from control cells except for a reduced mitotic
activity. The apoptotic index in each case represents the
mean :!:: SD of three separate experiments each done in

duplicate.
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FIG. 6. Agarose gel electrophoresis oftotal DNA extracted
at 24 hfrom 1.5 x 1Q6HL-60 cells, and from 2 x l06ml1tine
thymocytes, treated as indicated. The size (in bases) of
separated DNA molecular weight markers (BgU/HinfI

cleaved pBR328) are shown.
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~ Control iii CHX O.1pg/mloCHX o.c5~9/ml • CHX 0.25~g/ml
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BG2.Ph8se • M-p~18se

FIG. 4. (a) Effects on the DNA histogram of HL-60 cells
following 24 h of exposure to increasing CHX (f.lg/mI)
concentrations. Results are expressed as mean :t: SD (n =
3). (b) Stacked-bar graphs illustrating the relative per-
centage of HL-60 cells in the G2- and the Mephases of the
cell cycle consequent on 24 h of exposure to increasing
CHX (f.lg/ml) concentrations, The percentage of cells in
the G2" and in the M-phases were calculated as described

in the legend of Fig. 3b.

PM [25], but not CHX [24], generates nascent pept-
idyl-PM complexes (PMPs), and we propose that the
subsequent intracellular effects exerted by the PMPs
may account, in part, for the differential cytokinetic
effects elicited by these drugs.

'The cytokinetic effects observed with PM-
exposure included a time- and dose-related increase
in both the G2" and the metaphase populations, an
almost reciprocal reduction in the S-phnse
population, and an evidently unperturbed GOG1-

phase population. These observations suggest an
undelayed passage through and egress from S-phase
of those cells that were beyond the Gjb-subplrase
when PM was applied, but with subsequent partial
hold-ups at the G2/metaphase and the metaphase/
anaphase boundaries. Any predicted but not
observed decreases in the GoG I-phase population
(on the basis of the metaphase-mitotic-arrest) are
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likely to have been offset by an accumulation of cells
in the Gjb-subphaae consequent on PM's inhibitory
effect on the mandatory protein synthesis require-
ment of this subphase (12). CHX-exposure induced
a GoGrarrest with concomitant limitations of the So,
G2-, and Msphases, inC:;.:-atingthat CHX blocked the
entry of new cells into division consequent on the
protein synthesis requirement of the Gjb-subplrase
[12,31], but permitted those cells that were beyond
this subphase at the time of CHX application, to
complete mitosis [31). We did not observe the G2-

delay that has been reported to occur with high-dose
CHX-treatment f31J.
The G2- to M-phase transition is controlled by

phosphorylation/dephosphorylation reactions in-
volvinz the tyrosine-If residue of the p34cdc2 kinase
unit of mitosis promoting factor [7,8,10, 32J. Since
we have recently found PM metabolites to specifically
inhibit tyrosine kinase activity (submitted data), we
are investigating the possibility that such metabolites,
by attenuating tyrosine-If phosphorylation/dephos-
phorylation reactions of p34cdc2 kinase, may have
been responsible for the G2-arrest observed in PM-
treated cells. Such an arrest has also been reported
when PM was employed at much higher con-
centrations of 5-20 f.tg/ml [14,15] .
It is possible that there is a connection between

the G2-arrest and the apoptosis observed in PM-
treated HL-60 cells (0.5 fLg/m1), since a preceding
G2-arrest has been found to be linked to subsequent
activation of the apoptotic cascade in cells exposed
to the anticancer agents etoposide [33], cisplatin [34],
and mafosfarnide (SUbmitted data).
The role of protein synthesis in the process of

apoptosis is varied and controversial [17-23}.
Although 50 I-tg/ml of PM was found previously to
trigger apoptosis in HL-60 cells [23], we were able
to elicit apoptosis at 1/100 of that PM concentration,
i.e, at 0.5 Ilg/ml. CHX used in HL-60 cells at a dose
that inhibited protein synthesis to a similar extent as
0.5 IAg/ml of PM did, failed to induce apoptosis.
Although we cannot adequately explain the dif-
ferential effects exerted 0" apoptosis by these con-
centrations of PM and CHX, we suggest that it might
relate to the mechanism, rather than to the presence,
of protein synthesis inhibition produced by these two
drugs. In the future we plan to evaluate the specific
role, if any, of PMPs in apoptosis activation. It is
worth noting that a higher concentration of CHX
(2IAg/ml) induced apoptosis in HL-60 cells, con-
sistent with the apoptosis that has been induced in
such cells by SO f.lg/ml of CHX [22,23], and consistent
with the augmentation of spontaneous apoptosis in
B chronic lymphocytic leukemia cells elicited by 1 IAg/
ml of CHX [20].
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The metaphase to anaphase transition is mediated
by precipitous ubiquitin-dependent cyclin degra-
dation [11]. Since PMPs are known to he degraded
by the same pathway [3], it is possible that in PM-
treated cells this pathway was preferentially diverted
into PMP proteolysis. One or more of the ubiquitin
pathway components might have become limiting for
cyclin degradation, resulting in the observed meta-
phase-mitotic-arrest. This hypotbesis is currently
under investigation in our laboratory. In addition we
are also evaluating the effect of low-dose PM on
cyclin and on ubiquitin synthesis, and on the synthesis
of the speciiic protease enzymes responsible for
ubiquitin ..dependent proteolysis, since it is necessary
to exclude decreased production of these proteins as
being implicated in the generation of the PM -induced
metaphase-mitotic-arrest. In this regard, however, it
is worthwhile noting that 0.25 ltg/m! CHX, which
inhibited protein synthesis to the same extent as
0.5 ltgj.'11 of PM did, did not induce a metaphase-
mitotic-arrest, indicating that this level of protein
synthesis inhibition appears not to have compromised
cyclin, ubiquitin, or protease synthesis. It is of inter-
est that when employed at a high nose of 20 ltg/ml,
PM completely blocks the ability of cells to initiate
mitosis, and prolongs metaphase in those cells that
are already in mitosis when PM is applied [15].
The findings of this study are of interest because

the use of PM previously as a single antineoplastic
agent proved to be ineffective in a range of clinical
settings [35]. Although significant protein synthesis
inhibiting concentrations of PM are unattainable in
vivo without serious toxicity, this limitation does not
Ilt zessarily apply to the more potent effects elicited
by low-dose PM. Our data suggest that PM may yet
prove to be a useful chernotheraneutic agent, not
singly but as a component of a mi.aidrug regimen in
which its potent cell cycle-specific effect could well
be synergistic with other agents. This could be
accomplished by first accumulating cells in specific
non-GoGrphase compartments and then
subsequently delivering appropriate cycle-active
chemotherapy. Thus, the metaphase-arrest caused
by low-dose PM could be synergistic with the meta-
phase-specific agent vincristine, while the shunting
of G2~arrested cells into apoptosis could act syn-
ergistically with etoposide, cisplatin, or mafosfamide.
Phase 1/11 veterinary clinical trials incorporating PM
into such multi drug regimens for the treatment of
spontaneous canine lymphomas are currentl; under
way in our laboratories.
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(tJ.nyc Expression is Down-Regulated in Mafosfamide- Treated
HL ..60 Cells 'Undergoing Apoptosis

A.N. DAVIDOFF and B.V. MENDELOW

Department of Haematotogy, School oj' Pathology ofthe University of Ihe WiMt11erSruml und the Soutl: African Insiituie jor
medical Research, Johannesburg, SOll/h Africa

Ir .f1rd.-ope.roryc,.JJof),?S- ~;;~., - pM"'" Lite
solution', '+-Hydroxycyclopho~phamide degrades irreversibly
via aldophosphamide to phosphoramide mustard and acro-
lein (21-23), the therapeutically significant metabotires of
cyclophosphamide (24). We have recently round that Matos-
farnide-exposure induces apoptosis in HL·60 leukemic cells
(25). Since certain anticancer agents have been found (0

retluce c-myc mP.NA levels (26-29), whereas others (includ-
ing the cyclophosphamide derivative -I-Hydroxycyclophos-
phamide). have been found to elevate e-myc Gi'RNA trans-
cripts and/or s-myc oncoprotein levels (27, 30, 31), the
present study was undertaken to examine the levels of e-myc
mRNA transcripts in Mafosfamide-treaced HL·60 cells
urldergoing apoptosls.

Abstract. The e:CF"ession of tlte prow-oncogene c:mY,£ has
been strongly Implicated ill Ihe regulation of apoprosis. Since
we have preVIously shown apoptosis 10 occLlr in H L·f;O
leukemic cells exposed (0 rhe prodrug IHaIo~famide (ASTA Z
7557), rhe present study was undertaken 10 e:camine lite levels
ol c·!ll!.c mRNA transcripts ill snch cells. Mafosfamide, which
is II cyclophosphamide derivative (hat rapidly geM rates ,)-
Hydroxycyciophosphamtde after aqueous dissolution, was
employed in doses ranging from 0.110 20 \lglml. No changes
ill c-mvc mRNA levels were evident a/rer J hour of exposure (0
Mafos/amide, After 6 and 24 hours o/.'vla/osfamidN:cpos!lre.
however, there was a dose • and time-dependent decrease in
c-m..YS..transcripts, c-WlS ,mRNA expression \Vas reduced to "
greater exten: (han lVas either f)-actin of GA PDH expression.
Morphological, biochemical and uitrasirunuro! evidi!m:e of
upoptosis accompanied tile Majosfanlit.itl-il1(/ucad c~
mRNA. down-regulation at 24 hours. We conclude thtu, in rite
context of Mafo~famide-tre!l(ed H L·60 cells, upregu{alioll of
c-rnvc mRNA transcription l\Ias not [undamenta! jor ,he
uCl7Viiiion of the apoptotlc cascade.

The proto-oncogene c·myc mRNA has been mongty irnpli-
cared in the upoptotlc pathway. In certain contexts th~
process ot apoptosis has been found to be contingent on
c-."yc expression (1-7), whereas in other scenarious down-
regutatlon of e-my« mRNA levels has accompanied the
activation of the apcproric cascade (8-10).

Cyciophosphamide is a widely employed alkylatlng cancer
chemotherapeutic agent (11-12), the derivatives of which are
treq .lently used in vitro to purge leukemic cells from bone
marrow (13·20). One such derivative is the prodrug Marosfa-
rnide (ASTA Z 1557), a cyclcbexylumine snit that rapidly
generates .j..Hydroxycyclophosphamide alter aqueous dis-

Correspondence m: Dr. A.N •. Davldoff', Department of Huernu-
mlogy • .lniver!;ity of the Witwtlter$nnd Mt!dical SChool. York
Road. Purkrown 2(1)), South Africu, Fmc No: 0927·[ l·o-n-·I3tH,

KI!Y Words: Apoptosis, c-myc, mRNA. HL·{JO.

Materials and Methods

C~ll culture und MtJfI)4umldN.tp()~ure. HL-uU hernun promyclocYlic
leukemic cells (ATCC pus~llgC 17. Rockville, MD. USA) were seeded in
RPMI 164Umedium supplemented with fctal culf serum, L'glulaminc und
PcnicillhvStrCp(flmycin unubloucs (OrBeo. Mutlison. WI. !JSA). Colis
were rnaintutncd ut 37"C in u humidi(iud utmosphcrc of uir :mc.t s% CO~.
Mufus('un1i(ie crystalline pow'Jer (MW=.sO()',S) wus u kind gift from Dr. J,
Pohl, ASTA PHARMA. Pr Bro~k. Astu-Wcrkc, Biclef.:ld, WC$( Ger-
many, Fresh Mufosfunlidc solution Wll~ prepared in RPMl ((riO nl.:clium
lmmcdiuicty prior to use: 'It final concentration r\lngln!l from \1.1 J,lt1I!!Iml
to 20 J,lmg/ml.

DNA fragmentation alllllysi~. At the eccclusion of the lncubatlon period
tho cells were pclleted ut 4·e and prepared fOf aubscqucnt frugmentution
ullulY$is (32). Tho: pellet was resuspended in iOJ,lI of Iy~is bu[fQr llOUmM
ED1'A: 5\)mM Tris·Hel, pH"'l!.O: 0.5% sodium luuryl 'urkosimHe;
O.Smwml protcinus« K) und incubuteu for I hour ut 50·C. r\ IOJ,lg/OII
;!liquot of ImglmJ ribonlJclcu~Q t\ wus add.:d to euch sample prior to u
furthqr I hour lncubutlon at SO·C. Samples were then heated to iO·C,
after whi<:n the reuction WaS terminated bv the addition or 20J,lll)f louuln«
but'i'er(IOmM EDTA. pH ..~.Il:().2S% 11(~ml)phenl.ll blL".::oIll%)ucros.:)~
Extracts were loaded irno the wells Ill' a ~% "guros.: gel anti >:11:1:'
trophorcscd in a phosphate buffer (2m,';! EbTA: 1{1I0mM1'rispho,ph;ltc;
pK .. 7.11). Both the gill lind tile !JuiCer contamcd IlJglntl of ~CZ:il.!iurtl
bromide. SgfllHiMI cleuvcd p8R37.1l served as molecular weign! mar.
kers,

c-rnyc mRNA ~.tpl"e:i$ic)ft.C'III}" mRNA cxptcssion wus investigated usi,,!;
standard lcchniqul!s (33). Extt;tCIC,d 10(1\1 RNA ((Oug) was ~iZIl.rracti\lll'
atel.! by 1.:2% ugllmsl!·formultl.:hytle ~Il(l!I.:ctruph()r~' c" und then Iran,.
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agent cyclophosphamide (25). Since the expr~$siun of the
proto-oncogene c-myc has been strongly lrnplicated in the
regulation oi (he apoptotic cascade (1-10), we unuertook to
examine rhe effect of Mllfosfumiut: on e-IIl.Y'; mRNA levels in
HL,,60 cells. In the current study there was no change in
c-my: mRNA, levels after l hour of M~osfnmjde.exposure,
whereas after 0 hours and 24 hours I there was ~. dose- MSe.r·f.
dependent decrease in e-mvc mRNA transcripts.

These findings suggeSt that in the context or Mafostamide
treated HL·60 cells. upregularion or c-myc mRNA transcrip-
tion was not fundamental for the induction or apoptosis. This
is consistent with the down-regulation of the c-myc gene (hUc
has been found to precede lb6-induced apoprosis of Y6 cells

DNA fragmentation analysis. Apoptosh.i was not seen in (8), steroid-Induced apoptosis of 697 pre-S lymphocytes (9),
Mafosfamide-treated cells after 1 and 6 hours of exposure and phorbol ester-induced apoprosis of U-937 cells (10). Our
(datu not shown). At 24 hours, however. there Was morpho- findings are in contrast with the elevated c-myc mRN A levels
lcgical evidence or apoptosis [chromatin condensation, nuc- seen in rat thymocytes undergoing apoptcsis totlowing de-
leur fragment; tion and the formation of apoptctic bodies) in xarnethasone treatment (3). and with the evidence that c·my"
Mafosfamide treated cells (darn not shown). This was con- is a potent inducer of upoptosis in rat fibroblasts (6). Our data
firmed ultrastructurally (data not shown). and by DNA are also inconsistent with the observations that c-myc ex-
elecccphoresis which showed the pattern of double-stranded pression is a requirement for activation-induced apoptosis or
DNA fragments Chat result from the activation or an endoge- Tvcell hybridomas (5), (or apoptotic regression or estrogen-
nous endonuclease (Figure l). treated MCF-7 human mammary cancers (1), and for apopto-..I ' sis elicited in c·myc-amplified cell lines by the DNA

\1 ;t<l.\I(,.S c'm:::.cmRNA ~ ,,;,zssion. There was 1)0 change in c-myc; topoisomerase II inhibitor YM·26 (1) •
.t, j3-uctin and GAPOH mRNA expression after 1 hour oe In the context of anticancer agents. it is or interest that in

I r\Su )\0. Mat't' iamide·t!xposure in HL·60 cells (duea not shown). Colo320HSR cells treated with another cyclophosphamide
Co"" After 6 hours and :;" hours. however. there was a dose- derivative (4.hydroperoxycyclophosphamide), c-myc mRNA

dependent decrease in the expression Qf these genes in levels increased after 1 hour of exposure but decreased
Mafosfarnide-treated cells (Figure 1). c·myc mRNA express- subsequently, raising the possil ty iha! ulkyluting agents
ion was reduced more than either the expression or B-aetln or may suppress the expression of specific transforming genes
QAPDH (Figure :2 and Figure 3). em. Further evidence for this COmes !t<i/l vitro experi- f}dfYl

mentation which demcnstrated that atkyluting agents includ-
ing nitrogen mustard and melphalan. but not ..\-S·(propionic
acidj-sulfidocyclophospbamide, terminated ~·myc transcrip-
tion in 0. sequence-specific, drug-speciflc manner (::!S). In
addition mlthrumycin, which binds to Q-C-rich sequences in
the DNA minor groove. has been found to inhibit c·myc A

(c:.. ....J o+ku- ~_g;ne~ w~\t,.h k~8-C. ritl, rl(/tJ'\IJ~r SrCA.O)

I<:rrell '1liUtJV.cro~slinkcd to nvlon membrane, Hvbridization ut -I2·C ror
16 hour~ was to the !Y)~PldcTP (Arncrshum. England) random primer.
labelled 1.6Kb Sst! trugmcn; from the 5' end of the human NIl).'C gene
(ATCC. USA \. FollOwing' slril\g<:ncy washes 'It -I~·C .101i a( room
temperature. the membrane was exposed at .7()·C II) Iilm u~in!l .iIlUIl,;o.:·

intensl(Ylng screens. Finully the mcbranc was stripped before rchybricliziA'
tion euhcr 1(1 HIe rCl.l~PI deT? rllnt.lom primer-labelled 1.~\Kb a:lmHI
(raymelll of B-uctln iATCC. U$A), or to the iYJ~PI ATP (Arncrshum.
Englund) cnd-lahellud "Umllr cligcnuclcmidc antisense OAPDH
(OnGo!!cntl Science, USA). tl·u~tin and OAPDH served uS internul
controls ror cnnstuuuvc gene expression,

All oiner reagents were of analytical grade: and W[!N from standard
commercia! sources.

Results

Discussion

We recently found that the apoptotic pathway was acrlvated
in HL·60 cells fotlowing exposure to the prod rug MaCosia-
mide, u derivative \11' the alkyluting cancer chemotherapeutic
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transcriprion in HeLa cells (4<lt! OdiCl 'g,::ite~Wliitfi fiav~
~1'rortrocer ,e:qaem:esrby preventing the formation of the
transcription initiution complex (29). tt is of interest. howev-
er, tool. increased c-myc protein hus been observed to
uccumcrate in a lyrnphoblastoid cell line in response to
ccr·;i't alkyluting agents (Dimethylsulphonate, Ethyl-
rn,:;~uU1e sulphonate and Mitomycin C) (30), and thut ele-
vated c-myc mRNA levels have been reported in SV40-

transformed human keratinccytes in response to ultravcilet
irradiation ~ and in rat embryonic cells exposed to
ionizing irradiation (~)':'

It is clear that, although c-myc expression has been
strongly implicated in both apcptosls and in the cellular
response to DNA-damaging agents, the precise nature or its
regulation or and/or' participation in such processes ,till
requires elucidation. To address the issue more comprehen-



sively in the fUM!:!. c-m,vc mRNA ~xpression should be
evaluated nor only at the levels or RNA and of protein. but
also ut the level, of DNA. since c-my» gene-specific DNA

,;,. repair rnuy icsc!li"be differentially affected according to the
~tid(ing insult (36). Fi.: .tv, it would be worthwhile to

ilr$trC I:!x:lmin~ the rrunscription or' mammalian genettermed gaud
~"''f?(growth arrest und DNA damage inducibkgen~s that specW-

cally code for transcripts which are increased by DNA
damage) (37). and to examine their role. if any, in the
~poptotic response (0 cancer chcmotl\l!rapcutil! drug~. purti-,* culurly the alkylating agen" rt)"'fo~f"'lI"I: oU.

t"SL('~ .
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